Shape & Size-Tuned Magnetic Nanostructures and
Ferrofluids for Biomedical and Industrial Applications

Thesis
Submitted for the Degree of
Doctor of Philosophy (ISLM)
of
JADAVPUR UNIVERSITY

by
Srividhya, J.

Central Glass & Ceramic Research Institute

Csrpne\™

Council of Scientific and Industrial Research
196, Raja S.C. Mullick Road, Jadavpur
Kolkata-700 032

India

2017






196, TS TH &t Afeetsh T, HIABT - 700 032, I
CSIR - CENTRAL GLASS & CERAMIC RESEARCH INSTITUTE

196, Raja S C Mullick Road, Kolkata - 700 032, India

Dr. Swapankumar Ghosh

M.Tech, (Gold Medal), PhD (DCU, Dublin), Fellow 11Cer
Senior Principal Scientist & Head, PMD

Professor, Engineering Sciences, AcSIR

CERTIFICATE FROM THE SUPERVISOR/S

This is to certify that the thesis entitled “Shape & Size-Tuned Magnetic Nanostructures
and Ferrofluids for Biomedical and Industrial Applications” submitted by Ms.
Srividhya, J., who got her name registered on March 27, 2013 (Index No.:
FISLM/SMS&NT/P/14/01; Ref. No. D-7/Ef269/14) for the award of Ph. D. (ISLM) degree
of Jadavpur University is absolutely based upon her own work under the supervision of mine
and that neither her thesis nor any part of the thesis has been submitted for any

degree/diploma or any other academic award anywhere before.

Date:

Kolkata (Dr. Swapankumar Ghosh)

PhD supervisor

® <o [T MPhone : v Director : +91 33 2473 5829, FrEOffice : 2473 3469/76/77/96; 2483 7340-46,2483 7349-50
@1 s | DID Lines : 2483 8079/8082 fwiFax : (033) 2473 0957,2473 6082,2483 7339,2483 8085 ¢ FevEmail : dir_office@cgcri.res.in
|/

RIGHTTO Y : . . .
inrormation | 79 T8/ Website : www.cgcri.res in






SCHOOL OF MATERIALS SCIENCE AND NANOTECHNOLOGY
JADAVPUR UNIVERSITY, KOLKATA-700032, PHONE: 2414 6666 EXTN.: 2180, 6512-8636

CERTIFICATE FROM THE SUPERVISOR/S

This is to certify that the thesis entitled “Shape & Size-Tuned Magnetic Nanostructures
and Ferrofluids for Biomedical and Industrial Applications” submitted by Ms.
Srividhya, J., who got her name registered on March 27, 2013 (Index No.:
FISLM/SMS&NT/P/14/01; Ref. No. D-7/E/269/14) for the award of Ph. D. (ISLM) degree of
Jadavpur University is absolutely based upon her own work under the co-supervision of mine
and that neither her thesis nor any part of the thesis has been submitted for any

degree/diploma or any other academic award anywhere before.

Date:
Kolkata (Dr. Chandan Kumar Ghosh)

PhD co-supervisor

iii
— —

Address: School of Materials Science & Nanotechnology, Metallurgical & Material Engineering Building, Jadavpur University, Kolkata-700032







Dedication

To my mother






Acknowledgement

| have waited eagerly to write this section and always thought that it would be the easiest
part of this thesis on the contrary it is proving to be quiet difficult. It has been a long
trudge to accomplish my dissertation for doctoral degree, but the experience was
enjoyable one during this period. This is a pleasant opportunity to acknowledge each and
every individual, who have lent their expertise and cooperation nurtured my knowledge
directly or indirectly in their own way to bring out this thesis would have seen possible.

On a more serious note, my heartfelt sincere gratitude goes to my advisor Dr.
Swapankumar Ghosh, whom | am ever grateful for being an exceptional mentor. His
instrumental expertise, insight into various experimental problems, wisdom and
inspiration have allowed my research skills to develop, my innovativeness to flourish
along with getting shaped as meticulous. His passion for research and broad knowledge
always has been an inspiration to everyone around him. His constructive criticism and
insightful thoughts, improved the quality of my work which augmented to its current form.
If it weren’t for his ideas, constant support, guidance, motivation and patience, none of
this work would have been possible. Most importantly, he was always there whenever 1
needed his help, for making CGCRI ‘a home far away from home’ to me. I could not have
wished for a better advisor. Thank you Sir, for everything you have done for me.

| am extremely indebted to Dr. Chandan Kumar Ghosh, my co-supervisor for lending
his valuable time in engaging with scientific discussions regarding my work. Without his
moral support and advices, it is impossible to reach this stage.

| am also obliged to the director of Central Glass & Ceramic Research Institute Dr. K.
Muraleedharan for his great help in increasing the experimental facility at the Centre,
which has proved to be a boon for our research work. He has provided all necessary lab
facilities and made common to utilise everyone in this centre i.e., allowed the students to
handle FTIR, XRD and do their own samples.

I would like to thank my dissertation committee members Dr. Kalyan K.
Chattopadhyay, Dr. Gopes Chandra Das and Dr. Siddhartha Mukherjee, School of
Materials and Nanotechnolology, Jadavpur University, Kolkata for their time, support,
suggestions and advice through the course of my thesis work. I thank Mr. Swarupanada
Bhattacharya for helping me to learn Rietveld analysis.

Because of the research environment sustained by Dr. S. Ghosh, | have crossed paths
with the number of Ph.D. students (Dr. V.S. Smitha, Dr. T.S. Sreeremya, Dr. Asha
Krishnan, Dr. K. B. Jaimy) who have influenced and enriched my research in NIIST,
Trivandrum where I joined initially. I’'m extremely grateful to Dr. U.S. Hareesh allowing
me to use his lab facilities and Mr. A. Peer Mohamed for extending his help any time
regarding TG-DTA, BET surface area characterisation. A token of thanks are due Mr.
Kiran for his TEM imaging, Dr. Manoj Raama Verma for PPMS, Thanks to Ms.
Tanwistha Ghosh for her companionship during my initial days in Trivandrum and also



for her time to do FTIR measurement of few of my samples. | will never forget the
hospitality rendered to me by Tanwistha Ghosh’s family during my joining period as SRF.

My fellow lab friends Mr. Mathew, Dr. Somdutta Singha needs to be mentioned for
their great contribution and support to my work. Dr. Jiten Ghosh for XRD, Dr. Awadesh
Mallik for Raman spectroscopy, Dr. Dipten Bhattacharya for VSM, Mrs. Titir Maity for
TEM, Mrs. Swati Samanta, Mrs. Moumita Kanu for various characterisation from MCID
Division. I am also thankful to all those faculty members and students of the CSIR-
CGCRI whose sincere cooperation and help at several instances have boosted my
progress.

Special gratitude goes to Dr. R.K. Kotnala for his VSM facility and indispensible
contributions to this work. My sincere thank must go to Prof. Parimal Karmakar,
Department of Life Science & Biotechnology, Jadavpur University and Mr. Sujan
Chatterjee for cell culture lab facility.

I gratefully acknowledge the Council of Scientific & Industrial Research (CSIR) of
India for providing me a CSIR-Senior Research Fellowship. My PhD work was also
financially supported by the 12Y5 network project ESC0103 and CSC0135.

Finally on a personal note, | really feel honoured for having wonderful parents,
especially my mother Mrs. Usharani to whom | dedicate this thesis. She is my constant
source of inspiration and provides me the strength to make my dreams come true, and my
father Mr. Jagannathan for his encouragement throughout my educational endeavours. My
heart bound thanks towards my younger brother Srinivasan and elder sister Sridevi for
their endless love, care and support throughout my life. My special thanks to my brother
directed me at right time to do phD. During the later stage of my doctoral studies, unseen
presence of my loving grandma, who would have been eternally delighted at this golden
moment of my life, I believe my grandparent’s heavenly blessings always there with me.
A career in science would not have been possible without the great support from my
family, who has always motivated me to chart my own path in life. Without their
sacrifices, moral supports and blessings this thesis would not have taken its shape.

All of the above, | bow before ‘Almighty’ for giving me an opportunity, good health,
courage and determination to achieve all personal and professional milestones in life. |
believe, | could complete the course only because of the immense blessings showered over
me by Almighty.

(Srividhya J.)

September, 2016

Vi



Synopsis

This thesis examines different aspects of magnetic nanocrystal fabrication, and
examines a number of different synthetic protocols. A variety of morphology and size of
magnetite nanoparticles are investigated, including ultrafine nanoparticles, nanocubes,
nano-truncated octahedra, nanospheres and microspheres. Core-shell nanostructures,
stable aqueous/non-aqueous ferrofluids were also prepared. The thesis entitled “Shape &
Size-Tuned Magnetic Nanostructures and Ferrofluids for Biomedical and Industrial
Applications” includes 6 chapters.

Chapter 1 gives the general introduction and brief review of magnetic
nanomaterials, recent development of magnetic nanomaterials, crystal structure, various
synthetic route, methods to stabilise the magnetic nanocrystals in aqueous and non-
aqueous fluid and their practical applications.

Chapter 2 cover the materials used for fabrication of magnetite nanocrystals, various
assay such as Bradford’s assay, cytotoxicity assay. The as-synthesised nanocrystals have
been characterised by dynamic light scattering, XRD, TEM, SEM, TG-DTA, magnetic
measurements by PPMS, VSM and spectroscopic measurements such as Mdssbauer, XPS,
UV-vis, FTIR, ICP-AES, and Magneto-rheological properties.

Chapter 3 Core-shell nanostructures of superparamagnetic magnetite/maghemite
with tunable size were synthesised by aqueous coprecipitation method. The phase
transformation of magnetic NPs subjected to temperature or laser induced oxidation were
also investigated. The aqueous ferrofluid were made by proper surface functionalisation
with tetramethylammonium hydroxide, starch, dextran, aminosilane etc. The magnetically
switchable rheological properties of oil based ferrofluid were also prepared.

Chapter 4 Magnetite nanocrystals were precipitated in alcohol-water mixed solvents
of varying dielectric constant at two different temperatures. The key colloidal properties
such hydrodynamic size and surface charge of nanocrystals born in polyol-water media
were thoroughly investigated by light scattering method against ageing time, temperature.

Chapter 5 Highly monodisperse sphere, cube, truncated octahedra magnetite
nanocrystals of size in the range of ultra small 6.5 nm to large 135 nm were fabricated.
Detailed structural, morphological and magnetic properties were studied. The cytotoxicity
assay on two different cell lines: HCT-116 and MDA-MB-426 were studied after
incubation with magnetic NPs

Chapter 6 summarises the important outcome of data obtained from third to fifth
chapter and it describes a major findings of the whole investigations carried out
throughout the thesis with the highlights of the recommendations for future
scope/research.

Date: (Srividhya J.)
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Chapter 1
Introduction

This thesis relates to the fabrication and characterisation of magnetic nanoparticles
(MNPs), a remarkable class of material that has attracted considerable interest within the
scientific community due to their interesting properties and potential applications across a
range of disciplines. Iron oxides (IO) are sensitive to changing conditions such as pH,
temperature and the study of their transformations is the subject of environmental
mineralogy. The sizes, shapes and compositions of magnetite nanocrystals are the subject
of research in several areas of mineralogy. In geophysics and geology, an important
mineralogical tool is the measurement of magnetisation preserved in rock-forming
magnetite crystals for the determination of the relative ages and the ancient positions of
the rocks relative to Earth’s magnetic field. Researchers of biomineralogy are interested in
the special properties of magnetite crystals that form directly or indirectly by the activity
of organisms. Materials scientists are interested in synthetic magnetite grains produced for
nanotechnological applications. The scientific research of magnetite has gained significant
impetus in the past decade as a result of a debate that centers on the biogenic or inorganic
origin of nanocrystalline magnetite found in Martian meteorite ALH84001 (Gibson Jr et
al., 2001). All biomimetic synthesis processes involve a precipitation reaction in which
magnetite crystals are produced from inorganic components. The chemical synthesis of
NPs is an emergent and diverse area of research, driven by the need to understand the
relationship between a particle’s morphology and its physical properties. Understanding
this enables researchers to tailor the properties of particles for a specific application,
although it is often far from trivial to synthesis ‘high quality’” NPs with a narrow size
distribution, high degree of shape selectivity and possess a uniformly crystalline. Each
chapter in this thesis relates to a different aspect or approach to MNP synthesis with size
tuning and/or morphology control, physico-chemical characteristics and colloidal stability
of its aqueous/non-aqueous suspensions. Before discussing in more details of the present
study, the importance, background, applications of magnetite NPs and the published

synthetic protocols are discussed in this chapter.



Chapter 1 Introduction

1.1 Nanoscale materials

Nobel laureate Dr. Richard Feynman’s prediction in his landmark speech titled “There’s
plenty of room at the bottom” to the American Physical Society at California Institute of
Technology (Caltech) on December 29, 1959 (Feynman, 1959). Feynman is considered to
be the “father of nanotechnology” because he conceptually presented, motivated, and
challenged people with the desire and advantages of exploring engineered devices at the
small scale in his legendary lecture. Also in the 1980s, Eric Drexler wrote several books
that went beyond Feynman’s vision to outline a fantastic technology that includes pumps,
gears, and molecular assemblers consisting of only hundreds to thousands of atoms that, if
built, promised to revolutionise almost every aspect of human endeavour.

Nanostructured or nanophase materials are made of nanometer-sized, having at least
one dimension between one and a hundred nanometres, substances engineered on the
atomic or molecular scale to produce either new or enhanced physical properties not
exhibited by bulk solids. Research interest in nanomaterials has ballooned in recent
decades, driven by their potential applications in a large number of fields. What is
interesting about nanomaterials is that they often possess unique physical, chemical,
optical or magnetic properties, which differ to those of their bulk counterparts of the same
composition, are often shape and size dependent and can be controlled by varying the
dimensions of the nanomaterials. Due to their small dimensions, the large fraction of
atoms residing in the grain boundaries and interfaces of nanomaterials allow interface
atomic arrangements to constitute significant volume fractions of material, and thus novel

“surface” dependent materials properties [Fig. 1.1].
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Fig. 1.1 Calculated surface to bulk ratios for solid metal particles versus size. The percentage of
surface atoms increases while reducing from bulk to nanometer scale.
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Most of the following properties are tuneable with size.

e Reduced melting point: Nanomaterials may have a significantly lower melting point
(the difference can be as large as 1000°C) or phase transition temperature and
appreciably reduced lattice constants due to a huge fraction of surface atoms in the
total amount of atoms.

e Ultra hard—mechanical properties of nanomaterials may reach the theoretical strength,
which are one or two orders of magnitude higher than that of single crystals in the
bulk form. The enhancement in the mechanical strength is simply due to the reduced
probability of defects.

e Band gap broadening: semiconductors become insulators

e Optical properties of nanomaterials such as blue shift in adsorption and emission due
to an increased band gap [quantum size effects], metallic NPs changes colour in
spectra due to surface plasmon resonances [Lorents oscillator model].

e Electrical conductivity decreases with reduced dimension due to increased surface
scattering. Electrical conductivity increases due to the better ordering and ballistic
transport.

e Magnetic properties of nanostructured materials are distinctly different from that of
bulk materials. Ferromagnetism disappears and transfers to superparamagnetism in
the nanometer scale due to single domain.

e Self-purification is an intrinsic thermodynamic property of nanostructures and
nanomaterials due to enhanced diffusion of impurities/defects/dislocations to the
nearby surface.

e Exhibit enhanced catalytic properties (e.g., nano Au, Ag, ceria, iron oxide particles)

In order to explore novel physical properties/phenomena and realise potential applications,
the ability to fabricate and process the nanomaterials and nanostructures is the first corner
stone in nanotechnology.

The emergence of improved characterisation techniques (such as the advances
made to transmission electron microscopy) have allowed researchers to probe the precise
nature of nanomaterials, enabling the relationships between size, shape, elemental
composition and physical properties of a material to be investigated. As such, the ability to
develop ‘tunable’ nanomaterial syntheses (which can produce a high-quality nanomaterial
product with properties pre-determined for a particular application) has emerged as a

major research goal for scientists. The last decade alone has seen a dramatic rise in the
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number of published reports relating to nanoscale science, from 18,000 in 2000 to
~155,000 in 2016 (Web). Within nanoscale research a number of distinct research
branches have emerged, each relating to the study of a particular type of nanomaterial and
its applications. It is therefore prudent to first provide an overview of the different types of
nanomaterial that can currently be produced, so the work contained within this thesis can

be appreciated within the context of nanomaterial synthesis in general.

1.1.1 Generations of nanotechnology products

There are hundreds of commercially available products using nanotechnology currently in
the market including cosmetics, sunscreens, textiles and sport items, veterinary medicines
etc. Roco predicted four overlapping generations of nanotechnology products from 2000
to 2020 (Roco, 2006). The first generation involved the simple components of NPs,
nanotubes, nanolayers and nanocoatings. The second generation (after 2005) involves
active nanostructures that change their properties (morphology, shape, magnetic,
biological, etc.) during operation. Examples are targeted drugs and chemicals, energy
storage devices, transistors and so on. In the third generation (after 2010) includes
nanosystems that might self-assemble or self-organise. Examples are artificial organs and
electronic devices. The fourth generation (after 2015-2020) includes molecular
nanosystems, where each molecule in the nanosystem has a specific structure and plays a

different role.

1.1.2 Types of nanomaterials and their dimension

The nanomaterials are usually classified according to their morphologies (see Fig. 1.2).
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Fig. 1.2 Different types of nanomaterial a) spherical discrete nanoparticle, b) high aspect ratio
nanowire, ¢) hollow nanotube and d) thin film of material, provided thickness (t) is less than 100
nm.

Nanozymes are nanomaterials with enzyme-like characteristics (Wei and Wang, 2013).

They are an emerging type of artificial enzyme, which have been used for wide
4
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applications in such as biosensing, bioimaging, tumour diagnosis and therapy,

antibiofouling, etc.

1.1.3 Overview of nanomaterials in biomedical applications

Recently, the integration of nanotechnology with molecular biology and genomics has set
into motion to the extensive development of an emerging research area, which offers
exciting and abundant opportunities for discovering new processes, phenomena, and
results in science, especially in biology and medicine. Nanoscale materials have now been
exploited in many biological applications, such as biosensor, biological separation,

molecular imaging, and anticancer therapy (Table 1.1).

Table 1.1 Typical inorganic NPs and their biomedical applications

Category Examples Intrinsic properties Biomedical applications

Metallic NPs Au, Ag Surface plasmon resonance, Chemical/biochemical sensing, disease

(Qiu et al., 2016)

Surface reactivity, Catalysis

diagnostics; optical imaging, Raman probe;
photothermal cancer therapy; drug delivery;
antimicrobial agents.

Semiconduct NPs CdSe, CdS, Fluorescence, Luminescence Cellular imaging; long-term cell trafficking;
or Quantum dots CdTe diagnostics and sensing based on energy
(Kumar and transfer techniques.

Nann, 2006)

Metal oxide NPs Fe;O4, Fe,0Os  Superparamagnetic, Large MRI, magnetic hyperthermia, separation
(Ghosh et al., Ferrite magnetic moments in a area, theranostics; diagnosis and monitoring,
2010) magnetic field target delivery of drugs / genes

1.2 Shape and size control of nanocrystals

Nano magnetite exhibits unique and tunable fundamental size- and shape-dependent
magnetic, optical, and other properties (lyengar et al., 2014). The unique chemical and
physical properties of nanocrystals are determined not only by the large portion of surface
atoms but also by the crystallographic structures of the particle surface. The former is
determined by the size of the particles and the latter relies on the particle shape. Shapes
occur either in order to minimize the surface energy of the particles or because of the
kinetics of the growth. If kinetics controlled process dominates, the shape is determined by
the rate at which the different crystal faces grow. If the particles are formed in thermal
equilibrium, their shape or crystal habit results from minimising the surface energy. In the
later case, the surfaces are determined by performing a Wulff construction (Kumar and
Nann, 2006). Surface energies associated with different crystallographic planes of fcc
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crystals follow the sequence p{111} < {100} < »{110} (Wang et al., 2012). The
difference in growth rates between crystal facets can be determined by consideration of
the free energies of each facet. The free energy y of each facet can be calculated by
considering the number of broken bonds on the surface, the bond strength and the density
of surface atoms, given by

v = %NpePs (1.2

where Ny is the number of broken bonds, ¢ is the bond strength, and P, is the density of

surface atoms (Douglas, 2012).
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Fig. 1.3 (A) Geometrical shapes of cubooctahedral nanocrystals as a function of the ratio, R, of the
growth rate along the (100) / (111). (B) Evolution in shapes of a series of (111) based nanocrystals
as the ratio of {111} to {100} increases. The beginning crystal is bounded by three {100} facets
and a (111) base, while the final one is a {111} bounded tetrahedron. (C) Geometrical shapes of
multiply twinned decahedral and icosahedral crystals.

Fig. 1.3A shows a group of cubooctahedral shapes as a function of the ratio, R, of
the growth rate in the (100) to that of the (111). The longest direction in a cube is the
(111) diagonal, the longest direction in the octahedron is the (100) diagonal, and the
longest direction in the cubooctahedron (R=0.87) is the (110) direction. The crystals with
0.87<R<1.73 have the {100} and {111} facets, called as truncated octahedra. The other
group of particles has a fixed (111) base with exposed {111} and {100} facets (Fig. 1.3B).
An increase in the area ratio of {111} to {100} results in the evolution of crystal shapes
from a triangle-based pyramid to a tetrahedron. For a spherical single-crystalline particle,
its surface must contain high-index crystallography planes, which possibly result in a

higher surface energy. Facets tend to form on the crystal surface to increase the portion of
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the low-index planes. As a result, for crystals smaller than ~20 nm, the surface is a
polyhedron. Both the octahedral and tetrahedral morphologies have larger surface area to
volume ratios than a cube of the same volume however, single crystal NPs exist as
truncated octahedra which are enclosed by a mixture of {111} and {100} facets, as shown
in Fig. 1.3A. The truncated octahedra has a nearly spherical profile and a low surface area
to volume ratio, meaning the overall free surface energy is lower than for the octahedral or
tetrahedral shapes.

One can tune the crystal size and shape via controlling the growth rate of different
facets in a delicate balance either by utilizing the inherent crystal structure property or by
external factors such as application of adsorbed species (surfactant molecules or ions)
different solvent, temperature, heating rate, time, etc. The adsorbed species are usually
‘molecular capping agents’ that can selectively bind onto specific crystal facets during
crystal growth which causes a reduction in growth at this facet. Those facets where
adsorbed species are weakly bound will experience increased growth. The degree to which
binding occurs at any given site is determined by the surface energies of each facet, and by
the affinity of the capping agent used for a particular material. The length of the
hydrocarbon backbone of surfactants can also control particle shape and size by
determining the packing of surfactants on a particle surface. The long chain surfactants
enables them to spontaneously form lamellar species, similar to liquid crystals, can act as
nano-reactors in which constrained or anisotropic growth of NPs can occur (Chen et al.,
2007). Shorter surfactant molecules will not be able to separate particles in solution as
efficiently as longer molecules, meaning that aggregation among particles is more likely to
occur, leading to larger particles. An et al. reported that increasing the surfactant chain
length from decanoic acid (CgH19COOH) to behenic acid (C,;H43COOH) resulted in the
size of MnO NPs reducing from 13 nm to 3 nm (An et al., 2012). Kovalenko and co-
workers could tune the morphology by changing the stabilisers; sodium oleate could lead
to nanocubes, potassium oleate generated a mixture of nanocubes with bipyramidal
morphologies while OA and dibutylammonium oleate gave spherical shape (Kovalenko et
al., 2007).

The above discussions highlight the considerable number of underlying processes
that can contribute to NP formation. It is clear that understanding the complexities of NP
synthesis requires thorough and systematic study across a large number of variables, and
there is still much work to be done before the nature and role of the species involved in the
nucleation and growth processes is fully understood. As this thesis is concerned with the
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fabrication of magnetite NPs, discussion size effects

(superparamagnetism), crystal structure, physical/ magnetic properties, different synthetic

some of magnetism,

methodology, factors concern about aqueous as well as non-aqueous ferrofluids and the
potential applications of MNPs are required and are given in the following sections.
1.3 Magnetism and magnetic materials

Magnetic materials are classified by virtue of their response to an externally applied
magnetic field. The orientations of the magnetic moments in a material help to identify

different forms of magnetism observed in nature.

Table 1.2 Summary of the different types of magnetic behaviour with suitable examples

Magnetism Example Atomic/magnetic behavior
Dia Inert gases, Many metals i.e., Atoms have no magnetic ®®®®
Au, Cu, Hg, non-metallic moment. Susceptibility is @®®®®
elements i.e., B, Si, P, S, many small & negative, 10° to .:::
ions i.e., Na*, CI" & their salts, 107 o H
diatomic molecules i.e., Hy, N,
H,0, most organic compounds
Para Some metals, i.e., Al; Some Atoms have randomly ®®0® Y
diatomic gases, i.e., O, NO; oriented magnetic ®09®
ions of transition metals and moments. Susceptibility is ::::
rare earth metals and their salts, small & positive, +10” to A=
rare earth oxides +10°
Ferro Transition metals Fe, H, Co, Ni; Atoms  have parallel ¢ &é® %
rare earths with 64<7<69; alloys aligned magnetic @ ©0® /
of ferromagnetic elements; moments. Susceptibility is 0000
some alloys of Mn, i.e.,, MnBi, large (below T¢) 0060 H
Cu,MnAl.
Aniferro Transition metals Mn, Cr & Atoms have antiparallel ®®®® Y
many of their compound, i.e., aligned magnetic 9®®9®
MnO, CoO, NiO, Cr,0;, MnS, moments. Susceptibility is ::::
MnSe, CuCy,. small & positive, +107 to 'l
+1073
Ferri FesO4 y-Fe,0; mixed oxides Atoms have mixed parallel @goeoe®
of iron and other elements such and anti parallel aligned @®®®®
as Sr ferrites magnetic moments. ..: ® /
Susceptibility is  large 000 H
(below T¢)

If a magnetic field H induces magnetism M in a material, the material is said to possess a

magnetic susceptibility

M=KH
orM=yH/V

(1.2)
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where K is the susceptibility, which is dimensionless, or y is the volume susceptibility,
units m*kg . In the SI system M and H are measured in units of Am™, where 1 Am =
47/10° Oe. On a microscopic level the magnetism arises due to the presence of magnetic
moments, a single unpaired electron has a moment of 1 pg, a Bohr magneton, where 1 pg
=9.27402x10%* Am? and 1 Am?.kg *=1 emu.g *.

1.3.1 Magnetic classification of matter

Magnetic materials can be classified into few categories based on magnetic behaviour
(Table 1.2). For example, materials having no magnetic moment in the absence of
magnetic field are said to diamagnetic material. Paramagnetic material having magnetic
moment in the absence of magnetic field exhibits zero magnetisation due to thermal
energy induced randomization of their magnetic moment. Materials having mutually
interactive magnetic moment possess net magnetization in the absence of magnetic field.
An antiferromagnetic material contains two-sub magnetic lattice structure of antiparallel
magnetic moment and gives zero magnetisation in the absence of magnetic field. If the
magnetic of two sub-lattices is not equal, then they are said to be ferrimagnetic material. A
complete discussion of the theories behind the different classes of magnetism materials is
beyond the scope of this dissertation. But some appropriate fundamentals will be provided
to address the magnetisation in ferrimagnetic NPs and their dispersions.

1.3.2 Superparamagnetism

It has been realised in the case of ferromagnetic materials that they exhibit domains where
all moments are oriented parallel and the whole system consists of large number of such
domains. Magnetisation differs from domain to domain. This happens due to minimizing
the magnetostatic energy of the material. Size-dependent coercivity of magnetic materials
and superparamagnetism was summarised by a double potential well diagram given in Fig.
1.4. For every ferromagnetic material, there exit critical diameter (Rsy) of the domain,
expressed by the following equation

36VAK

R =
sd poM?

(1.4)

where A is the exchange constant, K is the effective anisotropy constant and Ms is the
saturation magnetisation (Cornell and Schwertmann, 1996). For the majority of magnetic
nanomaterials, Rsg will be in the range of 10-100 nm, though for materials with a high

magnetic anisotropy (large K value) this value can be higher. For a single domain particle,
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the amount of energy required to reverse the magnetisation over the energy barrier from
one stable magnetic configuration to the other is proportional to KV/kgT, where kg is
Boltzmann’s constant, V is the particle volume and T is temperature (Lefebure et al.,
1998). If the ambient thermal energy is enough to overcome the anisotropy energy barrier,

the magnetisation will no longer be stable and the NP is said to be superparamagnetic.
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Fig. 1.4 Schematic illustration on (A) behaviour of size-dependent coercivity of magnetic particles
and (B) potential well diagrams for small and large superparamagnetic particles. The energy
barrier separating the two spin states is given by KV, with K the anisotropy constant and V the
particle volume (Douglas, 2012).

In a superparamagnetic regime the magnetisation of the NPs can easily be saturated
in the presence of an external magnetic field. Once the field is removed however, the
ambient thermal energy is enough to randomise the magnetic moments of the particles,
giving a zero net magnetisation —i.e., Mg (the remnant magnetisation) and Hc¢ (the field
required to bring the net magnetisation back to zero, known as the coercivity) are both
zero. This can be visualised in the hysteresis loops given in Fig. 1.5, comparing the
magnetic characteristics of a bulk ferromagnetic material with those of a single-domain

superparamagnetic nanoparticulate material.

(A) s

Fig. 1.5 Hysteresis loops for (A) a ferromagnetic and (B) a superparamagnetic nanomaterials
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The Ms value of IONPs decreases with the particle size which is detrimental for the
efficiency (relaxivity) of the NPs. This reduction of Ms has been attributed to surface
effects (spin surface disorders, spin canting) (Corot et al., 2006). The magnetic properties
of superparamagnetic NPs lend them well to certain applications, more so than others. For
example, the poor magnetic stability of such particles under ambient conditions has been a
constant barrier in developing high density magnetic data storage devices. As such,
developing procedures to synthesise NPs with high anisotropy constants that can
counteract the thermal fluctuations that are apparent at small particle volumes is currently
a high interest area of research. It is interesting to note that much of the earlier MNPs
literature was carried out by IBM, as part of their search for high density data storage
technologies (Sun et al., 2000).

1.3.3 Magnetic anisotropy

Magnetic materials are very often anisotropic, in that there is a preference for the
magnetisation to point along one direction as opposed to others. In a single domain
particle, all the individual (atomic) magnetic moment are ferro or ferrimagnetically
coupled in the whole volume, so that the magnetisation of the entire particle can be

described by one magnetic moment. The anisotropy energy, E,, may be defined by
E, = KVsin%6 (1.3)

where K is the magnetic anisotropy (volumic) density, V the particle volume and 6 the
angle between the easy axis and the magnetic moment directions. K is also sometimes

called anisotropy constant which varies drastically with temperature (Ghosh, 2006).
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Fig. 1.6 The hysteresis loop where magnetisation (M) in the sample is shown against the external
magnetic field strength (H) with easy and hard axes of magnetisation.
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The difference between the response of a material along an easy axis and along a
hard axis is illustrated in the hysteresis loop shown in Fig. 1.6. In the curve shown in
black, a low applied field is required, It is “easy”, to drive all of the moments to point
along a particular direction. Upon reducing the field to zero, the magnetisation remains
constant since the moments are quite content to point along this axis. The blue curve
shows that it is “hard” to saturate the moments along the direction perpendicular to easy
axis. At a relatively large applied field, it is still the case that not all of the moments have
been forced to align. Unlike the behaviour observed along the easy axis, the magnetisation
decreases quite significantly as the applied field is reduced to zero. It is energetically less
favourable for the moments to point along the direction in which the field was applied.
The horizontal segments of the black hysteresis loop correspond to situations in which
every moment in the sample has been forced to point to the left or to the right, as shown in
the small drawings in the Fig. 1.6. When all of the moments in a magnetic sample are
forced to point in the same direction, it is said that the sample has reached its Ms. Above
this field no further magnetisation can be acquired. The remanence is much smaller in the
case of the hard axis loop than it is when the field is applied along the easy axis.

1.4 Iron and iron oxides

Iron and its compounds are widespread in nature and readily synthesised in the laboratory.
Iron compounds present in the hydrosphere, the lithosphere and (as pollutants) in the
atmosphere. Iron is a biogenic element, present in all biota, but some iron compounds can
cause harmful effects to humans, animals, and environment (Cornell and Schwertmann,
2003; Gurzau et al., 2003). In occupational exposure of humans, iron and iron oxide (10)
are known to produce benign siderosis. Analyses of urban air samples showed that the
probable sources of iron compounds are the iron and steel industry (Gurzau et al., 2003)
and urban transport such as underground railways (Luhar and Hurley, 2003). Tunnel dust—
generated by interaction of brakes, wheels and rails—contains about 90% iron, 1-2%
quartz and the remnants of other metals in the underground rail system (Luhar and Hurley,
2003).

IO are a class of compounds that are composed of iron, oxygen and/or hydroxide
ions and are subject of study in many disciplines from environmental and industrial
chemistry to biology and corrosion science. There are 16 important 10 oxy-hydroxide
polymorphs are hematite (a-Fe,03), maghemite (y-Fe;O3) and magnetite (FezO,); the less

commonly found are the Fe;.xO (widistite), - and e-Fe,O3 phases and the low-temperature
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rhombohedrical structure of magnetite. In most of these compounds, iron is in the trivalent
state, but FeO and Fe3O4 contain Fe(ll) (Cornell and Schwertmann, 2003). The 10
polymorph exists in a rich variety of structures and occurs in a great variety of settings,
from geological to nanoscale technological applications and display a wide range of
properties and behaviour. Iron oxides are very fascinating magnetic materials due to their
crystal chemistry and oxygen stoichiometry dependent inter convertible magnetic

properties and have attracted increasing attention in recent years.
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Fig. 1.7 Crystal structures of hematite, magnetite and maghemite (black: Fe*, green: Fe**, red:
0*) (Wu et al., 2015).

Ferromagnetic Fe;O, can be transformed in to antiferromagnetic o-Fe,O; via the
controlled oxidation (Hou et al., 2007), or vice versa in a reducing atmosphere (Jia et al.,
2007). Similarly, ferromagnetic spinels are converted to superparamagnetic particles by
reducing crystal size down to nanoscale (Tian et al., 2011). Among these, Fe30, is the
most studied member owing to its excellent magnetic properties and its non-toxic,

biocompatible nature.
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Fig. 1.8 XRD peak lines from standard powder diffraction files of a-Fe,03, Fe;0, and y-Fe,Os
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Hematite (a-Fe,O3)

Hematite has a hexagonal close-packed unit cell in which two-thirds of the octahedral sites
occupied by Fe®* ions (corundum structure) as shown in Fig. 1.7 (a). It is an n-type
semiconductor (Eq4 = 2.1 eV), where the conduction band is composed of empty d-orbitals
of Fe** and the valence band consists of occupied 3d crystal field orbitals of Fe** with
some admixture from the O 2p non-bonding orbitals (Zhang et al., 1993) as well as an
interesting anode material. As the most stable 10 under ambient conditions, hematite is
widely used in catalysts, pigments and gas sensors due to its low cost and high resistance
to corrosion/oxidative change. Generally a-Fe,O; has weak ferromagnetism at room
temperature, while the Ms is often smaller than 1 emu.g™* (Wu et al., 2015). Figure 1.8
shows the X-ray diffraction peaks from the standard powder diffraction files of a-Fe,O3
(ICDD 33-0664), Fe3s04 (19-0629) and y-Fe,O3 (39-1346), and it can be found that y-
Fe,O3 has a crystal structure similar to that of Fe;O, with peak shift towards slightly

higher angles.

Maghemite (y-Fe,O3)

The structure of y-Fe,O3 is cubic; each unit contains 32 O’ ions, 21% Fe*" ions and 2%
vacancies (Fig. 1.7c). Oxygen anions give rise to a cubic close-packed array while ferric
ions are distributed over tetrahedral sites (8 Fe ions per unit cell) and octahedral sites (the
remaining Fe ions and vacancies). Therefore, the maghemite can be considered as fully
oxidised magnetite, and it is an n-type semiconductor with a band gap of 2.0 eV. It exhibit

ferrimagnetism at 300 K, with the Ms reaching to 78 emu.g™* (Corot et al., 2006).

Magnetite (Fe3O.)

Magnetite ((Fe**O)(Fe**,0s); ferroferric oxide) is one of the oldest ferromagnetic
materials known to mankind (around 2000 BC), named for an ancient region of Greece
where metal production was prominent. It crystallises in face centred cubic inverse spinel
(Fe30,) structure of type AB,O, where A signifies a divalent, and B a trivalent iron. It is
more conveniently expressed in the formula FeO.Fe,O3, with a cubic close packed oxygen
anion array, and iron (cation) in both fourfold (tetrahedral sites) and sixfold (octahedral
sites) coordination. The unit cell is composed of 56 atoms, 32 O, anions, 16 Fe*" cations
and 8 Fe?* cations. The moments on the Fe?* and Fe*" sites (of inverse spinel structure) are
opposite and unequal. Indeed, magnetite was considered a ferromagnet until the 1940's,
when Néel provided the theoretical framework for understanding ferrimagnetism. When
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the particle size decreases, the oxygen content in the sample will correspondingly
decrease, which consequently lead to lowering of the valence state of the cations.

Figure 1.9 shows the lattice parameters a in the (001) plane and c in the direction
perpendicular to it are identical under equilibrium conditions but differ for tetragonal
systems. The lower symmetry in this case also leads to the distinction between axial O*
and equatorial O*@ atoms, u>0 (Friak et al., 2007).

(a)

Fig. 1.9 Schematic representation of (a) partial unit cell (1/4™) magnetite crystalline structure, (b)
magnification of one tetrahedron and one adjacent octahedron sharing an oxygen atom. Large
spheres labelled by Fe™ and Fe°® represent iron atoms on tetrahedrally and octahedrally
coordinated sublattices, respectively surrounded by oxygen (Friak et al., 2007).

The magnetic moment arises due to the Fe®" cations only. Each Fe?* is high spin so it
contributes 4 unpaired electrons. The moment, and as a result the easy axis of the resulting
magnetite crystal, is aligned along the cube edge. The saturation magnetisation can be

calculated from
Mg = (ngllg)/V (1.5)

where ng is the number of Bohr magnetons per unit cell = 32, g = 9.2704x10 %
Am?/Bohr magneton, and V is the volume of the unit cell, 5.906x10 % m®. Thus Mg =
5.0x105 Am *. By dividing by the density (p= 5207.42 kg.m°), the mass magnetisation
can be obtained, o (Fes0s) = 96 Am?.kg ‘= 96 emu.g™* values which can be verified for
bulk magnetite (Table 1.3). The Ms value for pure bulk Fe is 218 emu.g™!, which is as
expected because of the presence of oxide shells (Guo et al., 2007). The spins of 3d
electrons in the two interpenetrating sublattices in the octahedrally coordinated Fe** and
Fe?* “are coupled ferromagnetically via a double-exchange mechanism associated with
inter-ion electron transfer”. In other words, the electrons can hop between Fe** and Fe**
ions in the octahedral sites at room temperature, rendering magnetite a unique class of half
to a quarter of their pure metal counterparts. In stoichiometric magnetite Fe®*:Fe?*= 2:1,
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and the divalent irons may be partly or fully replaced by other divalent ions (Co, Mn, Zn,
etc). Thus, Fe3s04 can be both an n- and p-type semiconductor. However, Fe3O,4 has the
lowest resistivity among iron oxides due to its small band gap (0.1 eV) (Boxall et al.,
1996).

1.4.1 Physical properties of Iron oxide

Table 1.3 Magnetic and mineralogical data of few selected forms of Iron oxide

Property Value (Unit)
Crystal name Magnetite Maghemite Hematite
Formula Fe?'Fe**,0, y—Fe3*,05 a—Fe**,03
Crystal system FCC, inverse Cubic/ Tetragonal Trigonal
spinel
Lattice parameter a=0.839 a=0.834 a=0.5032
(nm) c=1.3737
Molar mass (g.mol ™) 231.54 159.69 159.69
Appearance Black Brown Brick red
Density (g.cm®) 5.18 4.87 5.27
Ms (emu.g ™) 90-98 76-81 0.4
Curie temp (K) 848-858 820-986 948
Band gap (eV) 0.1 2 2.1
Refractive index np =2.42 n, = 3.150-3.220,

n. = 2.870-2.940

1.4.2 Occurrences of magnetite nanoparticles

In nature, magnetite is present virtually everywhere (in soil, rocks, lakes and streams, in
marine sediments, in air and in organisms), in most cases as nanocrystals that have a large

specific surface areas and are thus good adsorbents.

Magnetite in Human life a Recent Discovery

In 1992, “the presence of biogenic magnetite in human brain tissue” was discovered by
Dr. Joseph Kirschvink, a geologist and professor at the California Institute of Technology
who said at the time that the discovery was sure to astound most scientists but what it's
doing there remains a mystery. It exists in the cerebral cortex, cerebellum, and in the
lining surrounding the brain and spinal cord and consists of five million magnetite crystals

(4 ng) in each g of brain tissue. Several studies suggested that levels of biogenic magnetite
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in human brain tissue may be elevated in subjects with Alzheimer disease or associated
with aging (Strbak et al., 2011). Magnetite interacts over a million times more strongly
with external magnetic fields than any other biological material including the iron in red
blood cells.

Geogenic magnetite

Small grains of magnetite occur in almost all crystalline rocks as well as many
sedimentary rocks. With an iron content of about 70%, magnetite is a valuable source of
iron ore and, consequently, was explored for the production of iron metal since ancient
times. Its mineral hardness is 5.5 to 6.5 and it has a density of 5.2 g.cm 2 and dissolves

slowly in hydrochloric acid.

Biogenic magnetite

Crystals of magnetite have also been found in some bacteria, Magnetospirillum
Magnetotacticum, brains of bees, termites, some birds, pigeon, and even of humans. These
crystals are thought to be involved in magnetoreception, the ability to sense the polarity or
the inclination of the earth’s magnetic field, and to be involved in navigation. Snails have
teeth made of magnetite on their radula, making them unique among animals, means they
have an exceptionally abrasive tongue with which they scrape food from rocks (Majewski
and Thierry, 2007). Magnetite crystals produced by living systems have unique features
that distinguish them from geologically produced crystals. These involve (i) single domain
size, (ii) chemical purity, (iii) crystallographic perfection, (iv) participation in chain
structure, (v) unusual morphology and (vi) [111] elongation. These properties serve to
maximise the net magnetic moment which affects the migratory and homing abilities of

animal species in Earth’s magnetic field.

Synthetic magnetite

Several studies trying to address the properties of magnetite formed by biogenic or
inorganic processes, in order to determine whether it is possible to synthesise magnetite
nanocrystals with specific properties such as narrow size distributions and unique
morphologies, similar to the crystals that form in biogenic processes. Such crystals would
have special applications because they might have interesting and controlled magnetic

properties.
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1.4.3 Oxidation of magnetite

Oxidation is a common phenomenon observed in Fe®* ion containing materials like
magnetite. Conversion of magnetite to maghemite involves a reduction in the number of
Fe atoms per unit cell, from 24 in magnetite to 21'5 in maghemite. The inverse spinel
structure is maintained during oxidation and therefore the oxygen arrangement does not
change. These facts favour the diffusion of Fe outward over the diffusion of oxygen
inward. Moreover, an oxygen ion is almost twice as big as Fe ion and this would make the
oxygen diffusion much harder compared to iron diffusion. Studies on the cation self-
diffusion of magnetite revealed that the Fe?* ions are mainly responsible for diffusion
(Dieckmann et al., 1978).

The diffusion mechanism predicts that the oxidation time will be strongly dependent on
the size of the crystal; in small crystals the diffusion lengths are short. The temperatures
needed for the oxidation of NPs to occur in a few hours are much lower than those used in
studies of larger particles, which are usually above 150°C. At room temperature, the
oxidisation rate of the nanocrystals is much faster than that of the bigger particles. Murad
et al. reported that it took years for the fine magnetite crystals (100-300 nm) to change to
maghemite at room temperature (Sidhu et al., 1977; Murad and Schwertmann, 1993).
Experiment showed that for 9 nm nanocrystals at 24°C in water, oxidation is detectable

after a few hours and completed in about three months (Tang et al., 2003).

1.4.4 Surface chemistry of magnetite

The aqueous chemistry of metal cations is extremely complex and diverse and it is
possible to control many characteristics of oxide NPs in particular the crystalline structure
and its surface characteristics including particle size and shape (Jolivet, 2000). The surface
iron atoms which are not chemically bound to oxygen atoms act as Lewis acids and
therefore coordinate with molecules that donate electrons, Lewis bases. In aqueous
suspensions, surface iron atoms coordinate with water which leaves hydroxyl groups and
thus surface is hydrophilic (Cornell and Schwertmann, 1996) which reacts with both acids
and bases. It is well known that the surface charge in oxides is largely dependent on the
pH of the suspension, and thus, the surface is amphoteric in nature. The pH of zero surface
charge, pHp., or isoelectric point, is at pH 6.8 for magnetite. Iron cations form hexa
coordinated aquo—complexes, [Fe(H,O)s]”* in water in which the polarisation of

coordinated water molecules is strongly dependent on the formal charge (oxidation state)
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and size of the iron cation. This makes the ferric aquo-complexes more acidic than ferrous
complexes. The hydroxylation of the cations occurs in very distinct ranges of pH (at pH >
1 for the ferric and pH~6 for the ferrous polycation) (Jolivet et al., 2004). Hydroxylated
complexes condense mainly via olation mechanism, with the elimination of water and
formation of hydroxo bridges. During precipitation, the aquo hydroxo zero-charge

complex forms which is the precursor of the solid (Jolivet, 2000).

1.5 Size- and shape-dependent magnetic properties

A key property of magnetite nanocrystals produced for technological applications is their
controlled and uniform sizes and shape. Understanding the correlation between the
magnetic properties and the size and shape of MNPs is a prerequisite for widespread
applications of magnetism in different areas. It is also strongly dependent on the synthesis
route as well as on their non-magnetic matrix or substrate. Moreover, for a given synthesis
route the resulting magnetic properties of nanosized magnetite appears to strongly depend
on nanosized changes in the crystal morphology, like antiphase boundaries, and crystal
structure such as oxygen deficiency and local ionic disorder. Bulk magnetite has cubic
magnetic anisotropy, with the {111} and {100} directions’ being the easy and hard axes of
magnetisation, respectively (Majewski and Thierry, 2007).

Levy et al. studied the magnetic properties of IONPs from 6 to 18 nm, the results
revealed that magnetic disorder was particularly evident for 13-18 nm IONPs due to a
drastic loss of their hyperthermia performance (Levy et al., 2011). Guardia et al. reported
that pseudospherical and faceted IONPs with a narrow size distribution (4-20 nm) and a
high saturation magnetisation (Ms~80-85 emu.g - at 5 K) were obtained by thermal
decomposition using oleic acid as a surfactant. In contrast, decanoic acid yields much
larger pseudocubic IONPs (45 nm) with a broader size distribution and a larger saturation
magnetisation (Ms=92 emu.g * at 5 K), which is close to the expected value for bulk
magnetite (Corot et al., 2006). One-dimensional 10 nanostructures are very appealing,
owing to their many unique physicochemical properties based on high intrinsic anisotropy
and surface activity. Wu et al. showed a comparative study of the magnetic behaviour of
single and tubular clustered Fe3O4 NPs. The results revealed that the competition of the
demagnetisation energy of shape and the magnetocrystalline anisotropy energy of small
IONPs would increase the coercivity, and the magnetic properties are strongly influenced
by the morphology of the Fe304 NPs (Wu et al., 2012).
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Nanofluids

Nanofluids (nhanoparticle fluid suspensions) is the term coined by Choi (1995) to describe
this new class of nanotechnology-based heat transfer fluids that exhibit thermal properties
superior to those of their host fluids or conventional particle fluid suspensions. Nanofluids
are engineered by dispersing solid NPs (in the range of 1-100 nm) in traditional heat
transfer fluids such as water, oil, and ethylene glycol. The nanofluids have the potential to
be next-generation coolants such as smart coolants for computers and safe coolants for
nuclear reactors. As a result, the research topic of nanofluids has been receiving increased
attention worldwide. The recent growth of work in this rapidly emerging area of
nanofluids is most evident from the exponentially increasing number of patents/

publications.

1.6 Magnetitic nanofluids/ferrofluids

A ferrofluid is a colloidal suspension of sub-domain magnetic particles in a liquid carrier
(aqueous or non-aqueous) whose rheological behaviour can be controlled by means of a
magnetic field (lyengar et al., 2016). These particles are typically magnetite particles and
the like, are suspended as extremely finely divided form with the help of dispersing aids,
anti-agglomeration agents. The stability of the NPs suspension in the required base liquid
for any desired application need the optimum particle size, the proper surface stabilisation
and the suitable choice of the suspending medium. For certain applications, e.g., magnetic
domain detection, water is a more desirable liquid carrier than non-aqueous solvents. The
dispersions should satisfy the conditions of narrow size distribution and high stability
without aggregation. Interparticle forces play a pivotal role in determining the rheology
and light-scattering behaviour of NP dispersions. For example, concentrated NP
dispersions can be transformed from an easily pourable liquid to a stiff paste by changing
the interparticle forces from repulsive to attractive. Flocculation or aggregation will
induce the formation of large clusters or aggregates that will scatter light. The ability to
control and manipulate the sign of particle interactions represents a first step towards
optimised NP processing.

The particles in a ferrofluid primarily consist of NPs which remain suspended by
Brownian motion and generally will not settle under normal gravitational forces. Magneto
rheological fluid primarily consist of micrometre-scale particles (that are 1-3 orders of
magnitude larger than those of ferrofluids) which are too heavy for Brownian motion to

keep them suspended, and thus will settle over time because of the inherent density
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difference between the particle and its carrier fluid. These two fluids have very different

applications as a result.

1.6.1 Non-aqueous ferrofluids

Stable dispersions of magnetic nanoparticle clusters (MNPCs) have been prepared using
various dispersion media containing hydrocarbons like oil, heptanes, toluene, hexane etc.
NPs synthesised by aqueous coprecipitation methods cannot be dispersed in non-aqueous
solvent as the surface of NPs will have hydroxyl ions attached to it. Such NPs can be
transformed into a stable fluid by the application of a fatty acid. The superhydrophobic
and superoleophilic nanofluids, with selective absorbance property, can collect
contaminant oil while completely repelling the water molecules and can be used as an
efficient tool to remove the oil contaminant. It can maintain good dispersion stability even
under the influence of external fields, such as centrifugal and magnetic (Rashin et al.,
2014). Fluids for heat transport are of great importance to many industrial fields, including
electronics, heating, ventilating and air conditioning (HVAC), and transportation. The
thermal conductivity of these fluids plays a vital role in the development of energy-

efficient heat transfer equipment.

1.6.2 Aqueous ferrofluids

Among various dispersions, aqueous ferrofluids have been used in biomedical as well as
industrial applications. MNPs have found application in medical diagnostics such as MRI
and therapies such as cancer treatment. For such applications as either MNPs or their
clusters (MNPCs), the constituent particles must be highly magnetic, biocompatible and
fully dispersible in biological media without aggregation with minimal surface passivation
(Ninjbadgar and Brougham, 2011). It is imperative to have a biocompatible solvent such
as water at optimum pH for possible bio-ingestion.

Brownian motion of the NPs improves with reduced particle size fortifies the
stability of a magnetic fluid forming the colloidal system avoiding agglomeration and
precipitation. Under the normal gravitational forces ~10 nm particles will remain
dispersed, as it should not sediment due to random thermal motions, and should not
aggregate due to van der Waals (vdW) interactions in suspension. However, coagulation
due to magnetic dipolar attraction is still possible. So, the dispersion relies on the
balancing of the gravitational, magnetic, and vdW forces. The classical approach applied

in Derjaguin—Landau—Verwey—Overbeek (DLVO) theory is a way to forecast the net
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interaction energy implicating vdW, steric and electrostatic forces in dilute dispersions
(lyengar et al., 2016). The attractive magnetic energy between two magnetic dipoles is a
function of the dipole moments p;and 2 and the distance between the particles given by

equation

EY* = —— @iz - 3G .7/m) @G . 7/r)] (16)

4mpgr3
where r is the vector between the centres of the two dipoles and I is the permeability of
space (Smit and Wijn, 1959). The magnetic dipole of a single domain particle is p= IV
where |y is the magnetisation per unit volume of the particle and V is the volume of the
particle. The interaction energy increases as the distance between the particles decreases
and aggregation may occur unless prevented by a repulsive force. The attraction energy

can also be expressed in the following form;

nMSZd3

Eqg =~ 9uo(142)3

(1.7)

where Ms is the saturation magnetisation and L, is the magnetic permeability, s is the
distance between the spherical surfaces, d is the diameter of the particles and 1= 2s/d. The
magnetic energy of the system is small when the particles are superparamagnetic, as the
energy is proportional to volume, and so is overcome by thermal fluctuations resulting in
colloidal stability. The factor | expresses the importance of the volume fraction in
determining stability.

The relative importance of the gravitational force can be accessed from the ratio of
the gravitational energy to the attractive magnetic energy, which is given by;

Gravitational .Energy _ ApglL (1 8)
Magnetic .Energy  uoMH '

where Ap is the difference in density of the solid and the liquid, L is the height of the
suspension and g is the gravitational constant. Using common values for the parameters it
is found that the gravitational effect on NP stability for typical magnetite fluids is
insignificant. The vdW forces are the result of spontaneously induced polarisability of
fluctuating electric dipole-dipole forces and are a relatively weak distance dependent
interaction. The energy due to the vdW force, which arises due to fluctuating dipoles

energies for equal sized sphere is given by the Hamaker expression.

Al 2 2 12441
E = _Z(zz+4z + (1+2)2 +in (z+2)2) (1.9)

where A is the Hamaker constant (approximately 10™° N.m for Fe;O,, y-Fe,O3 and Fe)

(Ghosh, 2006). So the interaction energy increases as two particles come closer. The vdW
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attractive forces are a significant factor and must be countered with a repulsive force to
maintain a stable colloidal suspension. To control the colloidal stability of ferrofluids, the
steric or electrostatic (due to the electric double layer) repulsive forces must be more than
the vdW, and magnetic dipolar attractive interactions (lyengar et al., 2016). Hence, the
particles are coated with surfactants to provide stability due to steric and/or electrostatic

stabilisation.

1.6.3 Stabilisation of nanocrystals against aggregation

Electrostatic and steric repulsions are two forces which balance the attractive forces
among the colloidal particles. In a stable system, the maximum attractive interparticle
energy should be sufficiently small, in the order of 1-2 kgT, to allow thermal motion or
agitation to readily break all particle—particle bonds. Aggregation due to attractive forces
associated with MNPs can be prevented by applying an electrostatic double layer at the
solid—liquid interface or by use of polymers or surfactant functioning as a steric stabiliser
(Cornell and Schwertmann, 1996). lonic surfactants prevent agglomeration due to the
repulsive forces originating from the proximity of like charged particles approaching each

other.

1.6.3.1 Electrostatic stabilisation

Electrostatic stabilisation is a pH sensitive method since it is induced by charge. Close to
the pHpzc the net surface charge density is zero and the interparticle electrostatic
repulsions are not sufficient to prevent the particles vdW attractive forces causing
flocculation. The isoelectric point of magnetite can be shifted to pH 2-4 by applying a
silica coating on magnetite and thus coated MNPs are stable in suspension above pH 4.
Phosphate and carboxylate functional groups are known to bind to the surface of
magnetite (Ghosh, 2006). Weakly polarising, positively charged ions, such as the
N(CHs)** ion of tetramethylammonium hydroxide (TMAH) are also known to stabilise the
particles (lyengar et al., 2016). NPs with large surface energy and vdW interaction
combine together form aggregates under gravity or grow to form larger particles. They are
also protected by electrostatic charges at the surfaces to remain stable in suspensions. The
NP in its dispersion possesses a surface charge which might have developed through one

or more of the following mechanisms:

(1)  Preferential adsorption of ions

(i)  Dissociation of surface charged species
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(iii)  Isomorphic substitution of ions
(iv) Accumulation or depletion of electrons at the surface

(v) Physical adsorption of charged species onto the surface

The surface charge in oxides is mainly derived from preferential dissolution or deposition
of ions. In the oxide systems, typical charge determining ions are H" and OH™ groups and
as their concentration varies, the surface charge density changes from positive to negative
or vice versa. When a surface charge density of a solid surface is established, there will be
an electrostatic force between the NP surface and the charged species in the proximity to
segregate positive and negatively charged species towards it (see Fig. 1.10). As a result a
layer of oppositely charged ions called counter ions is introduced over the NP. This firm
layer of counter ions is called a stern layer. At the same time, a layer of counter ions
diffuse over the medium towards the stern layer which is only loosely attracted to the
colloidal surface. This diffused layer of loosely bound ions in between stern layer and bulk

is called Gouy-Chapman layer (Goetze et al., 2002).
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Fig. 1.10 Illustration of the principle of electrostatic stabilisation by varying the zeta potential
upon adjusting the pH.

As the ions are farther from the NP, the electrostatic influence goes on decreasing
and the bulk solution is usually neutral. This creates the formation of an ‘electrical double
layer’ in the colloidal dispersion. Subsequently, potential difference arises across the
double layer usually termed as the ‘zeta-potential’. The thickness of the double layer is
also another crucial factor influencing the stability. The stability can be well understood
by measuring the zeta potential of the dispersion. Highly stable dispersions posses a zeta
potential of absolute value between 25 and 30 mV (lyengar et al., 2016). As the thickness

of the double layer proportionally increases the zeta potential and the consequent stability,

24



Chapter 1 Introduction

addition of charged ions e.g., an acid or a base is expected to boost the stability of the
dispersion. The particles repel each other when they go closer than a certain distance.
Electrical double layer interactions originate from the accumulation of counter ions near a
charged surface. A net charge may build up on the surfaces of NPs in liquids through
various mechanisms such as the dissociation of surface groups, the specific adsorption or
dissolution of ions, and the presence of crystalline defects (Bertrand et al., 1994).

Magnetite in aqueous media preferably adsorbs hydroxyl ions and so it possesses a
negative surface in the absence of any surface modification. In order to stabilise magnetite
particle in aqueous media, it is desirable to increase the positive ion concentration in the
phase, owing to its negative surface. Thus magnetite is usually electrostatically stabilised
at slightly lower pH which creates an electric double layer which results in a Coulombic
repulsion force between individual NPs. The dissociation of surface hydroxyl groups is the
main charging-up mechanism for metal oxide surfaces in water and depends on the pH:
the corresponding surface reactions may be expressed as

+H H
Fe(I1,IIN)OH," <m————= Fe(IL,IINOH ——=Fe(I,lINO"

pH <PZC pH=PZC pH>PZC
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Fig. 1.11 Surface chemistry of magnetite in acidic and in alkaline environment

The resulting aqueous dispersions were stable in basic conditions. In acidic pH, the
dominating surface species is tentatively Fe(Il,111)OH," implying positive zeta potentials.
With increasing pH, the { decreases and Fe(II,III)OH becomes dominating species around
pHpzc. At alkaline pH, the surface species Fe(ll,I11)O is mainly responsible for the
negative ( (Iyengar et al., 2014). The pH at which the net surface charge is neutral is
called the isoelectric point (IEP), and is typically close to pH 6 for synthetic magnetite
(lyengar et al., 2016). The adsorption of charged molecules with a high affinity for the
surface can also be used to increase the surface charge. The range of these interactions is

defined by the Debye length x *and strongly decreases with increasing ionic strength I:

-1 _ er€okpT
ko= (ZNAeZIZ) (1.10)
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where ¢ is the dielectric constant of the solvent, ¢, the permittivity of vacuum, kg the
Boltzmann constant, T the temperature, Na Avogadro’s number and e the elementary
charge. A high concentration of free ions will screen the repulsive double layer
interactions and decrease their range. Electrical double layer interactions can also be used
to stabilise particles suspended in low-polar solvent (¢ < 11) (Van Der Hoeven and
Lyklema, 1992).

1.6.3.2 Steric / entropic stabilisation

The stabilisation provided by the steric bulky layer of materials i.e., polymer or surfactant
surrounded by NPs metal core is referred as ‘steric stabilisation’. This is achieved by the
incorporation of a suitable surfactant molecule to the particle surface as a part of the
synthetic pathway. The surfactant molecules in general are mutually unreactive as well as
repulsive and have a long chain amphiphilic structure with a polar head group and non-
polar tail of saturated or unsaturated hydrocarbon. If the head group forms a positive ion
in a solution it is referred to as a cationic surfactant, and in the case of forming a negative
ion it is called an anionic surfactant. Usually surfactant molecules have long amphiphilic
(fatty) chains with a polar head group which binds onto the magnetite surface either
chemically or physicochemically. Particles stabilised in this way can be dispersed in non-
polar hydrocarbon solvents, such as hexane, with the readily solvated hydrophobic
hydrocarbon chains extending from the particle surface (Shen et al., 1999). The surfactant
thickness must be such that the sum of the energy of vdW (E;, egn 1.9) and magnetic
attractive forces (Eqg, eqn 1.7) is less than or equal to the thermal energy or Brownian
motion of the particle system (egn 1.11) (Fertman, 1990).
|E, + E4| < kT (1.11)

The stabilisation mechanism can be explained in two ways. When two particles each
containing an adsorbed surfactant layer of thickness & approach to a distance of separation
h, where h < 24, repulsion occurs as a result of two main effects: (i) unfavourable mixing
of the stabilising chains of the adsorbed layers. (ii) When the particles approach one
another the surfactant tails interpenetrate creating an osmotic pressure and a repulsive
force because of an increase in configurational entropy as the surfactant chains begin to
compress one another. This is referred to as elastic (entropic) interaction.

Mackor proposed a model for particle-particle collisions where the surfactant tails

compress and repel one another. Rosenswieg et al. modified the Mackor expression for the
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repulsive forces based on a flat surface model to an integrated expression for two

approaching nanospheres (Tadmor et al., 2000).

fonass 220 (2) | a2

where & is the concentration of adsorbed surfactant molecules, and 1=2s/d, t=24/d, k is

Boltzmann’s constant, T is the absolute temperature.

Fig. 1.12 The potential energy diagram for steric stabilisation where 1 represents repulsive force
due to surfactant, 2 attractive energies of magnetite NPs and 3 net energy.

The surfactant coated NPs will not agglomerate as long as the net energy is positive. A
long carboxylic acid chain creates a potential barrier of ~25 kgT that is an order of
magnitude greater than the thermal energy for each particle and under this condition it is
unlikely the particles will coalesce (Tadmor et al., 2000). The steric stabilisation of fatty
acid coated MNPs in non-polar and aqueous carrier liquid by monodentate (shown
schematically in Fig. 1.13) or chelating bidentate fashion (Zhang et al., 2006), where the
interaction between the COO™ group and the Fe atom was covalent. The carboxylic head

group of the primary fatty acid layer is chemisorbed onto the magnetite (see Fig. 1.14).
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Fig. 1.13 Chemisorbed carboxylic acid group on magnetite particle, M (Ghosh, 2006).

It is indicated by the small circles at the surface of the magnetite in Fig. 1.14 (b and ¢) and
the hydrophobic non-polar tail of the surfactant, extends out into the non-polar solvent in
Fig. 1.14b as a curved line. Hence, along with steric stabilisation, the surface passivation
also allows the particles to be dispersible in non-polar solvents like heptane, toluene etc.
Such specific adsorption controls the crystal growth by sterically hindering the interaction

between the particles and allows them to remain separated in dispersion.
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Fig. 1.14 Schematic diagram of a) bare Fe;O, particle, b) monolayer surfactant coated in non-polar
solvent and c) bilayer stabilised in agueous suspension.
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Fig. 1.15 Schematic representation of the steric stabilisation provided by surfactant over the NP
surface

The amount of surfactant to NPs ratio also determines the fate of this dispersion.
Eventually, the particles will be prevented from agglomeration, thus facilitating the
stability of the dispersion and the principle is depicted in Fig. 1.15.

Figure 1.14 shows the sterically stabilised NPs with hydrophilic surface which can
be engineered via two approaches. In the first method, the hydrophobic surface of the
stabilised NPs can be renovated to hydrophilic by chemical modifications in which a
second layer of similar surfactant is grafted over the primary layer in a reversed fashion of
attachment (Liu and Snee, 2010) as shown in. This mode of surface passivation is initiated
by Shimoiizaka et al. on iron oxide NPs in the early 1980s (Shimoiizaka et al., 1980).
Secondly, surfactants possessing polarity on both sides can be used as surface modifier.
For example, polyethylene glycol (PEG) is an amphiphilic molecule which is capable
chelating the NPs by covalent bonding with oxygen. This particular manner of attachment
lead to the outcrop of polar —OH groups over the NP surface, thus rendering it hydrophilic.

Colloidal stability in blood is a major concern when designing a NP system for drug
delivery. Preventing aggregation is keen since any particle over 200 nm will be readily

cleared by the spleen (Gref et al., 1995). Once the NPs enter the vasculature, they will
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encounter cells, plasma proteins, and various electrolytes. Considering this environment,
electrostatic repulsion stabilisers would be rendered relatively helpless. The ionic
concentration from the electrolytes would screen the electrostatic double layer reducing its
potential as a barrier (He et al., 2008; Golas et al., 2010). An additional concern of
electrostatic repulsion stabilisers is the increased detection by macrophages leading to

reticuloendothelial system readily engulfed by macrophages (Xiao et al., 2011).

1.6.4 Clustering and aggregation in agueous suspension

It has been reported recently that water-based magnetic fluids consist of a considerable
fraction of non-superparamagnetic particles at room temperature (Shinoda et al., 2002).
The presence of a large number of inherent clusters in the range of 200 nm in the water-
based fluids, as compared to hydrocarbon based or ionic fluids, is probably due to the
differences in the preparation technigue, which assists the formation of aggregates. It was
reported that at zero field, the formation of rings was favoured over chains for all clusters
large enough to contain more than three particles due to the strong dipole—dipole
interaction between particles in the aqueous system.

It is a common observation that monodispersed NPs as evidenced by electron
microscopy techniques often show polydispersity in aqueous suspensions due to
clustering. Dynamic light scattering techniques has been used to provide useful insights
into the nature of the aggregates formed in hydrous ferric oxide flocks in suspension. The
assembly of particle appears to exhibit fractal properties over a significant size and its
concentration range. The aggregates tend to break easily by agitation resulting in break up
and/or restructuring to denser assemblages (Lo and Waite, 2000). Commercial ferrofluids
e.g., Nanomags®-D-spio, FluidMAG-DX are also reported to form aggregates of variable
size averaging a ~100 nm though the crystallite size is 8.4 nm and are classified under
“cluster type” and “multi domain cores” as a result of equilibrating magnetic, gravitational
and electrostatic forces (Sakellari et al., 2015). The uniformity of MNP aggregates in
aqueous suspensions helps tune the heating efficiency in hyperthermia applications. In
MRI, the NMR signals in the relaxivity profile are modulated by the presence of MNP
clusters of different sizes, thus making the efficacy of MNP based contrast agents
magnetic field and size dependent. However, to the best of our knowledge there is no
detailed study on the colloidal stability of aqueous suspensions of magnetite NPs and the
effect of its concentration, temperature and ageing time on clustering which is extremely

important for predicting its application.
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1.7 Methods of fabricating nanostructures

Present day material science requires the expertise to organise materials with controlled
morphology, low dimensionality and functionality. The synthesis of magnetic
nanomaterials with the desired property and stability is rather challenging. The size, its
distribution, morphology and dimensionality of the nanocrystals and their distribution
greatly modify the physical, chemical, mechanical and magnetic properties that their
synthesis requires careful manipulation. Fabrication of various magnetic nanostructures
with different morphologies including spheres, cubes, octahedra, wires, and rods to date
by employing traditional wet chemical methods (co-precipitation, thermal decomposition,
hydrothermal and solvothermal syntheses, sol-gel synthesis, microemulsion, ultrasound
irradiation and biological synthesis) to more exotic techniques such as laser pyrolysis or
chemical vapour deposition (Corot et al., 2006). These methods can be broadly divided
into aqueous and non-aqueous routes. Agqueous approaches are attractive in terms of their
low cost and sustainability. However, there is a generic challenge in directly obtaining
water-soluble monodisperse magnetic NPs without size selection. Non-aqueous routes
generally produce NPs which are dispersible only in non-polar solvents. Magnetic
behaviour is an important parameter in design and synthesising of superparamagnetic iron
oxide NPs (SPIONs) in order to maximally facilitate their imaging and therapeutic

efficacy as these applications require high magnetisation values.

Chemical coprecipitation is a relatively faster and simpler way to fabricate magnetic
oxides. It is the most widely employed and easiest method, typically involves the
precipitation of Fe** and Fe?* salts in the ratio 2:1 in an aqueous medium using a strong
base such as NaOH or KOH under inert conditions at low temperatures ~90°C over a hot
plate magnetic stirrer while continuous stirring. The nucleation of the Fe3O, is easier when
the solution pH<11, while the growth of the FesO4 nucleus is easier when the solution
pH>11 (Wu et al., 2015). Shen et al. synthesised a hydrophobic magnetite NPs using
oleylamine and oleic acid surfactant by coprecipitation method (Shen et al., 1999).
Pinheiro et al. precipitated a 80 nm magnetite cube using ferrous sulphate in a solution of
KOH and KNO3 (Pinheiro et al., 2013). The sequence of magnetite formation from the
ferrous and ferric chlorides via hydrated ferrous and ferric oxides during alkali

precipitation may be given as

FeCls + 3NH,OH — Fe(OH)s + 3NH,Cl + H,0  (1.13)
FeCl, + 2NH,OH — Fe(OH), + 2NH,CI (1.14)
30



Chapter 1 Introduction

Fe(OH), + 2Fe(OH)s — FesO4 + 4H,0 (1.15)

Recently, the growth rate of the magnetite NPs was measured in real-time during the
precipitation by an integrated AC magnetic susceptometer within the mixing zone of the
reactant (Strom et al., 2010). Coprecipitation was widely studied in preparing Fe3sO4 NPs

in gram-scale production.

Polyol process refers to a poly-alcohol that acts not only as a solvent, but also as a mild
reducing agent and when coupled with a base, it serves as a perfect medium for the
reduction of metal salt precursors. In this process, a solid inorganic precursor is
decomposed in a liquid polyol by heating to its boiling point. The reduction to metal can
be achieved in various polyols such as ethylene glycol, propylene glycol, diethylene

glycol, polyethylene glycol (Fig. 1.16).

i‘f’It N AN

Ethylene Glycol Diethylene Glycol Tetraethylene Glycol
BP:197.3°C BP:244-245°C BP:327-328°C

Fig. 1.16 Various polyols used for the reduction of metal salt precursors. Varying the hydroxyl
sites has an effect on the overall reduction potential of the polyol along with a boiling point
change.

The reduction of metals in a liquid polyol medium occurs by dissolution of the metal salt
precursor, reduction of the dissolved species by the polyol, and nucleation and growth of
the metal particles from the solution.

High-temperature thermal decomposition of an alkaline organometallic iron species such
as Fe(acac)z or iron pentacarbonyl in high boiling organic solvents containing organic
surfactants produce significantly smaller size NPs. Gao et al. obtained 5 nm magnetite
particles via the reaction of Fe(acac)s with 2-pyrrolidone (Li et al., 2004). Guardia et al.
developed 5 nm and ~30 nm cubic shaped magnetite via decomposition of Fe(acac)s in
dibenzyl ether in the presence of decanoic acid and to further expand the particle size to 50
nm by adjusting the final synthesis temperature (Guardia et al., 2010). Pinna et al.
prepared magnetite nanocrystals through solvothermal reactions of Fe(acac); and benzyl
alcohol or benzylamine at 175-200°C (Pinna et al., 2005). This also developed chitosan
oligosaccharide-stabilised ~30 nm ferrimagnetic iron oxide nanocubes, as an effective heat
nanomediator for cancer hyperthermia, using Fe(acac)s 4-biphenylcarboxylic acid, oleic
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acid and benzyl ether. Chito-FIONSs also exhibited superior magnetic heating ability with a
high specific loss power value (2614 W.g') compared with commercial

superparamagnetic Feridex NPs (83 W.g ™) (Bae et al., 2012).

Hydrothermal reactions generally performed using autoclaves or high-pressure reactors
under aqueous conditions at high temperatures, offer good size and morphological control
over the products. Magnetite octahedrons obtained by aspartic acid assisted aqueous
hydrothermal route (Qu et al.,, 2010). The template free hematite (a-Fe;O3) single
nanotubes were prepared by the hydrothermal treatment of iron(I11) chloride with sulphate
and phosphate additives at 220°C. Different morphologies of a-Fe,O3 are reported by
adjusting the reaction time, ferric ion concentration, and phosphate and sulphate additive

concentrations (Wu et al., 2010).

i 0.05M
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Fig. 1.17 Schematic illustration of the shape evolution for hematite nanostructures at different
reaction times and different ferric concentrations under hydrothermal treatment (Wu et al., 2010).

Solvothermal reactions involve hydrolysis of ferric salts in ethylene glycol in the
presence of sodium acetate as reducing and surface modifier produced 200, 400 and 800
nm ferrite MFe, O, (M= Fe, Mn, Zn, Co) microspheres at 200°C for 8, 48 and 72 h
reaction time respectively (Deng et al., 2005). Luo et al. synthesised hollow microspheres
by replacing sodium acetate with ammonium acetate in the above said experiment (Luo et
al., 2010). A solution containing Fe(acac)s, diphenyl ether and 1,6-hexanedi-ol produced
hollow magnetite submicrosphere at 220°C by solvothermal treatment (Wang et al., 2010).

Biosynthesis method is a green chemical and eco-friendly route, and the obtained products
exhibit good biocompatibility. In traditional biosynthesis, magnetotactic bacteria and iron
reducing bacteria such as Geobacter metallireducens, M. Gryphiswaldense, are used under

anaerobic conditions. Significant recent advancement, Bharde and coworkers have
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reported that the bacterium Actinobacter sp. is capable of synthesising superparamagnetic
maghemite NPs under aerobic conditions when reacted with a ferric chloride precursor
(Bharde et al., 2008). Recently, Sundaram et al. reported the ability of Bacillus subtilis
strains isolated from rhizosphere soil to produce magnetite NPs (Sundaram et al., 2012).
However, the size and shape control of magnetic NPs during biosynthesis processes, and
the elucidation of the exact mechanism of NPs production using living organisms, require
much more experimentation.

It is understood from the Table 1.4, fabrication processes that are relatively cheap
and fast result in broad size distributions and shape selectivity. However, the
nanotechnological applications need particles with strictly controlled size and shape, and

composites that are produced by the combination of magnetite NPs with organic materials.

Table 1.4 Summary and comparison of the synthetic methods for producing magnetic NPs.

Methods Reaction and Reaction Reaction Size Shape Yield
conditions temp (°C)  period distribution  control

Co-Precipitation ~ Very simple, 20-150 Minutes Relatively Not good High/scalable
ambient narrow

Thermal Complicated, 100-350 Hours- Very Very High/scalable

decomposition insert atm. days narrow good

Hydro- or simple, high  150-220 Hours- Very Very High/scalable

Solvothermal pressure days narrow good

synthesis

Sol-gel and Poly- Complicated, 25-200 Hours Narrow Good Medium

ol method ambient

Microemulsion Complicated, 20-80 Hours Narrow Good Low
ambient

Sonolysis or Very simple, 20-50 Minutes Narrow Bad Medium

sonochemical ambient

method

Microwave- Very simple, 100-200 Minutes Medium Good Medium

assisted synthesis  ambient

Biosynthesis Complicated, RT Hours- Broad Bad Low
ambient days

Electrochemical Complicated, RT Hours- Medium Medium  Medium

methods ambient days

Aerosol/vapour Complicated, >100 Minutes-  Relatively Medium  High/scalable

methods insert atm. hours narrow

Such materials can be produced using biomimetic synthesis. The main goal of this
research is to understand how reaction conditions affect the sizes and shapes of magnetite
nanocrystals precipitated from solutions that contained only inorganic or both inorganic

and organic components.
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1.8 Why surface functionalisation

Surface modification plays an essential role in determining the successful application of
NPs in biomedical fields; several concerns remain to be addressed. The primary concern
probably is the stability of NPs in water as already discussed, since most biochemical
process occurs in aqueous environment. However, generally used methods usually provide
NPs with hydrophobic ligands, meaning they are unstable in aqueous solution. Another
important concern is the potential health and safety issues while exploring nanomaterials
to human body and environment. The determinants of particle toxicity are known to be the
large surface area and chemical reactivity in relation to small size (and thus the ability to
generate reactive oxygen species) and the capability to penetrate tissues and cells (Nel et
al., 2006). Thus, particles in nanoscale are likely to be more hazardous than their bulk
compartments, and bare particles are more toxic than functionalised ones (Cavaliere-
Jaricot et al., 2008). One of the examples to be considered is the potential cytotoxicity of
QDs, because the heavy metals core toxicity, and particularly at high concentrations they

could cause harmful effects on embryo development and cell viability and function (Chen,

Biomedical
Nanoparticles Hydrophobic . 1 Stable in water, application:
of Gold / Toxic Surface functionalisation 3
N S Biocompatible, biosensing,
Magnetic / Non-specific and bioconjugation specific biolmaging,
Quantumdots absorption et drug delivery

Fig. 1.18 Strategy for bridging the unique feature of NPs to biomedical applications

Lastly, a NP must be conjugated to a well-defined biological molecule such as antibody,
receptor, enzyme or nucleic acid, for targeting application. Hence, there exists a gap
between the nature of NPs and their uses in biomedicine. One method to bridge such a gap
is the surface functionalisation of NPs (Fig. 1.18). A proper surface coating can stabilise
particles and thus may increase (i) the sensitivity of NPs based sensor, (ii) enables the NPs
specifically to biological species and avoids non-specific interactions with components in
the complex matrix, (iii) preventing the dissolution and release of core materials that may
cause toxicity to biological system. Furthermore, the steric hindrance of coating can affect
(i) the fate of NPs in biological system, such as cellular uptake and accumulation,
circulation and clearance from the body, (ii) the maintenance of the intrinsic nanocrystal
properties such as fluorescence and magnetic behaviour. Core-shell architectures allow
researchers to combine multiple functionalities on a single NP. During the surface
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modification particles size distribution especially for MNPs should be narrow enough to
be applied in many areas. Moreover, appropriate surface functionality is the perquisite for

conjugating biomolecules to NPs for biomedical applications (Chen, 2014).

1.8.1 Protein adsorption capacity

If NPs are injected intravenously, immediate interaction with plasma proteins occurs,
known as opsonisation (Armstrong et al., 1997). The amount of adsorbed proteins is based
on the size, charge and hydrophobicity of the particle surface. With increasing size, charge
and hydrophobicity of the particles, the capacity of protein adsorption increases (Mdiller et
al., 1997). The dehydration of hydrophobic areas results in entropy gain which facilitates
protein adsorption. The adsorbed protein components play an important role in the

biodistribution, degradation and elimination of the NPs (Muller et al., 1997).

1.8.2 Biocompatibility of as-synthesised nanomaterials

Biocompatibility is a broad term which has come to define an engineered system able to
fulfill its intended application while minimising unwanted interactions with the body.
Toxicology is the study of adverse effects of chemical and physical agents on living
organisms and the environment. The basic assumption of toxicology is that there is a
relationship between the dose, the concentration at the affected site, and the resulting
adverse effects. The physician Theophrast von Hohenheim (Paracelsus, 1493-1541) was
the first one to discover the relationship between dose and effect of substances; he is often
called the “father of toxicology”.

In the case of NP systems, toxicity is typically the critical factor in defining their
biocompatibility (Lewinski et al., 2008) and if intended for use in humans and animals,
requires extensive testing for toxic side effects. Apart from acute toxicity, the toxicity of
degradation products, stimulation of cells with subsequent release of inflammatory
mediators (Maapen et al., 1993), and toxic effects through the particulate system have to
be seriously considered. A first indication about the toxicity can be obtained by studying
tissues from cell cultures histologically after incubation with NPs.

Yang et al. found both particle composition and shape were key factors in
determining the toxicity of nanomaterials (Yang et al., 2009). They utilized methyl
thiazolyl tetrazolium (MTT) and water-soluble tetrazolium (WST) assays to evaluate the
cytotoxicity of four types of NPs: carbon black (CB), SWCNT, silicon dioxide (SiO,) and
zinc oxide (Zn0O). ZnO was found to be much more toxic than the non-metal NPs. Their
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further measurements on glutathione depletion, malondialdehyde production, superoxide
dismutase inhibition, and reactive oxygen species generation indicated that oxidative
stress could play an important role in causing toxic effects. Although carbon nanotubes
were less cytotoxic, comet assay showed that they induced more DNA damage. In
comparison, CB and SiO; were found relatively non-toxic.

As the building blocks and functional unit of any living organisms, cells are at the
center of examining the interactions of living systems and nanomaterials. Historically
research of the nano-safety community has been focused on eukaryotic cells, especially
mammalian cells. With that consideration we review the state with the framework of
mammalian systems; the different cytotoxicities induced by nanomaterials in mammalian

cells will be discussed in chapter 5.

1.9 Applications of iron oxide NPs

Iron oxides are of great interest to a variety of scientific disciplines for various
applications that range from opto-electronics, medicine, environmental remediation,
pigments, corrosion protection, gas sensing, electronic packaging, mechanical
engineering, aerospace and bioengineering, among others. A key property of magnetite
nanocrystals essential for technological applications is their controlled and uniform sizes.
Due to their interesting stimulus responsive properties, magnetic materials have been
employed in such as magneto-optical wave filters (Philip et al., 2003)/ switches, sensors,
modulators, optical circulators, and optical isolators (Li et al., 2013), nonlinear optics
(Huang and Yu, 2005; Pu et al., 2005), high-density information storage (Zhang et al.,
2015), to control fluids in space (Jeong et al., 2007), and defect sensors (Mahendran and
Philip, 2012). Major attention has also been directed toward the development of MNPs as
sustainable nanocatalysts for specific chemical transformations having both economic and
environmental significance in applications such as deodorising (Usami et al., 2007), solid
propellants (Rudy et al., 1989), exhaust gases of internal combustion engines (Rudy et al.,
1989) and degradation of organic pollutants in waste water (Amutha et al., 2011); the
MNPs can easily be separated from the reaction mixture by an external magnetic field.
Recently, exploration of novel uses of magnetic particles in the separations area has
increased significantly, i.e., as magnetic adsorbents for anionic dye removal from waste
water (Yan et al.,, 2015). Outstanding magneto-electrical properties have also been

reported in strain induced magnetite (Vaz et al., 2009).
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Biomedical application

Recent technological advances in smart multifunctional nano-bio-magnetic platforms offer
exciting opportunities in personalised medicine for more accurate early prognosis,
monitoring and treatment of various diseases without jeopardising healthy tissues by
identifying unique biochemical markers of disease before the appearance of symptoms
obviates the need. Stable aqueous ferrofluids of Fe3O4, Fe,Os, or ferrites have been
successfully used in extensive applications such as magnetic resonance imaging (MRI) for
imaging the brain and the central nervous system (Kim et al., 2003; Piao et al., 2008;
Yang et al., 2010), for assessing cardiac function (Aviles et al., 2008), as a drug
delivery/gene-delivery platform (Corot et al., 2006), ferro-fluids, MICR ink (Lee et al.,
2002), cell targeting (Uchida et al., 2006), magnetic force based tissue engineering
(Shimizu et al., 2007), magnetically controllable catheters, glucose sensing (Rossi et al.,
2004), sensing tumor by magnetoimpedance (Shinkai, 2002), and magnetic separation of

biological materials.

MRI imaging contrast agents

The work of Paul C. Lauterbur (Lauterbur, 1973) in 1972 demonstrated image formation
by reconstruction from a number of NMR measurements, each taken in the presence of a
linear field gradient applied in different directions. This was the real foundation of a new
non-invasive technique MRI, which produces images of the body in thin slices.
Paramagnetic species called “contrast agents” can be administered to the subject to
improve the image quality/ contrast of a particular anatomical or functional region.
Contrast agents can considerably reduce the spin-lattice relaxation time T, the spin-spin
relaxation time T, as well as T,, the dephasing time in the presence of field
inhomogeneities (Bonnemain, 1998). With applications, such as bowel contrast agents
(i.e., Lumiren® and Gastromark®) and liver/spleen imaging (i.e., Endorem® and Feridex
IV®) (Jeong et al., 2007; Zhang et al., 2015), already on the market, SPIOs have led the
way for MNPs into the clinic. Several forms of ultrasmall SP10s have undergone clinical
trials with one of the most notable being Combidex® which is in late stage clinical trials

for use in the detection of lymph node metastases (Harisinghani et al., 2003).

Magnetic hyperthermia

Magnetic NPs have the unique physical property of being able to remotely heat when

exposed to an alternating magnetic field due to the absorption of energy from the magnetic
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field and conversion into heat primarily through Brownian relaxation and Neel relaxation
(Rosensweig, 2002).

Magnetic theranostics

As therapeutic tools, MNPs have been evaluated extensively for targeted delivery of
pharmaceuticals through magnetic drug targeting and by active targeting through the
attachment of high affinity ligands. In the spirit of Ehrlich's “Magic Bullet” (Winau et al.,
2004), MNPs have the potential to overcome limitations associated with systemic
distribution of conventional chemotherapies. With the ability to utilize magnetic attraction
and/or specific targeting of disease biomarkers, MNPs offer an attractive means of
remotely directing therapeutic agents specifically to a disease site, while simultaneously
reducing dosage and the deleterious side effects associated with non-specific uptake of

cytotoxic drugs by healthy tissue.

External @ Endotherial cells
Magnetic Cancer cells
Field @ cancer cel

Fig. 1.19 Schematic of MNP based drug delivery system: drug-loaded IONPs are guided in vivo to
the targeted tumour site using a high-gradient magnetic field (Wu et al., 2015).

Also referred to as magnetic targeted carriers, colloidal 10 particles in early clinical trials
have demonstrated some degree of success with the technique and shown satisfactory
toleration by patients. Furthermore, the use of MNPs as carriers in multifunctional
nanoplatforms as a means of real-time monitoring of drug delivery is an area of intense
interest (Sun et al., 2008).

Nanocryosurgery is a procedure that uses freezing to destroy undesired tissues. Although,
it cannot be regarded as a routine method for cancer treatment, cryosurgery is becoming a
popular alternative to traditional therapies because of its important clinical advantages.
According to simulations performed by Yan and Liu, intentional loading of NPs with high
thermal conductivity into the target tissues can reduce the final temperature, increase the
maximum freezing rate, and enlarge the ice volume obtained in the absence of NPs (Yan

and Liu, 2008). Also, introduction of NP enhanced freezing could also make conventional
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cryosurgery more flexible in many aspects such as artificially interfering in the size,
shape, image and direction of ice ball formation. The concepts of nanocryosurgery may
offer new opportunities for future tumour treatment. Magnetite and diamond are perhaps
the most popular and appropriate choice for enhancing freezing because of their good

biological compatibility.

1.10 Motivation and scope of the thesis

Magnetite based nanoparticles are subjects of considerable scientific interest world-wide
for its high saturation magnetisation and biocompatibility, but also for vast techno-
commercial value for applications as seen above. Its unique magnetic properties made its
own place among other magnetic materials and is really appreciated both by engineering
and biomedical fields. Ferrofluids find their industrial applications in dynamic seals,
dampers, thermal management, shock absorbers, sensors and actuators owing to their
magneto controllability. The drastic enhancement in the thermal conductivity in
ferrofluids with applied magnetic field has made them promising for externally
controllable coolants and could especially be applied in space systems, nuclear power
plants and automotive industry. Though nanoscaling has improved activity of its bulk
property, in comparison with other metal oxide nanosystems, the morphology dependent
functional property is less explored for magnetite. Synthesis of MNPs and especially its
colloidal stabilisation in water with reasonable shelf life are quite challenging since one
needs control over the size, its distribution and shape. Among the varieties of synthesis
techniques, wet chemical route with in situ surface modification is preferred due to its
economic and simplicity. Every method has its own pros and cons and for best results one
has to optimise the parameters involved in the chemical reaction. As pointed out, the need
to explore and understand the structure-property functional correlation in these
nanomaterials is inevitable for the wide scale commercial applications. One of the major
stumbling blocks towards this goal is the difficulty in obtaining stable aqueous ferrofluids.
On such background, the present thesis aims at studying the colloidal properties of ultra
stable aqueous ferrofluids against temperature, time and magnetic field. Over all, the
present thesis is an attempt to study the concealed and unexplored aspects of magnetite in
order to broaden its importance so as to compete with other inorganic nanocrystals of its

own Kkind. Thus, the main objective of the present work are summarised as follows.
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1.11 Objectives of the present work

1.

Monodisperse size controlled superparamagnetitic nanocrystals through aqueous
coprecipitation method by varying the precipitation temperature and development of
ultrastable aqueous, non-aqueous and oil based ferrofluids by introducing proper

surface acting moieties.

The dispersibility of the as-synthesised nanocrystals in aqueous media, its
hydrodynamic size and surface charge has been tested systematically to demonstrate its
long-term stability. The temperature dependent kinetics study in which hydrodynamic

size was measured during due course of time.

The magnetic field dependent tunable rheological properties of non-aqueous ferrofluids
were examined by magnetic sweep cycle experiments as well as on-off switch

operation which are aimed for practical applications in nanodevices.

Role of dielectric constant of the reaction media on which magnetite crystals born can
be elucidated by thorough investigation of its colloidal and catalytic properties such as

combustion of soot carbon.

Size and morphology tuned magnetite nanoparticles, nano-, microspheres, nanocube,

nano- truncated octahedra etc. have been fabricated by high temperature process.

The as-synthesised nanocrystals have been tested for MTT assay and WST cytotoxicity

assay on two different cell lines.

The thesis, has been designed on the above objectives, epitomises facile coprecipitation,

solvothermal, thermal decomposition approach for fabricating magnetic nanostructures

and its ferrofluids for the novel applications in biomedical and industries. The results

obtained have been discussed and correlations have been derived between the

experimental parameters and the properties in the following sections.
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Materials and instrumental Methods

In this chapter, the experimental techniques which are applied throughout the thesis
will be described with a special emphasis on photon correlation spectroscopy (PCS),
transmission electron microscopy (TEM), as the application of these tools are undoubtedly
central to nanoparticle research. As our synthesised particles (magnetite) are magnetic in
nature, the magnetic properties and iron stoichiometry is evaluated by advanced
techniques such as VSM, PPMS, Madssbeaur spectroscopy, X-ray photoelectron

spectroscopy etc.

2.1 Materials
2.1.1 Fabrication of magnetite nanocrystals

All chemicals were of reagent grade and used without further purifications. Ferric chloride
hexahydrate (FeCl3;.6H,O >99%), Ferrous chloride tetrahydrate (FeCl,.4H,O >98%), iron
(1) acetylacetonate  (Fe(acac)s, 97%), (3-Aminopropyl) triethoxysilane, 25%
tetramethylammonium hydroxide aqueous solution, benzyl ether (98%) and oleylamine
were procured from Sigma Aldrich, India. Absolute ethanol (99.9%), and n-Propanol (AR)
were purchased from S.d. FINE-CHEM Ltd, India. Ammonia solution (25%,
EMPARTA), trisodium citrate dehydrate, Dextran (Leuconostoc sp.), sodium acetate
trihydrate crystal (guaranteed reagent, GR), ammonium acetate (EMPARTA), ethylene
glycol (EG, GR), diethylene glycol (DEG for synthesis), PEG-400, acetone (GR),
isopropyl alcohol (IPA, GR), methanol (GR), sodium hydroxide (GR), potato starch
soluble (GR), acetone (GR) and 35% hydrochloric acid (EMPLURA) were from procured
from Merck, India. Oleic acid (90%) purchased from Alfa aeser, India. Sesame oil, Rice
Hull Ash (RHA) collected from IFB Agro industries Ltd, Noorpur, West Bengal, India.

2.1.2 Cell viability assay

Human colorectal cancer line HCT 116 (ATCC® CCL-247™) was obtained from the
(ATCC, Manassas, VA). Human breast cancer cell line (MDA-MB-468) was procured
from National centre for cell sciences, Pune. WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium] reagent procured from Roche Life Science. MTT
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[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] reagent, PEN-STREP,
0.1% Fungizone, N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich,
India. Bovine serum albumin, Coomassie brilliant blue (CBG-25) purchased from S.d.
FINE-CHEM Ltd, India, 85% orthophosphoric acid, Sodium chloride, potassium chloride,
Disodium hydrogen phosphate, Potassium dihydrogen phosphate purchased from Merck,
India. Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS) were
obtained from Invitrogen, India. All chemicals utilised in this study were of analytical
grade and needed no further purification. Millipore water is used for the reactions,

washings and dilutions etc.

2.2 Characterisation techniques
2.2.1 Dynamic Light Scattering (DLS)

DLS also referred to as Photoelectron Correlation Spectroscopy (PCS) is used for particle
size, size distribution, charge etc., in NP suspensions. The technique measures time-
dependent fluctuations in the intensity of light scattered by colloidal particles in
suspension. A low intensity laser beam is scattered by particles in suspension. The
diffusion of particles causes rapid fluctuations in backscattered intensity around a mean
value at a certain angle. The instrument determines the particle size by measuring the rate
of fluctuations in the scattered laser light. The timescale of the fluctuations depends on the
particle size (Pecora, 1985). The experimental scattering time autocorrelation function is
directly obtained from the measurement. The size of a particle is calculated from the

translational diffusion coefficient by using the Stokes-Einstein equation;

KT
pCs — 37277—D (2.1)

where Dpcs is the hydrodynamic diameter of the NPs, k is Boltzmann's constant, T is the
absolute temperature (K), 7 is the viscosity (mPa.s) and D represents the translational
diffusion coefficient (m?s™?). The Z, size and the polydispersity index (PDI) were
obtained from the correlograms by Cumulants analysis method as defined in 1SO13321
and described by Koppel and Kaszuba et al. (Stolarczyk et al., 2009). Briefly, the
logarithm of the correlation function of the scattered intensity is fitted to the polynomial
function

In(g,(t)) = a+ bt + ct? + dt3 + - 2.2)
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A second-order cumulant analysis was performed. The true hydrodynamic diameter (Za)
was determined from the first cumulant, represents the Z-average diffusion coefficient
according to the Stokes-Einstein equation. The PDI, which estimates the width of the
distribution, was determined from the second cumulant divided by the square of the first
cumulant (2c/b®) (lyengar et al., 2016). Values close to zero (i.e., a small contribution of
the second order cumulant, corresponding to variance) indicate a monodisperse
suspension, larger values (>0.3) are indicative of very broad and/or polydisperse
distributions. The intensity size distributions are also fits obtained, in this case, from
analysis of the correlation functions using the General Purpose algorithm based upon a
non-negative least squares fit using Dispersion Technology Software (v. 7.11, Malvern
Instruments; Worcestershire UK).

The advantages are that PCS is a non-destructive method and it can measure in situ
average particle size in a range between 0.4 and 8630 nm. Despite its practical success,
standard PCS techniques are limited to very dilute (single scattering) samples. All reliable
methods for interpreting the experimental time autocorrelation function are based on the
assumption that the particles under consideration are spherical and are based on the
established data on the interaction between the spherical particles and its surroundings,
i.e., the particle is assumed to tumble freely in suspension without interacting with other
particles. For non-spherical particles, the technique does not provide any information
about the actual particle shape but rather indicates the “equivalent spherical diameter”, the
diameter of an imaginary sphere of the same volume (Ghosh, 2006). There are some
models for dealing with PCS data from anisotropic particles such as rods and disks, non-
spherical or even cluster-like particles (Comberg and Wriedt, 1999). The results obtained
are invariably very sensitive to the shape information built into the model.

04 10 1000 100000 10000000 1000000000
Time fus)

Fig. 2.1 The intensity auto correlation coefficient of aqueous (~10 nm) magnetite nanofluid.
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Shape information can more reliably be obtained from static light scattering approaches
(Wriedt, 1998), where the intensity is measured as a function of the scattering angle.
However limitations remain and the static scattering techniques are not suitable for
particles of size close to or below 100 nm. A correlation function can be used to determine
the correlation or relationship between the measurements of a fluctuating signal. An
example of the intensity autocorrelation function due to the diffusional motion is shown in
Fig. 2.1. The electric field correlation function, gi(t) which is directly related to the

dynamics of the scatterer may be defined as;

g1(t) = (AMIt+ 1) (2.3)
where I is the intensity, T is delay time, the angle brackets denote the time averaging. The
normalised intensity autocorrelation function g,(t) is related to the field correlation
function by the relation (Pecora, 1985).

g2(t) = 1+ olg, ()1 (2.4)
where ¢ is an instrumental coherence factor mainly determined by the number of

coherence areas exposed on the detector. The coherence area is defined by

A2R?
Aco herence =

(2.5)

ma?
where R is the distance between the detector and the scattering volume of radius a, A being
the wavelength of the incident light. The optics of the PCS spectrometer is designed so
that ¢ is close to the ideal value of one. Since the fluctuation of the intensity signal is
caused by the motion of particles, those particles that diffuse more quickly are
characterised by a smaller fluctuation time. As seen in eqn 2.1, the diffusion coefficient is
inversely proportional to the size of the particles, and, consequently, the smaller the
particle, the shorter the fluctuation time. For a monodisperse suspension the

autocorrelation function is a single exponential and may be expressed as;

g1 (t) = expifi—tI’) (2.6)
where 1/T" i1s the characteristic time constant of the correlation function. It is related to the

diffusion coefficient by F=Dq2, and the scattering vector, q, is given by

dmn . (0
q="sin(2) 7
in which n is the index of refraction of the liquid medium, @ is the scattering angle and Ao

is the laser wavelength in air. Geometrically, the scattering vector is defined as the
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difference between the scattered wave vector and the incident wave vector. By combining
eqn (2.1) and the equation for the line width, I', an equation for the radius of the scattering

particle is obtained as

r = kgTq?/6mnl (2.8)

Using equation (2.8) the size of the scattering particles can then be determined if the
temperature and viscosity are known. When the logarithm of the autocorrelation function

is graphed versus time, the slope of the resulting line is the line width, I".

2.2.1.1 Hydrodynamic size and its distribution

The colloidal stability in terms of size and charge of the synthesised magnetite based
aqueous nanofluids were determined by light scattering technique using a Zetasizer Nano-
ZS (Malvern Instruments, Malvern, UK) at 25 °C. Aqueous samples were taken in
standard (12.5 x12.5 x45 mm) disposable polystyrene cuvettes and loaded in the press-fit
sample chamber in the machine. For non-aqueous suspensions, glass cuvettes were used.
The instrument uses a 4 mW He—Ne laser (A = 632.6 nm) to illuminate the sample and
measures the time dependent fluctuation in the intensity of light scattered from particles in
suspension at a fixed scattering angle of 173°. The scattered light is detected using a
sensitive avalanche photodiode detector and the signal is then converted into digital pulses
by a pulse amplifier discriminator.
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Fig. 2.2 The PCS results window indicating the Z,,, count rate, correlation function for the same

~10 nm superparamagnetitic aqueous ferrofluids.
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The output, a stream of digital pulses, is then fed to the correlator which calculates the
normalised autocorrelation function of the incoming pulses, i.e. the detected intensity. The
laser power is automatically attenuated so that the count rate from the sample, especially
high scattering samples, is within acceptable limits. An attenuation index of 11 denotes no
attenuation (full laser power), while 0 denotes full attenuation (total laser block). The
measurement position within the cuvette was automatically determined by the software to
allow a large range of sample concentrations to be measured. Lower range of numbers
indicates that the measurement position is closer to the cuvette wall (when sample is
turbid).

The results of the measurement are available based either on intensity, volume or
number. This is the true size to use if a number is required for quality control purposes. It
will only be comparable with other techniques if the sample is monomodal (i.e. only one
peak in the size distribution), spherical and monodisperse (i.e. there is no width to the
distribution), and the sample is prepared in the correct dispersant. The temperature
kinetics study were performed by selected highly stable ferrofluid of different
concentrations in a thermostatic sample chamber were exposed between 20 and 65°C in
interval of 5°C and the hydrodynamic sizes of suspension were recorded with an accuracy
of £0.1°C. For temperature dependent measurements, the samples were equilibrated for at
least 10 min at each temperature before the measurements. Each measurement made over
a period of 3 min at least triplicate to check the accuracy and reproducibility of

experimental findings.

2.2.1.2 The surface charge or zeta potential of particles and molecules is determined by
measuring their velocity while they are moving due to electrophoresis. Particles and
molecules that have a zeta potential will migrate towards an electrode if a field is applied.
The speed they move is proportional to the field strength and their zeta potential. If we
know the field strength, we simply measure the speed of movement, using laser Doppler
electrophoresis, and then apply established theories to calculate the zeta potential. To
improve the sensitivity and accuracy of the measurements we use a technique called M3-
PALS (phase analysis light scattering) multi-frequency measurement which determines
the mean and distribution during the same measurement.

The surface charge was estimated by measuring the zeta potential converted from
electrophoretic mobilities of their dispersion in water at 25°C using the Smoluchowski

formula using Malvern Zetasizer Software v.7.11. The designated air-tight polystyrene
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cuvette of the Zetasizer instrument was filled with the required volume of bubble-free
nanofluid and the tests were carried out at 25°C. The results were obtained with theoretical
refractive index of magnetite 2.42 (Cornell and Schwertmann, 1996). In order to find out
the point of zero charge (PZC), the pH of the dispersion was adjusted either with aqueous
10 M NaOH or H,SO,. The pH of well dispersed magnetite fluids was checked just

before each {—potential measurement.

2.2.2 X-ray diffraction (XRD) is a non-destructive analytic tool for deriving the
detailed information about the crystallographic structure, phases, in polycrystalline
samples and other structural parameters such as average crystallite size, lattice constants,
strain, crystallinity, crystal defects, chemical composition. The term XRD is a bit generic
as there are several types such as single crystal, powder, thin film, reflexivity and X-ray
rocking curve analysis. Since all the NP samples synthesised in this research are in powder
form, the technique employed is powdered XRD. Powder XRD must be used with either
multicrystalline samples or a sample which has been ground to a fine powder. This allows
all of the possible crystal orientations to be accessed simultaneously. In the case of NPs
there is no need to further powder the samples since they are already in a fine power form.
There is no reason to believe that there is any correlation of the crystallographic
orientation from particle to particle in a pressed NP sample. This means that XRD is a
valid method for determining the degree of crystallinity of a sample as well as the crystal
structure that exists. The spacing of the various peaks also gives the information for

determining the crystal structure lattice parameters.
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Fig. 2.3 A simplified view of the interaction of X-ray radiation and crystal planes to demonstrate
Bragg’s law

In XRD a collimated beam of X-ray with a wavelength of 1.5406 A is incident on a
specimen and is diffracted by the crystal planes in the specimen according to the Bragg’s

law illustrated in Fig. 2.3. P; and P, indicates a set of parallel planes with Miller indices
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hkl and interplanar spacing dy,, ¢ is known as diffraction angle. The two incident beams
R; and R, are shown being scattered by atoms C and B respectively. Simple geometry
shows that

AC = CD = dyy sinf (2.9)

It can clearly be seen that ray R; travels a distance AC + CD greater than R», therefore
path difference = AC + CD = 2d;,y sinf (2.10)

If the path difference is an integer (AC + CD = nA), then constructive interference of the
rays will occur, and the reflection is observed. A non-integer value causes destructive
interference between the scattered rays and the reflection is not observed. Equation 2.10
can be simplified to give Bragg’s law, which states the angles for allowed scattering from

a crystal lattice.
nA = 2d sin 6 (2.11)

where A is the wave length of the X-ray radiation, n is an integer. The intensity of the
diffracted X-rays is measured and plotted as a function of diffraction angle 2. From the
26 values of the peaks, the lattice spacing (d) values are calculated using the eqgn (2.12).

We have for any place with index (hkl)

1
A = T (2.12)
e
when a:b:C, dhkl = ﬁ (213)

Sample identification can be easily done by comparing the experimental pattern to that in
JCPDS file. The powder XRD patterns of as-synthesised magnetite nanocrystals were
recorded with Bruker D8 Advanced diffractometer equipped with source CuKa; radiation
(4=1.5406 A) with a step size of 0.05° 26 and a scan speed of 4° min. In the infinite
crystal approximation and monochromatic X-ray approximation the peaks would be
infinitely narrow. Except for single crystalline particles, the randomly oriented crystals in
NPs cause broadening of the diffraction patterns. The effect becomes more pronounced,
when the crystallite size is of the order of few nanometers. The simplest and most widely
used method for estimating crystallite size is from the half the maximum intensity
(FWHM) of a diffraction peak by Debye-Scherrer formula,

0.94
,BZQCOSQ (214)

DXRD =
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where A is the X-ray wavelength, By is the line broadening at FWHM in radians, and 6 is
the Bragg angle, Dxgrp is the mean size of the ordered (crystalline) domains. Debye—
Scherrer formula, though widely been used to estimate crystal sizes, underestimates the
grain size as it ignores the line broadening due to microstrain in the lattice as a result
packing defects/dislocation structures etc (Tjong and Chen, 2004). The mean crystallite
size and microstrain involved in as-synthesised nano magneto-crystalline samples were
estimated by the Cauchy—Cauchy (CC) approach also known as Williamson—Hall
(Cushing et al., 2004) plot from the linear dependence line-profiling of prominent X-ray

diffraction peaks of 3,9 cosé versus sind as described in egn (2.15):
oo €os O=2¢sin 6+ 0.9 A/D (2.15)

where D is the crystal size, € is the maximum micro deformation of a lattice, S, is the

integral width of the diffraction peaks at angle @by the eqn (2.16):

Boo =1 M \iax (2.16)

Strain is estimated from the slope (2¢) and the average crystal size (D) from the intercept
(0.91/D) of the linear regression assuming the particles are spherical. W-H analysis is
sometimes used as a complementary method to confirm TEM values and to make them
more robust from the statistical point of view. Rietveld powder structure refinement
analysis of X-ray powder diffraction step scan data was done using the JAVA based
MAUD program to obtain the structural and microstructural refinement parameters
through a least-square method (Rietveld, 1966). The experimental profiles are fitted with
the most suitable pseudo-Voigt (pV) analytical function with asymmetry and the
background of each pattern is fitted with a fourth order polynomial function. Standard
Harris analysis (Krishnan et al., 2013) was performed on X-ray data of magnetite powders
to estimate preferred orientation of specific crystal planes and is expressed as texture

coefficient C (hikil;), following the equation given eqn (2.17),

_ (k) [ 1kt ] (2.17)
C (hkl,) Io(h.k.l.)[nzlo(h.k.l.)}

where, | (hikili) is the diffraction intensity of the (hikil;) plane of the particular sample
under investigation, lo(hikil;) is the intensity of the (hikil;) plane from the standard JCPDS
powder diffraction pattern for the corresponding peak i, and n is the number of reflections
taken in to account. Activation energy for the growth of magnetite crystals during

syntheses at different temperatures are shown in egn (2.18)
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] E)
Dy = ki (RT (2.18)
where, Dxrp is the crystallite size, R the universal gas constant, T the reaction

temperature, E is the activation energy and k is a constant which may depend on the initial

value of crystal size.

2.2.3 Electron microscopy

2.2.3.1 Transmission Electron Microscopy (TEM) is a straight forward technique to
determine the size, morphologies of the nanostructured materials as well as to obtain
crystal structural information. We have used FEI Tecnai 30 G® S-Twin High Resolution-
TEM (HRTEM) operated at 300 kV equipped with a Gatan CCD camera. Here, electrons
are accelerated to 300 keV projected on to a thin specimen by means of a condenser lens
system, and penetrate in to the sample. TEM uses transmitted and diffracted electrons
which generates a two dimensional projection of the sample. The principal contrast in this
projection or image is provided by diffracted electrons. In bright field images the
transmitted electrons generate bright regions while the diffracted electrons produce dark
regions. In dark field image the diffracted electrons preferentially form the image. In
TEM, one can switch between imaging the sample and viewing its diffraction pattern by
changing the strength of the intermediate lens. The greatest advantages that TEM offers
are the high magnification ranging from 50 to 10° and its ability to provide both image and
diffraction information from a single sample. The high magnification or resolution of
TEM is given by
A=

2mqV (219)
where m and g are the electron mass and charge, h the Planck’s constant and V is the
potential difference through which the electrons are accelerated. This can be approximated

to

_1.22
T VE

with E in electron volts (eV) and 4 in nm (Williams and Carter, 2009). From egn (2.20) it

A (2.20)

can be shown that for a 300 keV electron, A = 0.0022 nm, which is far smaller than the
diameter of an atom. This limit represents the theoretical maximum resolution obtainable
for an electron at 300 keV, though in practice this resolution is not achieved due to

limitations with electron lenses.
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Figure 2.4 is the schematic illustration of TEM. From top down, it has an emission
source, a tungsten filament or a lanthanum hexaboride (LaBg) source. Typically a TEM
consists of three stages of lenses (i) condenser, (ii) objective, and (iii) projector lenses.
The condenser lenses are responsible for primary beam formation, whilst the objective
lenses focus the beam down onto the sample itself. The projector lenses are used to
expand the beam onto the phosphor screen or other imaging device such as film. The
magnification of the TEM is due to the ratio of the distances between the specimen and
the objective lens image plane imaging systems in a TEM consist of a phosphor screen,
which may be made of fine (10-100 pum) particulate zinc sulphide, for direct observation
by the operator. Optionally, an image recording system such as film based or doped YAG
screen coupled CCD’s. To record the image, the phosphorescent screen is removed and an

appropriate piece of photographic film is put in its place.
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Fig 2.4 Schematic diagram of transmission electron microscope

The energy of the electrons expose the film in much the same way that light does for
conventional photography. Specially coated digital cameras can also be employed to
capture the images. The primary form of TEM measurement is bright field imaging in
which the contrast is produced by direct occlusion of the electron beam, either by

absorption or by scattering. The resulting image is a projection of electron transparency.

Image analysis

The size distribution is calculated from the careful inspection on bright field micrographs
containing few hundreds of NPs. The standard deviation of size was calculated using the

formula egn (2.21),
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o=\ [E Y% (2.21)

where N is sampling number, x; is random variable, x is mean size and the size distribution

is calculated using probability density eqn (2.22), based on a log-normal function

_ 1 _[In(d/Dy)I* (2.22)
p(D) Do mexp{ 207 }

where ¢ is standard deviation, D is size, and D, is the mean size. HRTEM can generate
lattice images of the crystalline material allowing the direct characterisation of the
specimen’s atomic structure. Fourier filtering is used to extract the lattice fringe

information. The resolution of the HRTEM is 1 nm or smaller.

Sample preparation

Samples are typically prepared from a dilute solution of nanoparticles in suspension. The
TEM grids were prepared by drop casting (15 ul) the nanopowder dispersions onto 400
mesh amorphous-carbon coated copper grids and allowing the solvent to evaporate. The

desired result is a single layer of nanoparticles.

Selected area electron diffraction pattern (SAED) offers a unique capability to
determine the crystal structure of individual nanomaterials and the crystal structure of the
different parts of a sample. A small area of the specimen can be selected and its electron
diffraction pattern (rings or spots) produced on the screen of the microscope by making
appropriate arrangement in the lenses of TEM. This is an optional arrangement in
HRTEM. The SAED allows the researcher to determine lattice constant of the crystalline
material which can help in species identification. Basically diffraction patterns are
distinguishable as spot patterns resulting from single crystal diffraction zones or ring
patterns from the randomly oriented crystal aggregates (polycrystallites). For
nanocrystallites or less crystalline materials, the diffraction patterns will be a diffused
ring. The ‘d’ spacing between lattice planes can be estimated from the formula
d =AL/R (2.23)

where ) is wavelength of electron wave, L is camera length, R is radius of diffraction ring. The
estimation of d-values enables us to describe the crystal structure of the crystalline

specimen.

Energy Dispersive X-ray Spectroscopy (EDS) attached to the TEM equipped with high-

angle annular dark-field detector with beam scanning capability (Fischione Instruments,
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Inc., USA) with TIA analysis software, used to determine the chemical composition on
several crystal grains. Upon exposing the samples to high energy electron beams the
various atoms present in the sample emit characteristic X-rays which can be observed as
several distinct peaks on an energy scale. The intensities of the peaks can be compared
with the peaks of a standard sample to obtain the relative amounts of each atomic species,
whereby accurate composition of the sample can be determined. The use of EDS has been

demonstrated in oxide nanoparticle research in a number of reports (lyengar et al., 2014).

2.2.3.2 Field emission scanning electron microscope (FESEM) provides the image of
the morphology and microstructures of the bulk and nanostructured materials. In this
SEM, Field Emission Gun provides the electron beam and the resolution is as high as 1
nm and the instrument operates in the range of 20-30,000x. It scans a focused beam of
electrons over the sample and detects the yield of secondary and backscattered electrons
according to the position of the primary beam. The removal of electrons is the result of
secondary low energy electron generation, a process in which the primary high energy
electron (back scattered) beam knocks multiple lower energy electrons from atoms in a
sample. The secondary electrons which are responsible for the topological contrast
provide mainly information about the surface morphology. The backscattered electrons
which are responsible for the atomic number contrast carry information on the samples
composition (Watt, 1997). The sample typically has to be coated by gold and well
grounded to prevent charging the material. FESEM, Supra 35 VP, Carl Zeiss, Germany,
30 kV, image resolution 1.5 nm, energy resolution ~133 eV and Zigma, Carl Zeiss,
Germany, 30 kV, image resolution 1.3 nm, energy resolution ~127 eV were used in this

study.

2.2.4 Magnetic measurements

2.2.4.1 Magnetisation versus magnetic field

Vibrating Sample Magnetometer (VSM) operates on Faraday’s Law of induction, which
tells us that a changing magnetic field will produce an electric field. This electric field can
be measured and provides us information about the changing magnetic field. It was
invented more than 50 years ago and was a breakthrough in magnetic materials research.
Fig. 2.5 is the schematic of a VSM used to measure the magnetic behaviour of magnetic
materials. Using VSM the hysteresis, loop parameters namely saturation magnetisation,

coercive field and remanence can be derived. A VSM can be installed in an electromagnet

53



Chapter 2 Materials and Instrumental

as well as in a superconducting magnet. Consequently it can be operated over a broad
temperature range. It is always a magnetically open system, which means the sample
geometry has to be considered. The main improvement is that here a different
magnetisation measuring principle is used. The sample vibrates periodically at the magnet
gap or bore. As vibrating device a motor, a loudspeaker or a piezoelectric transducer can
be used. Consequently a periodic induction voltage is generated in the pick-up coil
(Grossinger, 2008). This allows the use of a lock-in amplifier with an enhanced signal to
noise ratio (Fig. 2.5).
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Fig. 2.5 Schematic diagram of vibrating sample magnetometer.

In a VSM, the sample to be studied is placed in a constant magnetic field. If the sample is
magnetic, this constant magnetic field will magnetise the sample by aligning the magnetic
domains or the individual magnetic spins, with the field. The stronger the constant field,
the larger the magnetisation. The magnetic dipole moment of the sample will create a
magnetic field around the sample, sometimes called the magnetic stray field. As the
sample is moved up and down, this magnetic stray field change as a function of time and
can be sensed by a set of pick up coils. A transducer converts a sinusoidal ac drive signal
provided by a circuit located in the console into a sinusoidal vertical vibration of the
sample rod and the sample is thus made to undergo a sinusoidal motion in a uniform
magnetic field. Coils mounted on the pole pieces of the magnet pick up the signal
resulting from the sample motion.

The alternating magnetic field will cause an electric field in the pickup coil as
according to Faradays law of induction, the current will be proportional to the
magnetisation of the sample. The greater the magnetisation, larger is the induced current.
The induction current is amplified by a transimpedence amplifier and a lock in amplifier.
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The various components are interfaced via a computer. Controlling and monitoring
software, the system can tell you how much the sample is magnetised and how
magnetisation depends on the strength of the constant magnetic field. For particular field
strength, the corresponding signal received from the probe is translated into a value of
magnetic moment of the sample. When the constant field varies over a given range, a plot
of magnetisation versus magnetic field strength is generated.

The dipole moment is induced in the sample when it is placed in a uniform magnetic
field M. Then the amount of magnetic flux linked to the coil placed in the vicinity of this

magnetic field is given by
¢ = pgnaM (2.24)
where 14 is the permeability of free space, n the number of turns per unit length of coil and

a represents the geometric moment decided by position of moment with respect to coil as

well as shape of coil. A harmonic oscillator of the type,
Z =27y + Aexp(jwt) (2.25)

induces an emf in the stationary detection coil. The induced emf is given by

de . da\ ;
V=——-=—jounMA (a—:) e/t (2.26)

If amplitude of vibration (A), frequency @ and g—j are constant over the sample zone then

induced voltage is proportional to the magnetic moment of the sample. A cryogenic setup
attached to the sample permits low temperature measurements. This is the basic idea
behind VSM (Krishnan and Banerjee, 1999). The magnetisation measurements (hysteresis
loop) were carried out employing a Lakeshore 7305, US VSM at 300 K. The slope of an
M-H curve at any given point is the differential susceptibility, y, of the material and is
given by:

M
H

Xy = (2.27)

where M is magnetisation, and H is applied field. y is the susceptibility a small amplitude
low frequency ac field would see at a given dc field. It should be noted that in a complete
treatment, susceptibility should be a tensor as it is possible that magnetisation occurs in a
direction not aligned with the applied field. As the strength of the magnetic field is
increased, the slope begins to approach zero. This is the result of the fact that nearly all
spins are aligned with the magnetic field so increasing the strength of the magnetic fields
has no effect. The magnetisation at this point is called the saturation magnetisation (Ms),
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from this point the field strength is reduced. In a ferromagnetic material the curve will not
trace back upon itself. This property is known as hysteresis since the history of the sample
determines its current behaviour. When the field is reduced back to zero, a net
magnetisation remains. This is known as the remanent magnetisation (Mg) and it is an
important property of applied magnetic materials because it determines how “strong” a
magnet is. From here the field direction is reversed, reducing the magnetisation eventually
back to zero. The field at which the magnetisation goes back to zero is known as the
coercivity (Hc). The coercivity can be thought of as how difficult the material is to
demagnetise. In a typical ferromagnet, the bottom half of the curve is identical to the top
half. If the material is brought from saturation to saturation the curve never returns to the
initial curve.

Crystal dimensions can also be estimated from the magnetisation curves based on
the theory of superparamagnetism as proposed by Bean and co-workers (Bean and
Livingston, 1959). To fit the magnetisation curves, we assume that individual grains are
single crystals without mutual interaction and each particle has an inner single-domain
core with the spontaneous magnetisation. The magnetisation of N number of ideal non-
interaction superparamagnetic NPs, each with identical magnetic moment x, at constant

temperature T in magnetic field H is given by Langevin function egn (2.28),

&%)
U0 I (2.28)

where kg and Nu are the Boltzmann constant and Ms of the synthesised sample.
The magnetisation curve was fitted using a non-linear-least squares routine to obtain two
parameters: the log-mean single particle moment, x, and Ms. The size, called “magnetic

size”, is significantly smaller than the physical size obtained from TEM.

2.24.2 ZFC-FC curves

Field-cooled (FC) and zero-field cooled (ZFC) magnetic measurements were taken using a
Physical Property Measurement System (PPMS) from Quantum Design (San Diego, CA).
The system used for the temperature range of 2 to 350 K and uses a liquid helium cooled
superconducting magnet that can attain magnetic fields of up to 7 Tesla. FC-ZFC curves
are extremely useful for studying magnetic nanoparticulate systems. In ZFC

measurements, sample is cooled to liquid helium temperatures under zero applied
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magnetic fields, while it is above its paramagnetic or superparamagnetic transition
temperature. Then small uniform external filed is applied and the net magnetisation is
measured while heating the sample at a constant rate. For small magnetic particles, this
curve has a characteristics shape. As the particle cools in a zero applied magnetic field,
they will tend to magnetise along the preferred crystal directions in the lattice, thus
minimising the magneto-crystalline energy. Since the orientation of each crystallite varies,
the net moment of the systems will be zero. Even when a small external field is applied
the moments will remain locked into the preferred crystal directions, as seen in the low
temperature portion of the ZFC curve.

As the temperature increases more thermal energy is available to disturb the system.
Therefore more moments will align with the external field direction in order to minimise
the Zeeman energy term. In other words, thermal vibration is providing the activation
energy required for the Zeeman interaction. Eventually the net moment of the system
reaches a maximum where the greatest population of moments has aligned with the
external field. The peak temperature is called blocking temperature Tg which depends on
particle volume. As temperature rises above Tg, thermal vibrations become strong enough
to overcome the Zeeman interaction and thus randomise the moments (Denardin et al.,
2002).

Field cooled measurements proceed in a similar manner to ZFC except that the
constant external field is applied while cooling and heating. The net moment is usually
measured while heating. In order for the curves to be useful as a pair they must be
measured with the same field strength. When the two graphs are plotted on top of each
other there is a temperature at which they merge. This temperature is known as the
irreversibility temperature. However, the FC curve will diverge from the ZFC curve at a
point near the Tg. This divergence occurs because the spins from each particle will tend to
align with the easy crystalline axis that is closest to the applied field direction and remain
frozen in that direction at low temperature. The temperature at which the peak
magnetisation in the ZFC graph occurs is the Tg. At this point the thermal energy (ksT)
overcomes the anisotropy barrier. At any temperature above this, the thermal energy
decreases the magnetisation by randomising the spin orientations. This leads to a familiar

Curie-Weiss law behaviour where T¢

1
T-T¢

M «

(2.29)
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Tc is normally the Curie temperature. It is important to note that ZFC, FC are non-
equilibrium measurements (Roy et al., 2006). Care must be taken to ensure the same
heating rate is used during the measurements in order to properly compare the

measurements.

2.2.5 Spectroscopic measurements

2.2.5.1 Mdossbauer spectroscopy is a technique based on the Mdssbauer effect. This
effect, discovered by Rudolf Mdssbauer in 1958, consists in the nearly recoil-free,
resonant absorption and emission of y-rays in solids. Like NMR spectroscopy, Mdssbauer
spectroscopy probes tiny changes in the energy levels of an atomic nucleus in response to
its environment. Typically, three types of nuclear interactions may be observed

(@) an isomeric shift, also known as a chemical shift
(b) quadrupole splitting and

(c) magnetic/hyperfine splitting, also known as the Zeeman effect.

Due to the high energy and extremely narrow line widths of y-rays, Mdssbauer
spectroscopy is a very sensitive technique in terms of energy resolution, capable of
detecting change in just a few parts per 10*.

Just as a gun recoils when a bullet is fired, conservation of momentum requires a
nucleus (such as in a gas) to recoil during emission or absorption of a y-ray. If a nucleus at
rest emits a y-ray, the energy of the y-ray is slightly less than the natural energy of the
transition, but in order for a nucleus at rest to absorb a y-ray, the y-ray's energy must be
slightly greater than the natural energy, because in both cases energy is lost to recoil. This
means that nuclear resonance is unobservable with free nuclei, because the shift in energy
is too great and the emission and absorption spectra have no significant overlap. The recoil
fraction of the Mdossbauer absorption is analysed by nuclear resonance vibrational
spectroscopy. Nuclei in a solid crystal, however, are not free to recoil because they are
bound in place in the crystal lattice. When a nucleus in a solid emits or absorbs a gamma
ray, some energy can still be lost as recoil energy, but in this case it always occurs in
discrete packets called phonons (quantised vibrations of the crystal lattice). Any whole
number of phonons can be emitted, including zero, which is known as a "recoil-free"
event. In this case conservation of momentum is satisfied by the momentum of the crystal

as a whole, so practically no energy is lost.
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Madossbauer found that a significant fraction of emission and absorption events will
be recoil-free, which is quantified using the Lamb—M@&ssbauer factor. This fact is what
makes Mossbauer spectroscopy possible, because it means gamma rays emitted by one
nucleus can be resonantly absorbed by a sample containing nuclei of the same isotope, and
this absorption can be measured. °’Fe Mdsshauer spectra of the selected magnetite
specimens were recorded at room temperature by means of a standard constant
acceleration transmission mode with a ~50 mCi °’Co diffused in rhodium matrix using a
o-Fe foil for calibration. The experimental profiles were fitted to Lorentzian site analysis

using Recoil program.

2.2.5.2 X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique, which measures the elemental composition at the parts per
thousand ranges. The spectrum is obtained by irradiating the sample with a beam of X-
rays while simultaneously measuring the kinetic energy and number of electrons that
escape from the top. The kinetic energy is measured by an electron energy analyser which
further determines the binding energy of the corresponding photoelectrons. From the
binding energy and intensity of a photoelectron peak, the elemental identity, chemical
state, and quantity of an element are determined. XPS can also provide information on the
oxidation state and local bonding environment of atoms within a surface. Due to the high
elemental sensitivity and tuneable spatial resolution of XPS, changes in oxide chemistry
can be monitored over relatively large (few hundred pm) or more localised (tens of pm)
areas. The ability of XPS to differentiate between atoms of the same oxidation state
having different bonding arrangements allows for the quantitative analysis of surfaces
containing mixed oxide phases. This is of particular importance when studying the iron
oxide products especially, magnetite fabricated in aqueous environments (lyengar et al.,
2014).

XPS spectra of the magnetic samples were recorded on XPS system (PHI 5000
Versa Probe 11, ULVAC-PHI, INC., USA), maintaining a base pressure of the analysis
chamber in the range of 3—-6x10*° Torr, using a monochromatic Al Ko X-ray source
(1486.6 eV). Selected spectra, especially N 1s and valence band spectra were recorded to
eliminate the overlap between different Auger and/or core levels. Binding energy (BE)
calibration was performed with Au 4f;, core level at 83.9 eV. The spectrum was recorded
using a Peltier cooled CCD detector with an acquisition time of 10 s using a 5x objective.
The XPS data was deconvoluted with XPS PEAK 4.1 software which produced stable and
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almost super imposable baselines, confirming the stability of the fits and helping to

validate the interpretation.

2.2.5.3 Fourier transform infrared (FTIR) spectroscopy is a useful technique for
characterising materials and obtaining information on the molecular structure, dynamics
and environment of a compound by making use of the energy involved in different bond
vibrations in the materials. Vibrational motion of chemical bonds occurs in the infrared
region of the energy beam. The FTIR spectroscopy exploits this phenomenon. When a
material is exposed to IR energy this energy couples with the energy of the sample. If the
impinging IR energy is in resonance with the vibration of the chemical bond in the sample
the intensity of the beam is measured before and after it interacts with the sample. The
incident radiation can be detected in transmission or reflection mode. The intensity is
plotted as a function of the frequency in the IR spectrum (Smith, 1999). When
electromagnetic radiations representing the IR region with the wavenumber range
400-4000 cm " are transmitted through the sample, it is absorbed by the functional groups
present in the specimen for bond vibrations. In an infrared spectrum, the absorption or
transmittance peaks correspond to the frequencies of vibrations between the bonds of the
atoms making up the material. As the frequency of energy absorbed depends on the
masses, chemical environment of the atoms and the type of vibration, the resulting
spectrum can easily convey the particular groups present in the sample. This aspect makes
infrared spectroscopy quite useful in material characterisation. FTIR spectra of the as
prepared products were recorded at room temperature using the KBr (Sigma Aldrich, ~
99%) pellet method on a Perkin-Elmer Spectrum (100 as well as Two series)
spectrophotometer ranging from 400 to 4000 cm* with average of 50 scans.

2.2.5.4 Raman spectroscopy is a technique making use of the vibrational, rotational and
other low-frequency energy transitions in a system. Raman spectroscopy is used to
identify different molecules and even functional groups within larger molecules. The
bonds formed between atoms have specific vibrational frequencies that correspond to the
atom's masses and the strength of the bond between them. Complex molecules therefore
exhibit many peaks and can be readily identified by the pattern or “finger print” created by
those peaks. As such, there are many uses for micro Raman spectrometers as they can
non-destructively identify microscopic samples or microscopic areas of larger samples.
When an intense monochromatic light beam impinges on the sample, the electric field of

the incident radiation distorts the electron clouds that make up the chemical bonds in the
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sample, storing some energy. When the field reverses as the wave passes, the distorted
electron clouds relax and the stored energy is reradiated. Although, the incident beam may
be polarised so that the electric field is oriented in a specific direction with respect to the
sample, the scattered beam is reradiated in all directions, making possible a variety of
scattering geometries. Most of the stored energy is reradiated at the same frequency as that
of the incident exciting light. This component is known as the Rayleigh scattering and
gives a strong central line in the scattering spectrum.

However, a small portion of the stored energy is transferred to the sample itself,
exciting the vibrational modes. The vibrational energies are deducted from the energy of
the incident beam and weak side bands appear in the spectrum at frequencies less than that
of the incident beam. These are the Raman lines. Their separation from the Rayleigh line
is a direct measure of the vibrational frequencies of the sample. It relies on the inelastic
scattering of monochromatic light, usually from a laser source in the visible, near infrared,
or near ultraviolet range. The laser light interacts with molecular vibrations, phonons or
other excitations in the system and as a result, the energy of the laser photons will be
either shifted up or down commonly called as ‘Raman effect’. This shift in energy
provides information about the vibrational modes in the system, which in turn serves as a
fingerprint of the molecules under study. Typically, the sample is illuminated with a laser
beam and the radiations from the illuminated spot are collected with lenses which are
being sent through a monochromator. Elastic scattered radiations corresponding to the
wavelength of the laser line is filtered out and the rest of the collected light is dispersed
onto a detector by either a notch filter or a band pass filter.

Raman spectra of the powder specimens in the present study were recorded at room
temperature using by 514.5 nm radiation from an argon ion laser (Stellar Pro, 50 mW) on
Princeton instruments Acton SP2500. Raman spectrometer is equipped with an optical
microscope (Olympus Confocal Raman Optics micrometer), thermoelectrically cooled (—
60 °C) charge-coupled device (CCD) detector, a CCD camera (resolution 1340x1100) that
can provide a good laser beam. Samples were compacted into a 1 mm cavity held on an
anodised aluminium plate. The laser beam was focused on the sample by a x50 lens to a
spot size of ca. 5-6 um. Coaxial backscatter geometry was employed for signal collection
with spectral resolution of ~1 cm™*. The Raman shifts were calibrated using the 520 rcm*
line of a silicon wafer. The spectra were collected using 2.5 mW laser power over the
range 1000-200 rcm * and accumulation over 10 scans, each with an exposure time of 10 s
to further reduce noise.
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2.2.5.5 UV-visible spectroscopy refers to the absorbance or reflectance spectroscopy in
the ultraviolet-visible spectral region between 190 to 800 nm which is divided into the
ultraviolet (UV, 190—400 nm) and visible (Vis, 400-800 nm) regions. Molecules on
irradiation with the UV-visible radiations undergo electronic transitions on absorbing the
corresponding energy, the amount of energy absorbed being dependent on the structure of
the compound. Therefore the absorbance spectrum of a molecule often serves as source of
identification of its electronic state. As a molecule absorbs energy, an electron is promoted
from an occupied molecular orbital, usually a non-bonding n or bonding © orbital to an
unoccupied anti-bonding molecular orbital, 7+ or o*. In short, the molecule may undergo
several energy transitions which is given in the increasing order of energy as n to * <n to
c *<mton* <o ton* <o tooc* Since all these transitions require fixed amount of
energy, the UV-visible spectrum of a compound would consist of one or more well
defined peaks, each corresponding to the transfer of an electron from one electronic level
to another. The intensity of absorption is in accordance with Beer’s and Lambert’s Law
which states that the fraction of incident radiation absorbed is proportional to the number
of absorbing molecules in its path. Thus UV-Visible spectroscopy is a powerful analytical
tool for the qualitative as well as quantitative assessment of molecules. The measurements
are usually carried out in very dilute solutions and the most important criterion in the
choice of solvent is that it must be transparent within the wavelength range being
examined. For preparing stock solutions, the sample is accurately weighed and made up to
volume in volumetric flask. Aliquots are removed from this solution and appropriate
dilutions are made to make solutions of desired concentration.

For recording the spectrum 1 cm square quartz cell is commonly used which
requires ~1 ml of solution. The quartz cell containing solution is placed in the path of light
beam and spectrum is recorded by varying the wavelength of incident light. The spectrum
can also be deducted from well powered solid samples which use special sample holders.
In the resent study, the absorbance spectra of the samples were obtained using a UV-
visible V-730 JASCO spectrophotometer (Japan) in the wavelength range of 200—800 nm.
The absorbances of surface modified samples were conducted in their corresponding
dispersions, water and toluene being the dispersion media for hydrophilic and
hydrophobic samples respectively. For bulk and uncoated samples, the measurements

were done on powdered samples.
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2.2.5.6 Inductively coupled plasma-Atomic emission spectroscopy (ICP-AES) is a type
of emission spectroscopy that uses the inductively coupled plasma to produce excited
atoms and ions that emit electromagnetic radiation at wavelengths characteristic of a
particular element. It is a flame technique with a flame temperature in a range from 6000
to 10000 K. The intensity of this emission is indicative of the concentration of the element
within the sample. ICP-AES, Spectro CIROS Vision, Spectro Analytical Instruments,
Germany was used in this study to estimate total iron concentration in the acidified
dispersions of the magnetite NPs. Samples were prepared for analysis as follows.
Concentrated HCI (0.5 ml) and 1 ml Milli-Q H,O was added to a small aliquot of the NP
suspension. The mixture was heated until only 1-2 drops of liquid remained, at which time
20 ml deionised water was added. The solution was heated to boiling, then immediately
removed from heat and allowed to cool to room temperature. The suspension was then

diluted to obtain exactly 50 ml volume.

2.2.6 Thermogravimetry (TG) and differential thermal analysis (DTA) was
used to investigate the physico-chemical changes in the synthesised nanocrystals as a
function of temperature under ultrapure nitrogen purge. In this method, the sample is
placed on a high-precision balance and subsequently heated following a given temperature
program. During the heating process, sample loses weight due to its decomposition on
supply of heat which is monitored by a precision balance. The thermogravimetric profile
is obtained as the plot of sample weight against temperature from which the thermal
stability of the components can be interpreted. In DTA, the material under study and an
inert reference are made to undergo identical thermal cycles, while recording any
temperature difference between sample and reference. Changes in the sample, either
exothermic or endothermic, can be detected relative to the inert reference. i.e., DTA
provides data on the transformations that have occurred, such as glass transitions,
crystallisation, melting and sublimation. The area under a DTA peak is the enthalpy
change and is not affected by the heat capacity of the sample. In the present study, TG-
DTA has been carried out on powder samples using a simultaneous thermal analyser (STA
6000, Perkin Elmer, US as well as STA 449 C, NETZSCH, Germany) in nitrogen/air

atmosphere heated at a constant rate of 10 °C min* under nitrogen purge.

2.2.7 BET Surface area The specific surface area and pore size distribution of the

magnetite powders were calculated from the N, adsorption data following the Brunauer—
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Emmett-Teller (BET) technique at 77 K. Two different models of surface area analyser
(TriStar 11 3020 Version 3.02) and (Quantachrome Instruments version 10.01) have been
used Surface area (SA) analyses were conducted on powder samples after degassing them

at 200 °C for 3 h.

6000

=54 (2.30)

SA

Particle size (Dsa) was also calculated from the BET surface area using eqn (2.30) with an
assumption that all the particles are spherical and unclustered using p =5.18 g cm® for

magnetite.

2.2.8 Rheological properties: Viscosity

Rheological properties play a very important role in fluid flow. During application of
nanofluids they are likely to flow either by forced or natural convection and hence, the
flow properties such as viscosity are therefore essential in the study of suspensions
containing nano sized particles. All materials that show flow behaviour are referred to as
fluids. In all fluids, there are frictional forces between the molecules and, therefore, they
display a certain flow resistance which can be measured as viscosity (Buyevich, 1999).
Viscosity is a transport property which refers to the resistance of a material to flow. When
dealing with nanofluids, one is often tempted to consider the dispersed medium under
question as a homogeneous fluid characterised by properties such as density and viscosity
which in turn will only require a single set of mass and momentum conservation
equations. However, such a simple picture will not provide useful explanations for cases

where the fluid is unsteady and non-uniform.

Viscosity n(y) (Pa s)

Shearrate y (s)

Fig. 2.6 Viscosity of Newtonian, shear thickening and shear thinning fluids as a function of shear
rate
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(@) Newtonian flow behaviour: I1saac Newton found that the shear force acting on a liquid
is proportional to the resulting flow velocity (Buyevich, 1999). Hence, a fluid is said to be
Newtonian if the viscosity remains constant with an increase in shear rate as depicted in
Fig 2.6. Newtonian flow behaviour is observed in low molecular liquids such as water,
mineral oils (without polymer additives) and solvents. However, more complex flow

behaviour is expected for fluids containing suspended particles.

(b) Non-Newtonian flow behaviour: Fluids, whose viscosity changes with an increase in
shear rate, are referred to as Non-Newtonian. These fluids could be further classified
according to their flow behaviour. Shear-thinning and shear-thickening flow behaviour is
discussed in the following sections.

(i) Shear-thinning flow behaviour

For samples that display shear-thinning behaviour, the shear viscosity is dependent on the
degree of shear load. Thus, the viscosity decreases with an increase in shear stress (fig.
2.6). In dispersions, shearing can cause the particles to orient in the flow direction and in
the direction of the flow gradient. This can lead to disintegration of agglomerates or
change in particle form. The interaction forces between particles may decrease during the
process and cause a lowering in the flow resistance. Examples of shear-thinning materials

include shampoos, paints and polymer solutions.

(ii) Shear-thickening flow behaviour

Similar to shear thinning fluids, the shear viscosity of samples displaying shear thickening
behaviour is also dependent on the degree of shear load. However, the viscosity increases
with an increase in shear stress (fig. 2.6). With highly concentrated suspensions, the
probability of particle interaction is much higher and may result in particles becoming
wedged together and thus increase the flow resistance. Particle shape plays an important
role since during the shear process, particles rotate as they move. Cube-shape particles
take up more volume when rotating than spherical particles and hence less free volume is
available for the liquid between the particles. Compared to shear thinning materials, shear
thickening materials are much less common in industrial practice. Examples of shear-
thickening materials include dispersions with a high concentration of solids or polymers

such as ceramic suspensions.
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(iii) The yield point

The yield point or yield stress refers to the external force required before a material will
start to flow. A typical example is toothpaste; a certain amount of force must be applied
before the tooth paste starts to flow. Materials with yield points tend to flow
inhomogeneously.

Viscosity measurements were performed using Anton Paar-Physica MCR 301
Rheometer (Cape Peninsula University of Technology (CPUT), Cape Town) at 25 °C, and
application of magnetic field using magnet-physik FH-54 Gauss/Telometer.
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3.1 Graphical abstract

Uniform 8-13 nm sized 0D superparamagnetic Fe3O4 nanocrystals were synthesised by an
aqueous ‘co-precipitation’ route under the N, atmosphere at different precipitation
temperatures to understand the growth kinetics. We also report development of ultra-
stable aqueous colloidal dispersion of magnetite nanocrystals, magnetitic nanofluids, in
the presence of tetramethyl ammonium hydroxide (TMAH). The synthesised nanocrystals
were characterised by XRD, TG-DTA, XPS and TEM for evaluating the phase, crystal
structure and morphology. FTIR spectroscopy was used to shed light onto the nature of the
interaction between TMAH and Fe;O4 NPs. The magnetic characteristics of as-synthesised

nanocrystals were characterised by VSM, PPMS and Mdssbauer spectroscopy.
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TEM investigation revealed highly crystalline spherical magnetite particles in the 8.2-12.5
nm size range. The Kkinetically controlled, as grown NPs were found to possess a
preferential (311) orientation of the cubic phase, with highest magnetic susceptibility of
~57 emu.g * for aqueous medium whereas 64.68 and 57.92 emu.g * at room temperature
before and after peptisation in physiological saline. Williamson—Hall technique was
employed to evaluate the mean crystallite size and microstrain involved in the as-
synthesised nanocrystals from the X-ray peak broadening. In addition to FTIR and Raman
spectra, Rietveld structural refinement of XRD confirms the magnetite phase with 5-20%
maghemite in the sample. VSM and Maossbauer spectral data allowed us to fit the
magnetite/maghemite content to a core-shell model where the shell is 0.2-0.3 nm thick
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maghemite over 7.8 nm magnetite core. The small activation energy of ~10 kJ.mol™*
calculated from Arrhenius plot for the complex process of nucleation and growth by
diffusion during synthesis shows the significance of the precipitation temperature in the
size controlled fabrication processes of nanocrystals. With a view to establish the
temperature and Raman laser power relationship, evolution of different iron oxide phases
due to the oxidation under heat treatment as well as Raman from the laser spot with
increasing power also investigated. The key colloidal properties such as charge,
hydrodynamic size, photon counts, dispersion stability and surface chemistry have been
analysed and compared with a dispersion of aqueous precipitated magnetite. The TMA

suspensions are stable over a year without any loss due to precipitation.
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Photon scattering experiments have indicated the presence of very small NP clusters of 28

nm in aqueous suspensions. The lower extent of agglomeration in TMA promotes the one-
shell clusters of primary nanoparticles, a fact which can forecast the stability of the
ferrofluid. BET results reveal a mesoporous structure and a large surface area of 124
m?.g~*. Magnetic measurement shows that the particles are superparamagnetic in nature.
The change in surface charge of the magnetic fluid from —44 to +49 mV while varying the
pH indicated the PZC at pH 5.98. The dynamic processes were investigated during the
photon scattering experiment against time, temperature and concentration. The stability of
the ferrofluid against time, temperature and concentration indicates the great potentials in

biotechnology, selective catalysis and other industrial applications.
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3.2 Introduction

Magnetite nanoparticles (MNPs) in the form of powder or slurry have been attracting
increasing interest worldwide for their size and shape-dependent novel magnetic, optical,
and other unique properties (Li et al., 2010). Another interesting property that arises from
finite size and surface effects is the existence of superparamagnetism at room
temperatures, magnetising strongly under an applied field, but retaining no permanent
magnetism once the field is removed (lyengar et al., 2014). Magnetite is the only FDA
approved magnetic materials for use in humans since IONPs are generally well-tolerated
in vivo (Garcia-Jimeno and Estelrich, 2013). In the future, patients are more likely to be
exposed to pharmaceutical products containing such particles (Mahmoudi et al., 2010).
Néel relaxation of superparamagnetic Fe3O, is an effective way to heat up the nanocrystals
and the surrounding tissue by transferring energy from the external magnetic field in
therapeutic hyperthermia and, more recently, in the development of theranostic
technologies (Daou et al., 2006; Ghosh et al., 2010).

Large surface area to volume ratio for NPs provides enormous driving force for
diffusion, especially at elevated temperatures (Ghosh et al., 2010). Colombo et al.
calculated the activation energy for the reduction of iron oxides (hematite, maghemite and
magnetite) at 150° to 400°C under reductive atmosphere (Colombo et al., 1967). Brus et
al. reported the diffusion controlled aqueous oxidation kinetics of magnetite NPs (Tang et
al., 2003). Although magnetite nanocrystals prepared by the precipitation technique have
been extensively studied, to the best of our knowledge, seldom efforts have been devoted
on its growth Kinetics during crystallisation. Magnetite NPs are susceptible to undergo
surface oxidation in air to y-Fe;O3, and hence the control of magnetic properties at these
very small sizes still remains a challenge. Average size estimation by TEM is by analysing
rather a limited number of NPs (typically 100—300) compared to >10% NPs investigated
by XRD and VSM (Frison et al., 2013). Debye-Scherrer formula, though widely been
used to estimate crystal sizes, underestimates the grain size as it ignores the line
broadening due to microstrain in the lattice as a result packing defects / dislocation
structures etc (Tjong and Chen, 2004). Application of Williamson—Hall method on X-ray
profiles not only estimate the crystallite sizes but also isolates the peak broadening due to
internal lattice strain (Dorofeev et al., 2012).

Over the past couple of decades numerous techniques have been proposed to

synthesise nano-sized Fe;O, particles. The agueous coprecipitation of Fe’* and Fe** salts
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using an alkali remains the most intensively studied, modified and improved method to
find economic and environmental friendly pathways for fabrication of controlled metal
oxide nanostructures. Most of the industrial applications of magnetite demand highly
magnetic NPs with precise knowledge of size, lattice strain/defects and minimal surface
passivation. Crystal dimension of nanomaterials affect key colloid properties such as
rheology, film gloss, catalytic activity, chemical sensing etc (Masala and Seshadri, 2004).
Very often increasing mismatch of magnetic NP size and its Ms values (and as a result
increasing magnetic anisotropy) is reported with decreasing size in magnetite NPs. This is
due to the presence of a magnetically dead layer of oxidised 15-30% amorphous
component (with a thickness varying between 0.3 and 1.0 nm) over the maghemite shell of
magnetite—maghemite core—shell structure (Frison et al., 2013). We show that there are
size-dependent changes in the local structure and oxidation state of the oxide shell, the
relative fraction of maghemite increasing at the expense of magnetite as the core
dimensions decrease. This size/structure correlation has been explained in terms of
morphological and structural disorder arguments (lyengar et al., 2014).

It is more difficult to maintain the stability of MNPC dispersions because thermal
energy does not prevent coagulation produced by the vdW forces that induce strong short-
range isotropic interactions (Garcia-Jimeno and Estelrich, 2013), and the inter-particle
magnetic dipolar attraction from single domain MNPs (Ramimoghadam et al., 2015). It is
a common observation that monodispersed NPs as observed by electron microscopy
techniques often show polydispersity in aqueous suspensions due to clustering. Therefore,
the development of magnetite powder dispersion having superior stability as well as good
biocompatibility is desirable. The least hydrodynamic sizes reported so far are 4-8 times
the TEM sizes for magnetite NPs, surface functionalised with PEG (Garcia-Jimeno and
Estelrich, 2013; Ramimoghadam et al., 2015), citrate (Ramimoghadam et al., 2015),
dehydroascorbic acid (vitamin-C) (Xiao et al.,, 2011), diethylene glycol and N-
methyldiethanolamine (Lartigue et al., 2012), and PEG-1000 and PVP K-30 (Tu et al.,
2013), Majority of these reports used photon scattering technique just to derive size data
for comparison as a part of routine characterisation. However, to the best of our
knowledge there is no detailed study on the colloidal stability of aqueous suspensions of
magnetite NPs and the effect of its concentration temperature and ageing time on
clustering which is extremely important for predicting its application.
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In this chapter, we report the estimation of the crystal dimensions of magnetite
synthesised through surfactant free aqueous coprecipitation route from the TEM, XRD,
and magnetisation profiles fitted by Langevin egn (2.28). The maghemite content in
magnetite was determined from the Mossbauer spectral fitting. The magnetite phase was
confirmed from the X-ray, TEM, Raman and FTIR spectroscopy. The magnetic powder
was thoroughly characterised by thermal analyses (TG-DTA), surface area analysis, and
hydrodynamic size and zeta (£) potential measurements. The XRD data were analysed by
Rietveld refinements. The activation energy for growth of size tailored magnetite crystals
was calculated employing Arrhenius equation. The crystal dimensions were carefully
correlated in terms of maghemite layer content over magnetite core in a core-shell model.
In this chapter, we report the preparation of an ultrastable aqueous colloidal suspension of
magnetite, peptised by TMAH. The stability and the coagulation kinetics of the ferrofluids
have been studied against the slurry concentration, temperature as well as time by PCS.
We demonstrated, for the first time, the simple way one can control the uniformity of
magnetic one-shell clusters in aqueous solution. The C-potential of magnetite ferrofluids
was examined as a function of pH. The enhanced stability of peptised magnetite
suspension has been correlated to the zeta potential and other colloidal properties, this
places understanding of the colloidal behaviour on a strong physical basis and shows
pathways for achieving such ultrastable stability even in aqueous suspensions. Experiment
on magnetoviscous effect and yield stress of phase transferred non-aqueous oil based
ferrofluids has been carried out for different magnetic field strengths using stress
controlled rheometer. The formation and destruction of magnetically induced structures
and the interactions of NPs and aggregation are also discussed. Furthermore, reversibly
switchable stimuli response properties of fluids are demonstrated and may find

applications in miniature devices such as micro- and nano-electromechanical systems.

3.3 Experimetal

3.3.1 Aqueous coprecipitation

The procedure adopted here is a modification of the method of Shen et al. (Shen et al.,
1999) To elucidate the formation process of Fe3O4 nanocrystals in a size tailored manner,
4.2 mmol FeCl,.4H,0 and 8.4 mmol FeCl;.6H,0 (such that Fe** /Fe** = 2) were dissolved
in 35 ml deionized water previously deaerated by purging nitrogen gas in a 100 ml three-
neck round bottom flask whose central neck was connected to a water-cooled condenser.
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A thermometer and a glass pipette for N, gas purge were connected through thermometer
pockets to the other two necks. The reaction mixture was heated slowly to 90°C over a hot
plate magnetic stirrer while continuous stirring. The clear off-yellow colour of the
suspension turned to muddy orange at ~80°C indicating the complete hydrolysis of ferrous
and ferric chlorides. After heating the reaction mixture for ~30 min at 90°C, ~7 ml NH;
solution was added while vigorous stirring. The orange coloured suspension immediately
turned black indicating the formation of magnetite crystals. At this point the net Fe*
concentration was 100 mM. The temperature was maintained at 90°C for further 30 min to
allow crystal growth. The suspension was cooled naturally to ambient temperature. The
resultant pH of the reaction mixture was ~11. The entire experiment was carried out
carefully under a closed nitrogen atmosphere. The precipitated black solid was collected
by magnetic decantation with a help of permanent neodymium iron boron magnet (520 G
strength), and washed five times with 1:1 acetone and methanol mixture. This magnetite is

designated as T90.

3.3.1.1 Effect of precipitation temperature

Similarly, magnetites (~1 g) were produced using the same precursor concentrations at
temperatures 33°, 45°, 60°, and 75°C under identical conditions and were named as T33,
T45, T60, and T75. After the final washing, the precipitates were collected and dried at

room temperature in a vacuum oven.

3.3.2 Surface functionalisation

For a batch of ~1 g magnetite, 4.5 mmol FeCl,.4H,0 and 9 mmol FeCl3;.6H,O were
dissolved in 300 ml of physiological saline instead of water, such that Fe?*/Fe** was 1:2 in
a 500 ml three-necked flask. Biopolymer (0.2 g of either starch or dextran) was dissolved
in iron solution and labeled as ‘Sta’, ‘Dex’ respectively. The magnetite precipitated at 45
°C after precursor iron chloride salts hydrolysis at 80°C. The magnetite crystallized in

physiological saline was labelled as ‘PS’.

3.3.2.1 Peptisation with TMAH

About 4 ml of commercial 25% TMAH solution was added to the wet PS magnetite cake
and peptised homogeneously which was labelled as TMA. The TMA powder was re-
dispersed in deaerated water and the resultant product was a stable nanofluid without any
precipitation over a year. A TMA fluid of ~25% solid content was placed in a vial, and
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was subsequently subjected to a static magnetic field of several hundred Gauss. The
particles remained dispersed in the fluid even in the presence of the external field

indicating the formation of a stable colloidal dispersion.

3.3.2.2 APTES modified starch/dextran coated magnetite NPs

A suspension of ~1 g ‘PS’ in 150 ml ethanol/water (volume ratio, 1:1) was transferred into
a three-necked flask connected to a water-cooled condenser. The silanisation was
performed by addition of APTES into the Fe3O4 suspension in the molar ratio of 4:1,
refluxed at 81°C for 5 h under vigorous stirring. The pH of the above suspension was ~11.
The black solid mass was collected with the help of a strong bar magnet after the
silanisation process, labelled as ‘APT’, washed with ethanol, followed by deionised water
for three to four times. Similarly, the silanisation of starch or dextran coated magnetite
was carried out by the addition of APTES into the respective FesO4 suspension and
labelled as ‘SAPT’, ‘DAPT’ respectively

3.3.3 Magnetite calcinations at different temperatures

Samples of ‘T45” dry powder were ground, placed in ceramic crucibles and calcined at
different temperatures: 45° (C1), 225° (C2), 300° (C3), 400° (C4) and 450°C (C5). The
crucible was placed in the furnace, heated to the desired calcination temperature in air for
1 h. The sample was allowed to cool down to room temperature in the furnace. The
reddish powder obtained was kept in a desiccator over silica gel and the same has been

characterised.

3.3.4 Phase transfer

For a batch of ~1 g magnetite, 8.7 mmol FeCl,.4H,0 and 4.32 mmol FeCl;.6H,O were
dissolved in 150 ml of deaerated Millipore water. The solution was heated slowly to 80°C
with very strong magnetic stirring while purging with N, gas and maintained for 30
minute at 80°C. One fifth of the total of 25 mmol of decanoic acid was added to the
solution followed by immediate addition of the required volume 50 ml of 25% ammonia.
The remaining surfactant was then added to the mixture in five parts over five minutes;
stirring was continued for another 30 min at 80°C. The suspension was then cooled
naturally to room temperature and precipitated by the sequential addition of equal volumes
of acetone and methanol. A black precipitate was separated by using a strong bar magnet

to hold the solids and washing them alternately with acetone and methanol (polar organic
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solvents) five times to remove all surfactants, except that part directly bonded to the
particle surface. Such washed particles disperse readily in non-polar organic solvents such

as heptane or oil (sesame oil) to produce concentrated dispersions.
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Scheme 3.1 Phase transfer of agueous synthesised magnetite to non-polar organic solvents

Please refer chapter two for the chemicals used and the details of characterisation
techniques adopted here.

3.4 Results and discussion

3.4.1 Agueous coprecipitation

Magnetite nanoparticles were synthesised by the economic, non-toxic aqueous
coprecipitation method at different reaction temperatures in the range 33° to 90°C. The
synthesised iron oxide powders (T33 to T90) were typically black in colour and were
strongly attracted by the NdFeB bar magnet indicating the presence of magnetite as the
dominant phase, although ancillary y-Fe,O3 may not be completely excluded in the case

uncoated nanocrystals.
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Fig. 3.1 (A) Frames from a video of a ~20 wt% TMA-based ferrofluid in a 15 ml glass vial being
manipulated with a ~500 G strength bar magnet, and (B) dilute suspension of TMA in water.

The TMA suspension kept their colloidal characteristics over a year with no visible
sedimentation. Contrarily, the PS suspension was sedimented completely after ~1 h,
evidencing the larger and/or aggregated nature of PS particles. Fig. 3.1 shows the video
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frames of thick slurry of TMA in presence of a strong bar magnet. The black slurry on ~50

times dilution turned in to a translucent wine-red solution (panel B).

3.4.1.1 Physical/structural examination of NPs

The bright field HR-TEM images for selected samples T90, T75, T60 and T33 are shown
in Fig. 3.2 TEM images show spherical, crystalline and well resolved particles with
narrow size distribution in 8-13 nm range. Apparently the particles have less interaction
among them in TMA than that in bare NPs at room temperature, which will be further
investigated by the magnetization and light scattering measurements in later sections (Fig.
3.9 and 3.10).

20 i
! e—

" Magnetite
core

20
| —

Fig. 3.2 Bright-field TEM images of as synthesised magnetite nanoparticles (A) T90 with its
SAED pattern (inset), (B) T75, (C) T60, (D) T33, HR-TEM of (E) T33 and (F) T90 (indicating
clear crystalline core surrounded by amorphous shell (marked with white line). The size
distribution histograms of the corresponding nanocrystals for all the images are presented as inset
to each image.

The TEM results shown in Fig. 3.2 reveal that the precipitation temperature increases the
average particle size of T33 from 7.8+1.9 nm to 10.8£2.0 nm in T60, while 75°C reaction
temperature further increases the size to 12.3+1.6 nm. On the other hand, the magnetite
synthesised at 90°C doesn’t improve the equilibrium size much but most particles fall in

relatively wider 12.4+1.9 nm size range. Few BF, HR-TEM images of the magnetite
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crystals precipitated in physiological saline followed by surface functionalisation with
TMAMH are shown in Fig. 3.3. The large individual as aggregated grains with sizes in the
range 8-15 nm with an average of 11.6£1.9 nm was observed in PS. The TMA ferrofluid
has more uniformly distributed sized NPs in the 8.5 to 11 nm range with average 10.3+0.8
nm of narrow size distribution. This was actually expected, as TMAH acts as a surface-
active agent favouring the dispersion of NPs. The mean size of the particles/aggregates is
larger in the case of PS sample.

Careful examination of the HR images (3.2E, 3.3C) indicates that all the NPs are
indeed single crystals and fringes belonging to predominant (111), (220) and (311) planes
with corresponding d-spacings 0.48, 0.29 and 0.25 nm could be identified.
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Fig. 3.3 BF-TEM images of peptised TMA (A, B, C) suspensions at (A) low, (B) higher
magnifications, (C) HR-TEM images and its fast Fourier transforms is shown as inset and (D)
electron diffraction pattern of (a) bare PS and (b) TMA matched with X-ray diffraction pattern
with their (hkl) planes marked. Inset in A is the histogram representing size distribution.

Fourier filtering was used to extract the lattice fringe information. SAED patterns of bare
and coated magnetite given in Fig. 3.3D show clear Debye—Scherrer rings for (220), (311),
(400), (422), (511) and (440) planes with corresponding interplanar spacings 0.2967,
0.2532, 0.2099, 0.1715, 0.1616 and 0.1485 nm respectively matching the XRD pattern of
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cubic inverse spinel magnetite (JCPDS card no. 19-0629). In addition, the bright

diffraction spot in the rings indicate that the NPs are well crystallised.
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Fig. 3.4 Energy dispersive spectra of synthetic magnetite A) PS as well as B) coated sample TMA
over the TEM grid.

The EDS spectra of PS and TMA specimens show the presence of Fe and O in the samples
which also confirms that the NPs have no detectable impurities: the signal corresponding
to C and Cu was due to the carbon film over the copper TEM grid and as well as C from
TMAH.

3.4.1.2 Detailed X-ray diffraction analysis

The X-ray diffraction patterns of Fe;O,4 synthesised at different temperatures and texture

coefficient on the XRD patterns are shown in Fig. 3.5.
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Fig. 3.5 (A) X-ray diffraction patterns of magnetites (a) T33, (b) T45, (b) T60, (d) T75, and (e)
T90. The vertical drop lines in (A) are the theoretical Bragg positions for inverse spinel magnetite
phase following JCPDS Card No. 19-0629. (B) The texture coefficient of magnetite nanocrystals,

calculated from their powder XRD patterns (JCPDS card No. 19-0629 is used as reference for the
calculations) as a function of synthesis temperature.
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All Bragg’s planes, including PS and TMA (data not provided here), could be
indexed to face centred cubic inverse spinel magnetite of Fd3m, #227 space group with
lattice constant a in the range 0.8340-0.8366 nm whereas the same for bulk magnetite is
0.8396 nm (JCPDS card No. 19-0629). Broad diffraction peaks (Fig. 3.5A) indicate the
nanocrystalline nature of the particles. When the reaction temperature was increased in
steps from 33° to 90°C, a slight progressive narrowing of the X-ray diffraction peaks
occurred as a result of crystal growth and reduction of microstrain in the lattice originating
from defects. The preferential orientation of the crystallites along different crystal planes
(hkl), texture coefficients, C(hkl) in the Fe3;O4 nanocrystals (Fig. 3.5B) shows
preferentially grown {110} planes to texture coefficient value of 1.323 in T45 because of
the growth confinement of (311), (440) and (511) crystal facets and reduced slightly
further to 1.288 in T90 (synthesised at 90°C). Fe3O4 with predominant active (220) planes
(T45 to T90) is of great potential in catalytic applications. A C(hkl) value of 1 indicates a
particle with randomly oriented crystallites, while a larger value indicates an abundance of
crystallites oriented to that (hkl) plane (Sreeremya et al., 2012). The high-index planes
usually have higher surface energy. The energy for different crystal planes is in the order
7(111) < y(100)< y(110) < y(220) for the face-centered-cubic magnetite phase (Yang et al.,
2011).
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Fig. 3.6 Typical Rietveld fit (solid line) for (A) T90 and (B) T33 over the corresponding raw XRD
data (dots). The black layer at the bottom of A and B is the difference curve between XRD and
Rietveld simulation.

The match of the X-ray pattern with its Rietveld fit and the resultant almost spikeless
difference pattern indicates the quality of fit in magnetite-maghemite mixed phases in the
synthesised sample. The Rietveld analyses of X-ray patterns of T33 and T90 (Fig. 3.6)

allowed us to estimate the relative concentrations of magnetite phase as 89.2 and 87.3%

78



Chapter 3 Aqueous coprecipitation

respectively which is compatible with a core-shell model where the shell is 0.2-0.3 nm
thick in a Dtgv=8.2 and 12.5 nm particles in T33 and T90 respectively. The core-shell
structures were also observed from HR-TEM images (Fig. 3.2). The fit parameters are

consistent with reported data in the literature (Yathindranath et al., 2011).
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Fig. 3.7 (A) Williamson-Hall plot of £ cosé versus sind for the reasonably well-resolved Bragg
lines of Fe;O, nanocrystals (a) T33, (b) T45, (c) T75, and (d) T90 synthesised at different
temperatures. The straight lines are the fits to the data. The calculated crystal dimensions and
lattice strains evaluated from the linear fits are shown with corresponding data layers. (B) Change
in lattice parameter (Aa) calculated from their powder X-ray diffraction patterns (reference JCPDS
card No. 19-0629 is used for the calculations).

The grain sizes obtained from the Williamson-Hall plots (eqn 2.15) showed almost
linear increase with increasing precipitation temperature indicating crystal growth during
precipitation (Fig. 3.7). A steady increase in the lattice strain was observed (in the range
4.0-7.2x10"%) with decrease in the particle size (Fig. 3.7B) (Narayanan et al., 2008). It is
interesting to note that the estimated Dxgp from the W-H technique for all the nanocrystals
are within Dtgpm —2.5 nm as the shell of amorphous layer has not contributed to the X-ray
diffraction. The deviation is more in the crystals synthesised at higher temperatures.
Atoms at the surface and edges are under-coordinated with the presence of broken bonds.
As the crystal dimension decreases, the surface area-to-volume ratio increases resulting in
a increased broken bond density at the surface causing the remaining bonds to contract
spontaneously with an associated increase in bond strength, which in turn produces
localized strain (Sun, 2010). A decrease in the lattice parameter to 8.3596 A was observed
when the particle size increased from 7.3 to 8.4 nm as a result of possible higher surface
oxidation of magnetite crystals to y-Fe,O3. The cell constant decreased slightly further to
~8.3544 A on increasing size to 9.7 nm and remained almost constant thereafter.
Williamson-Hall analysis of X-ray data confirmed that the lattice parameter and crystal
lattice strains in magnetite NPs is primarily dependant on the crystal sizes.
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Fig. 3.8 Arrhenius plot of change in crystallite size as a function of reaction temperatures for
ammonia precipitated magnetite samples.

Arrhenius plot for the samples prepared at temperatures in the range 33-90°C (Fig. 3.8)
gave the activation energy from the gradient of the linear regression as 6.15 kJ.Mol™
under the condition of homogeneous growth of nanocrystallites. This energy is responsible
for initiating the complex process of nucleation and growth by diffusion as well as
secondary growth by Ostwald ripening. In the case of ammonia precipitated magnetite
crystals, the activation energy is relatively small as the nanocrystals have large surface
area and its poor crystallinity. The growth process involves a dissolution—crystallisation
mechanism allowing a decrease of the free enthalpy of the system by reduction of the
surface area (Bean and Livingston, 1959).

3.4.1.3 Langevin fitting on magnetisation measurements

Figures 3.9 and 3.10 show the field dependent magnetic properties of the synthesised
Fe;O,4 samples, measured by VSM at room temperature and magnetisation at higher field
resolution using PPMS at different temperatures. The hysteresis loops apparently pass
through the origin which indicates zero coercivity and zero remanence (Fig. 3.9A),
signifying that the samples are in the superparamagnetic state with unstable magnetisation
at this temperature (Xu et al., 2010) and the samples possess higher magnetisation at 250
K due to reduced thermal energy (Fig. 3.9B). In contrast to Ms of ferromagnetic Fe;O4
NPs, measured by Tian et al., (Tian et al., 2011), we observed unsaturated magnetic
behaviour in our synthesised nanoparticles that confirms the superparamagnetic nature. On
careful examination of the high resolution magnetisation data (Fig. 3.9B) it is observed
that both T33 and T90 display coercivities to the extent of mere 21 and 16 Oe
respectively. Appearance of the coercivity may be attributed to the long range magnetic

dipolar interactions.
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Fig. 3.9 Magnetisation versus applied magnetic field data (A) with low field resolution for selected
magnetite (@) T33 and (b) T90 specimens and (B) higher field resolution from PPMS at
temperatures 250 and 300 K and its inset representing the magnetisation data as a function of H/T
for T90. Typical Langevin fits are represented by solid black lines in (A).

The magnetisation profiles as a function of H/T (inset of Fig. 3.9B) are very much close to
each other suggesting non-interactive nature of the particle. However, small deviation
between the curves in the high field region and presence of coercive field indicate that the
mutual interaction is not absolutely zero i.e., weak interaction exists among them
(Respaud, 1999). Due to the asymptotic increase of magnetisation for high fields, the
saturation magnetisation value can be obtained from the fitting of the Ms vs. 1/H curves,
extrapolating the magnetisation value to 1/H = 0 (Liu and Zhang, 2001). According to
inset of Fig. 3.9A, the observed magnetisation for T90 and T33 are 48.44 and 56.11 emu
respectively. The curves were fitted with Langevin function in order to get Ms of samples

and the obtained fitting parameters are summarised in Table 3.1.

Table 3.1 The detailed analysis from the Langevin fit of the magnetite samples

Exp Ms Cal Mg M 5 Standard Dinag

Sample 71 1
(emu.g )  (emu.g) (emu per NP) error (nm)
w 64.68 65.14 1.28E-16 0.9989 1.8 8.98
TMA 57.92 58.30 1.16E-16 0.9988 1.7 9.02
APT 64.46 64.63 1.44E-16 0.9992 1.6 9.38
SAPT 57.24 58.05 1.51E-16 0.9996 1.0 9.85
DAPT 51.85 52.12 1.03E-16 0.9990 1.3 9.02

It is noteworthy to mention that the Ms of our synthesised samples is greater than
that of Fe3O,4 nanocubes of size ~10 nm and nanorods of length > 100 nm and diameter of
~10 nm (Shi et al., 2014), but is quite less than the bulk FesO, (92 emu.g ) (Cao et al.,
2008) and the reduction of Ms may be attributed to the disordered surface spin or spin
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canting behaviour at the surface of the nanoparticles and change in degree of inversion. It
is worthy to mention that Mg of T33 is higher than that of T90 i.e., bigger particle has
lower value of Ms. The magnetic sizes of T90 (Dmag=10.83 nm) from our computations are
smaller than the physical size measured by TEM (Drgv=12.42 nm). It is reasonable to
assume that the difference may be attributed to the presence of magnetically inactive outer
layer that is responsible for suppression of magnetisation in our synthesised samples
(Kodama et al., 1999; Liu and Zhang, 2001). As it is well known that Fe;O4 having
inverse spinel structure in bulk possesses mixed spinel structure in nano-phase and the
degree of inversion decreases with increase in particle size. Since T90 has larger size than
T33, the reduction of magnetisation in case of T90 may be ascribed to the reduction of the
degree of inversion. Interestingly, it has been observed that Dygm for T33 (8.2 nm) is
smaller than Dmag (9.86 nm) i.e., magnetic size is overestimated by approximately 10% in
comparison to TEM size. Such over estimation was previously observed by few
researchers and can be explained on the basis of perturbation in the Langevin function
caused by interparticle interactions that was ignored during fitting (Pascal et al., 1999) or
the consideration of single size distribution of the particles.
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Fig. 3.10 Magnetisation versus applied magnetic field profiles with typical Langevin fits
represented by solid red lines with the magnetisation data as a function of 1/H for (a) PS (b) APT
(c) TMA (d) SAPT and (d) DAPT.

In order to get better information, the magnetic sizes (Dmag) Were also calculated by
using eqgn (3.1) (Ozkaya et al., 2009; Yu and Kwak, 2011),

Dmag_[18kT z ]3 (3.1)

|z pME

where y and p represent susceptibility [LM J and density of the material respectively.
dH H—0

Eqn (3.1) gives Dmag as 6.6 nm for T33 and remove the discrepancy that emerged from the
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Langevin curve analysis. The mean diameter of the superparamagnetic TMA particles is
estimated to be ~9.02 nm, which is smaller than the average physical size of ~10.3 nm

(magnetic core + non-magnetic outer shell) as determined from TEM measurements.

3.4.1.4 Lorentzian site analysis of Mdssbauer spectra

>"Fe Mésshauer spectra of T33 and T90 samples shown in Fig. 3.11 consist of two sextets
and a single doublet pattern depending on the size and crystallinity of the particles. The
outer sextet of smaller area corresponds to Fe** in tetrahedral (A) sites while the inner
sextet with larger area corresponds to Fe** and Fe”* in octahedral (B) sites. However, the
weak doublet peak signifies the presence of some particles lying below the critical size for
superparamagnetic relaxation at the measurement time-scale. The average hyperfine
magnetic field (HMF) decreased in the magnetic powder specimens from T33 synthesised
at 33°C to T90 prepared at 90°C (Table 3.2). This drop may be attributed to the lower net
magnetic moment per unit formula for T90 as determined by the Fe** ion concentration at
octahedral site in comparatively larger particles. The relative area ratio of two Fe®" sextets
for both the samples reveals that the concentration of Fe®* ions at the octahedral (B) site is
lower than that at the tetrahedral (A) site.

= Drem TSheu
82nm 0.47 nm

Transmission (%)

T33 O 27 nm

Velocity (mm.s'w)

Fig. 3.11 (A) *'Fe transmission Mdossbauer spectra of (a) T33 and (b) T90 recorded at room
temperature. Symbols represent the experimental data and the continuous lines correspond to the
NORMOS fits and (B) schematic representation of core-shell frame-works in T33 and T90.

The isomer shift (IS; &) values corresponding to tetrahedral (64) and octahedral (6g) Sites
of the magnetite specimens (Table 3.2) illustrate that the s-electron density at the
Mdossbauer active nuclear site is significantly affected by the rise in precipitation

temperature. Nevertheless, the value of the isomer shift of Fe®" in the A site is higher than
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that generally reported for the micrometric bulk magnetite (Daou et al., 2006), indicating a

possible charge transfers in the A site also.

Table 3.2 Values of room temperature °'Fe M6ssbauer parameters by Lorentzian site analysis
using Recoil program.

IS, 8¢ QS, AEq?® Average HMF,  Width®  Area®

Sample Site ) B b 4
(mm.s™) (mm.s™) By ” (Tesla) (mm.s™) (%)

T33  Doublet 0.40 1.60 - 0.45 4.7
Sextet (A)  0.42 -0.08 51.0 0.55 425
Sextet[B]  0.60 ~0.06 44.0 0.65 52.8

T90  Doublet 0.35 1.40 - 0.35 6.2
Sextet (A)  0.32 -0.02 45.1 0.45 43.1
Sextet[B]  0.52 -0.08 40.0 0.60 50.7

3SD +0.03; ® SD +0.4; ¢ SD+0.2

Negative quadrupole shift (QS) for both the samples may be attributed to the oblate charge
distribution of Fe. The ferric character of the Fe ion is also manifested by the magnitude of
the magnetic hyperfine fields and is proportional to the spin of the ferric ion (Tian et al.,
2011). The sextet area leading to a Fe** eya/Fe*?*oua ratio of T33 and T90 is found to be
0.80 (42.5/52.8) and 0.85 respectively, in contrast to the theoretical ratio 0.50. Such
intensity ratios exceeds 0.50 are called super stoichiometry in oxygen or cationic
vacancies (Daou et al., 2006). It is likely that the low concentration of elementary iron is
the reason that it does not show up in Mossbauer spectra. In contrast to relative intensity
ratio 1:2 corresponding to Fe between A and B sites in bulk inverse spinel magnetite,
(Fe*")a [Fe** Fe g O., we observed the global composition of T33 and T90 as,
T33: (Fe*")a [Feosa”* Fer124> ®ogez]s Os

T90: (Fe*")a [Feor0”" Fer1s® ®oo7ls Os

where @ represents the cation vacancy at the B-site. The stoichiometry implies that the
Fe30,4 content in T33 sample was 81.4% and the rest being Fe,O3. T90 contains slightly
lower amount of magnetite at 79%. The relatively larger fraction of oxidised Fe**
(maghemite) in T90 may be attributed to the dominating effect of higher precipitation
temperature though T33 has a larger fraction of surface atoms. The ®-value clearly
indicates the formation of non-stoichiometric magnetite with some Fe®* deficient lattice
sites. If we assume the overall shape of the magnetic nanocrystals are spherical and the
oxidised y-Fe,O3 phase exists as shell of uniform thickness over magnetite in a core-shell
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model, one can easily compute the 18.6% maghemite in 8.2 nm crystal to ~0.27 nm thick
shell as shown in Fig. 3.11. Similarly, 79% magnetite content in 12.4 nm T90 is
compatible with 11.6 nm core/0.47 nm shell. The thickness of maghemite shell obtained
from magnetisation studies are close match to the same observed from TEM micrography.
The formation process of maghemite shell over magnetite core begins by dissociative
oxygenation of Fe?* cations at the surface. This phenomenon generates surface Fe®'
cations along with cation vacancies. The Fe?* ions diffuse out from the inner oxide core to
the surface to attain the Fe®" state. During this process, the outer oxide layer thickens and a
radial compositional gradient is established producing a core-shell structure, with
maghemite being more abundant in proximity to the surface of the particles forming shell.
In order to observe superparamagnetism, as shown in Fig. 3.9, the time-scale of the
measurement t, should exceed the superparamagnetic relaxation time (t), which is usually
in the order of 10°-10"° s (Lai et al., 2012). The critical size D¢ of the particles to be
superparamagnetic may be calculated empirically from the equation D¢ = (In tw/1)'". In
the measurement of magnetisation, the observation time t, ~1 s, and hence the
superparamagnetic relaxation can be observed in particles with of size 10°-10° nm. In a
Méssbauer study the measurement time is much shorter (tn, ~10° s), and therefore
manifestation of superparamagnetism is expected in particles of much finer sizes
(Lukashova et al., 2013).

3.4.1.5 XPS spectral analyses

XPS spectrum of TMA powder shown in Fig. 3.12 was used to study the valence states of
Fe in the as-prepared NPs after functionalisation. The XPS wide spectrum shows the
peaks attributed to the core levels of O (A), Fe (A), Fe 2p and 3p, O 1s, C 1s where the Fe
2p electron core level is characterised by 2p1/2 and 2pz, series peaks. Fe 2pz, and Fe 2py
double peaks correspond to the binding energies of 709 and 722 eV respectively (Fig.
3.12B). The double peaks in high resolution Fe 2p scan are broadened due to the
appearance of Fe?* (2pss,) and Fe®* (2py) in magnetite which is in agreement with the
reported literature (Lai et al., 2010). The relative peak areas of Fe?* and Fe*" in the high
resolution 2p scan were calculated as 0.33:0.61, close to that of the stoichiometric Fe3Oy,
which could also be shown as FeO.Fe,O3. The predominant peak at 528.3 eV is attributed
to O 1s (Li et al., 2011), which can be deconvoluted to the binding energies of 528.3 and
529.6 eV belonging to the lattice oxygen in Fe30,.
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Fig. 3.12 (A) Survey spectrum and high resolution XPS, (B) Fe 2P, and (C) O 1S spectra of TMA
sample. The solid red line over a raw data is a typical fit by XPS software.

The lower intensity of the C 1s peaks compared to that of Fe and O proves that the organic
layer around MNPs is substantially thinner. The asymmetric C 1s peak is deconvoluted
into three peaks at 284.6, 285.5 and 290 eV (see inset Fig. 3.12A). The main peak at 284.6
eV is assigned to C—H bonds in methyl group (Jha et al., 2013), and the second peak
centred at 285.5 eV can be attributed to C—N bonds (Wang et al., 2008). The first two
peaks of C 1s belonging to TMA attached electrostatically to the surface hydroxyls and
the third very weak peak at 289 eV is ascribed to trace amount of CO, adsorbed onto the
fine NPs surface. The amount of residual TMAH in the dried TMA NPs was too little, so

that the N 1s signal obtained by the XPS detector was very weak and almost absent.

3.4.2 Aqueous ferrofluid

3.4.2.1 Colloidal properties of functionalised MNPs

The variations in the zeta potential of uncoated and TMA peptised magnetite as a function
of the pH and their phase plots are shown in Fig. 3.13. The zeta potential is the electrical
potential measured at the shear plane, and represents the portion of the charge that can

exert electrostatic attraction and repulsion forces on neighbouring particles in suspension.
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The magnitude of the -potential is proportional to the amount of charge on the NPs
surface. The —potential values of PS and TMA suspensions at their natural pH and the
suspension stability are shown in Table 3.3. Our experiments were performed at the
natural pH of the PS suspension where no electrostatic repulsion is expected. Bare MNP
surfaces are slightly positively charged (pH 6.7) and the small electrostatic repulsive
forces among particles is not able to prevent particle—particle contact and consequent
clustering as was indicated by the zeta potential of 4.9 mV (Table 3.3).
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Fig. 3.13 (A) Variations in the zeta potentials of (a) TMA and (b) T60 (c) PS, (B) biopolymer

treated samples (d) APT (e) SAPT (f) DAPT magnetite suspended in Millipore water as a function

of the fluid pH. (C) The associated phase changes from negative to positive with zeta

potential of magnetite nanocrystals suspension while varying the pH of surrounding

medium from 13-2.

TMA suspension peptised with strong organic base TMAH shows very high zeta potential
of =44 mV in spite of dilution (~1:5) and exhibited ultra stability over 1 year without any
apparent precipitation. The "N(CHs)4 cations of TMAH interact electrostatically with the
OH groups attached to the bare magnetic NPs surface. This surface structure creates
electrostatic interparticle repulsion that can overcome the coagulation forces of magnetic
interaction and van der Waals attraction forces among NPs in water. Zeta potentials of the
NPs are pH dependent and was observed to flip on both sides of the isoelectric point from

positive surface charge (+ve C—potential) in acidic pH to negatively charged surfaces as
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reflected in the negative zeta potential at basic pH. As pointed out in Fig. 3.13, the PZC
slightly moved from 5.88 for unmodified NPs to higher pH values 5.98 for TMA and
~6.45 for T60. Pristine magnetite PS dispersion exhibited {—values in the range of +40.3
to —39.8 mV whereas +44.1 to —43.9 mV for T60 dispersion in the 2 to 13.1 pH range.
Adsorption of [(CH3);N]" ions tend to increase the negative charge of the magnetite
further to —44.2 mV at alkaline pH and increases positive charge to 48.7 mV in the acidic
range. The TMA coated magnetite was extremely stable in both acidic and alkaline pH
except for the pH close to their PZC between 5 and 7. The higher clustering tendency of
NPs in PS can be explained by the bigger particle sizes and as a result higher crystallinity.
In larger particles of well-crystallised magnetite, the bulk properties supersede surface
properties, and they are expected to magnetically attract more strongly each other (Hosono
et al., 2009).

Table 3.3 Zeta potential of magnetite dispersion at their natural pH and its suspension stability

Sampl o pH  Stabilit
ample abili
(mV) Y

PS +4.9 6.7 1h
TMA  —44 1175 >1year

Results presented in Fig. 3.13B show that the pH values corresponding to the PZC of the
APT, SAPT and DAPT samples were found to be about 6.77, 5.27 and 6.27, respectively.
Moreover, the role of the ionic strength on the particle size also is largely dependent on
the nature of the coating material or electrolyte. The smallest cations being the best
screening ions, their influence on the surface charge is highest. Therefore, the TMA
ferrofluid was stable above the pH>7 and below pH<5. The phase plot obtained with TMA
sample is excellent in quality in all the pH ranges and flipped from negative to positive
zeta while varying the pH from 13 to 2 shown in Fig 3.13A. The hydrodynamic diameter
(Z-average size, Z,y) and the corresponding correlation function against time are depicted
in Fig. 3.14. The overall yield of Fe3O4 into aqueous dispersed MNPs was >95% for
TMA. The Z,, size was estimated by running the experiment in dynamic auto-mode using
Zetasizer Nano ZS in which the machine optimizes all machine parameters to derive the
best and reproducible size data. Aqueous dispersion of PS showed NPs in 33—825 nm size
range with Z,, size of 129 nm with PDI 0.358 indicating polydisperse nature of the
distribution. The calculated number distribution, N,y is 43 nm. This is further consolidated

by the poor fit to the correlation function (panel A in Fig. 3.14). The signal correlation due
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to the random thermal motion of NPs reduced to ~0.74 after 100 us in TMA where as the
correlation of the signal takes a long time to decay and remained almost unchanged at ~1.0

at the same point of time (100 ps) in case of PS containing slow moving larger particles.
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Fig. 3.14 Hydrodynamic size (Z,,) of (A) pure as well as (B) peptised synthetic magnetite. The
correlation function of the same is plotted against time. (C) Raw correlation data of (a) pure and
(b) TMA coated magnetite nanofluid.

The Z,, size for TMA is 28 nm with the presence of particles in the 8.7-91 nm size range
which is ~2 times larger than D+gy size of 10.3 nm (Fig. 3.3). The Dpcs of ~28 nm could
be due to tetrahedrally arranged close-packed clusters of a total of maximum 4 particles
with average hydrodynamic diameter of ~2xD+tgm = 26 nm which is very close to 28 nm.
The algorithm in the Malvern size measurement software converts the intensity of photon
signal to size by Cumulants analysis. Photon scattering techniques rely on the fact that the
intensity of scattered light increases by about a million times if the size of particles
responsible for photon scattering increases by one order of magnitude (Meledandri et al.,
2008). In other words, TMA suspension contains more than 99% 13 nm particles with
<0.01% of 28 nm clusters. The PDI (0.228) indicates the complete absence of any larger

aggregates as supported by good fit to the correlation data also.
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3.4.2.2 Stability as a function of temperature

To understand the clustering kinetics, hydrodynamic size, PDI, mean photon count in
TMA slurry was recorded as a function of NP concentration, temperature and time and is
provided in Fig. 3.15 and 3.16. The measurement has been carried out under static mode
when, ideally, the number of photons scattered is proportional to the Z,, of the scattering
NPs. When the concentration of NPs was 25 mM (neat) as well as its 1:1 dilution, the
dispersion exhibited the smallest reproducible Z,, size ca. 28 nm which confirmed the
excellent colloidal stability of TMA where as its N,y (13 nm), calculated from the intensity
distribution, is close to the primary particle size as observed from TEM (10.3 nm).
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Fig. 3.15 Hydrodynamic size and the colloidal stability as a function of temperature for MNPs
suspension examined at various concentrations, the mean particle size (A) Z,, (dotted line) plotted
against mean count rate (solid line) and (B) N,, (dotted line) plotted against polydispersity index
(solid layer) with different concentrations neat (square box), 1:1 (triangle), 1:5 (star) dilutions.

The Z,y size increased from 28 to 46 nm when NP concentration was decreased from an
initial 25 mM to 4.2 mM with a concomitant decrease in the mean photon count rate from
450 to 260 kcps. However, the TMA suspension was always stable irrespective of MNPCs
concentrations in water. When temperature for 25 mM slurry was increased from 25 to
45°C, the hydrodynamic size 28.3 nm grew to 32.3 nm and decreased down to 27.3 nm
when the temperature was further increased from 45° to 65°C. The increase in size and
mean photon counts till 45°C may be due to the transformation of cluster structure from
initial tetrahedral (2xDrgm) to one-shell hexagonal close-packed (3xDrgpm) and back to the
tetrahedral at ~65°C. In the process, the count rate changed by ~22% from initial of 450
kcps in 25 mM suspension. No obvious change in the Z,, size (~28 nm) was observed with

ageing time extended even upto 4 months (Fig. 3.15).
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3.4.2.3 Ageing study on aqueous ferrofluid stability

We observed that the ferrofluids are stable on ageing at room temperature over a year even
after the temperature treatment, with no evidence of flocculation or settling and there was
no change in the hydrodynamic size. These results show that monodispersed nanoscale
magnetite crystals have been synthesised in aqueous medium which retained its magnetic

properties, with very good water dispersibility. This makes them suitable as a candidate
for biomedical applications.
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Fig. 3.16 Z,, and PDI of magnetite dispersion plotted as function of time. The TMA suspension
used in the experiments is shown in the inset.

On ageing, the hydrodynamic size (Z,,) is reduced from 28.5 to ~26 nm but PDI improves
from 0.227 to 0.185. The bimodal distribution of TMA improving to monomodal in the
last three data points (Fig. 3.16) resulted the decrease.
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Fig. 3.17 (A) FTIR spectra of the as-obtained (a) T33, (b) T90 and (c) TMA magnetite
nanocrystals and (B) typical Raman spectra of (a) T75 and (b) T90 recorded after exposure for 60 s

to 2.5 mW laser powers.
FTIR and Raman spectra on selected magnetite specimens conducted in air are shown in

Fig. 3.17. The IR absorption bands in the 630-550 cm* range is attributed to the
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vibrations of Fe—O bonds in tetrahedral and octahedral sites (Andrade et al., 2009) and
must have been resulted from the split of the 11 band at ~570 cm™* (Marinescu et al.,
2006). The band at ~440 cm™* in T90 is due to the octahedral Fe only and corresponds to
the 1, band of Fe-O of bulk magnetite (~370 cm™?) shifted to a higher wavenumber. FTIR
spectra also confirm the presence of fcc magnetite in the materials as was previously
confirmed from the TEM and XRD data (Fig. 31 and 2). The intensity reduction of the
band at ~590 cm ™ from T90 to T33 is probably due to part of the Fe;O4 being reduced to
elementary iron (Dong et al., 2013). The presence of O—H stretching vibration at ~3411
cm ! and O-H deformed vibration (bending modes) at 1630 cm ™ are attributed to the

presence of coordinated OH groups or water molecules with the unsaturated surface Fe

atoms (Ebrahiminezhad et al., 2012). C-O stretching vibrations of CO; anion at 1400

cm! (vs) in both the samples are due to atmospheric CO, (Chen et al., 2011). Small
absorption bands at 2918 and 2847 cm™* are due to the vas (C—H) and vs (-CHs) vibrations
of tetramethyl group in TMA sample. The very small hump at ~2918 cm™ in bare NPs
might have come from some remaining oil impurities from the IR mould. The presence of
which was confirmed by XPS also. Raman spectra presented in Fig. 3.17B have also
indicated the presence of predominantly magnetite with small amount of maghemite (y-
Fe,03) as impurity in the black magnetic products (T75 and T90). The Raman spectra
taken with relatively low intensity laser power of 2.5 mW on magnetite crystals of T75
and T90 shows the co-existence of the two phases at the illuminated point. The specimen
produced characteristic vibrations as broad peak at ~600 rcm ™ extending up to 785 rcm™*
which could be assigned to the A;y mode, due to phonon confinement effects in the
nanocrystals. Ajg mode is related with symmetric stretch of oxygen atoms along Fe-O
bonds (Shebanova and Lazor, 2003). The peak due to the Aiq mode of vibration is
relatively less intense in T90 and this could be due to dimensional effects or stress in the
nanocrystals. The characteristic bands at 667 and 536 rcm ™ can be assigned to the Ay and
Toq transitions of magnetite, respectively, which are consistent with the values reported in
the literature (Li et al., 2012). The characteristic vibration bands belonging to magnetite
can easily be distinguished from that of y-Fe,Oj3 at 720, 500, and 350 rcm *. Furthermore,
no obvious bands of other impurities such as hematite (390, 280, 220 rcm ™) or akaganeite
(1110, 880 rcm™*) can be detected. This further confirms that the black product is
predominantly magnetite with small amount of maghemite as impurity phase (Qu et al.,
2010).
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BET surface area

The pore structure and the BET surface area of the pure T90, T33, PS and peptised TMA
samples were investigated by nitrogen isothermal adsorption shown in Fig. 3.18. The
complete analyses of the isotherms are provided in Table 3.4. The isothermal gas
adsorption-desorption exhibits a type IV profile according to the IUPAC nomenclature of
mesoporous materials where the lower curve represents the adsorption of N, gas on the
surfaces of the NPs, while the upper curve represents the progressive withdrawal;
desorption of the adsorbed N, (Liebau, 2003). Surface area was estimated from the
desorption branch of the isothermal gas-adsorption isotherm which indicated that there is

no apparent changes in the pore structure on peptisation.
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Fig. 3.18 (A) Volume N, adsorbed versus relative pressure for Fe;O, nanocrystals at 77K for the
powder samples (a) T90 and (b) T33. Inset shows the plot of pore size distribution derived from
the BJH analysis. (B) Nitrogen isotherms and their pore size distribution profiles for magnetite
nanocrystals (a) before and (b) after peptisation with TMA.

The plot of dv/dr versus pore size determined by the Barrett—Joyner—Halenda (BJH)
method shows that the pores (inset of Fig. 3.18A) are in the mesoporous range (5-10 nm)
and is attributed to the interspaces of the constituent particles. It is obvious that the surface
area of magnetite powders decreased with increase in size while increasing the
precipitation temperature (Table 3.4). The particle size (Dsa) measured by nitrogen
adsorption is somewhat larger than the size estimated from TEM analysis (Fig. 3.2 and
3.3). This discrepancy can possibly be explained by agglomeration of smaller particles to
form larger ones, thereby effectively reducing the collective surface area. The problem of
agglomeration in dried NPs was particularly aggravated by the possible magnetic
interactions and strong hydrogen bonding among them. The BET surface area of 106
m?.gin TMA with a pore volume of 0.3051 cm3.g™", is comparable to that of PS (102
m?.g %, pore volume 0.3426 cm3.g™%).
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Table 3.4 Surface area, total pore volume, pore diameter and size of as synthesised magnetite in
different temperatures

BJH pore distribution desorption

BET surface  Size,

Sample SL;:ZZCG Pore volume d Poret T\(ﬁlugge area Dsa
gy ™9 I??S)er (cmi.g™?) ey m

T90 51 0.106 9.531 0.1197 68 17.0
T75 76 0.145 6.782 0.1586 91 12.7
T60 90 0.174 5.141 0.1889 105 11.0
T45 85 0.165 6.720 0.1836 108 10.7
T33 106 0.195 6.729 0.2113 124 9.4

From the isothermal gas desorption, based on the BJH method, a mononodal pore size
distribution of ~12 nm was estimated in both the magnetites (TMA and PS). The BET SA
in TMA (106 m?.g ™) can be equated to Dsa of 10.9 nm which is slightly more than the
Dtem (10.3 nm) probably because of presence of surface coatings (lyengar et al., 2014).
The Dsa size of 11.4 nm calculated from 102 m2.g™* SA in PS, which is very close to the
Dtem of 11.6 nm. Probably the creation of SA due to the presence of interparticulate pores

just counter balanced the loss in SA due to clustering.

3.4.2.4 Physico-chemical measurements

Figure 3.19 shows the TG profiles of pristine (T90, PS), TMA, APT as well as biopolymer
treated magnetite. The total weight loss ranging from 3.8, 3.15% (for T90 and PS) to
19.6% for SAPT as shown in panel B of Fig. 3.19. The TMA shows 4.22% weight loss

with similar patterns of three-step decomposition in the temperature range 30-1000°C.
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Fig. 3.19 Thermogravimetric and DTA profile of (A) T90 and (B) Surface treated (a) PS, (b)
TMA, (C) APT, (d) Dex, (e) DAPT, (f) SAPT and (g) Sta magnetite. Inset in B is the first
derivative of TG spectrum of TMA representing the effects of thermal treatment on T90 in pure
nitrogen atmosphere.
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The peak centred at ~130°C is responsible for the removal of molecular water confined in
the pores and or chemisorbed on the crystal lattice. The next exothermic peak at ~213°C
for the removal of crystalline water and unwashed chlorides from the material followed by
the last peak for a huge loss nearly 4% at ~310°C is due to burning of carbon products
from the decomposition of tetramethylammonium group attached to the nanocrystals
surfaces in the case of TMA sample. The weight loss continued till ~565°C and it could be
attributed to the removal of multi-layers of water of hydration from the surface of the NPs
as well as dehydration of iron oxyhydroxide (FeOOH) formed in the ambient moisture. A
small weight gain of ~0.4%, observed in the temperature range 685-860°C for T90 ~0.2%
was observed after 640°C for PS, 0.21% after 668°C onwards for TMA sample which is
due to oxidation of magnetite to y-Fe,Os3, though the experiment was conducted under
continuous nitrogen purge. The TMAH content in TMA magnetite can easily be calculated
as 1.1%. When this is applied to the Mg value of PS, one can expect a value of 63.97

emu.g * for TMA instead of actual 57.92 emu.g .

Table 3.5 Crystal sizes obtained from different techniques TEM, XRD, magnetisation curve, PCS
and surface area on magnetite

Dtem Dxro Dmag Dpcs Dsa
(nm)  (hm) (hm) (hm) (nm)

PS 116 87 898 43 114

Sample

APT 1212 929 938 - 9.6
SAPT - 9.75 985 - 15.6
DAPT - 95 902 - -

TMA 103 107 9.02 13 109

We now conclude that nearly 9% reduction in the Ms value of TMA is due to its reduced
crystal dimension of 10.3 nm compared to that (11.6 nm) in PS in addition to ~1%
reduction due to the non-magnetic chemical surrounding in TMA. The magnetite
nanocrystal dimensions, determined by TEM, XRD, Langevin fitting magnetisation curve,
PCS and BET surface area techniques are summarised in Table 3.5. A very close
observation is that the dry NPs characterised by BET, TEM, XRD, Magnetisation curve,
proven the mesoporous single crystalline uniform size distributed, superparamagnetic
behaviour of magnetite characteristic of FCC inverse spinel crystal system. Size
measurement based on the light scattering method is one of the most important techniques
by which one can have in the in-situ information on the state of clustering and extent of

95



Chapter 3 Aqueous coprecipitation

hydration of NPs in suspensions where there are many counteracting forces operating. The
situation becomes more complicated when NPs are dispersed in water. The temperature,
concentration and time dependent kinetics of growth of hydrodynamic size confirmed

their stability of TMA suspension in this study.

3.4.3 Phase transformation

As per the reported literature, Raman laser power intensity of 5, 25, 50 mW produces local
heating (Shebanova and Lazor, 2003) to the tune of 45, 225 and 450°C which transforms

the magnetite to thermodynamically more stable phase.
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Scheme 3.2 Relationship of Raman laser power and local heating on magnetite nanoparticles.

For magnetite NPs of size ~9 nm easily undergo surface oxidation of Fe** to Fe** leads to a
cation-deficient spinel, maghemite even at low temperature (45 °C) in air presumably due to
their similar crystal structures and heating to 450°C for 1 h is sufficient to phase transform
entirely to hematite as their crystal structures are completely different (Scheme 3.2). The
thermal effect of a laser beam results from its absorption by a sample. With a view to
establish the temperature and Raman laser power relationship, evolution of different
phases due to the oxidation under heat treatment as well as Raman from the laser spot with
increasing power (5, 25, 50 mW). The controlled oxidation of magnetite in air from 45—
450°C leads to the change of physical appearance from black (magnetite) to brown, red-

brown, brick red colour which indicates the phase transformation.
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Scheme 3.3 Phase transitions of magnetite upon annealing at different temperature

The crystallite size calculated by applying Scherrer equation has grown into 30 nm from 9
nm in as-synthesised powder which is shown in scheme 3.3. The effect of the calcination
temperature on the crystallinity and phase of the samples was investigated by Rietveld

analysis on XRD techniques.

Raman spectroscopy

Figure 3.21 shows the Raman spectra recorded on magnetite with increasing laser power
and also on heat treated samples with low laser power (2.5 mW) to avoid further laser
induced phase transformation. The peak due to the A;g mode of vibration is relatively less
intense in NPs (panel ‘a’ of Fig. 3.21A) compared to C1 (panel ‘a’ of Fig. 3.21B).
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Fig. 3.21 Typical Raman spectra of (A) as-synthesised ~9 nm Fe;O, recorded by different laser
intensity (a) 5, (b) 25, and (c) 50 mW and (B) annealed magnetite (a) 45°, (b) 225°, (c) 450°C
recorded by 2.5 mW laser.

It is well known that the Raman modes of magnetite are unusually broad (typical full
width half maximum ~40-50 rcm™). The origin of this phenomenon has been attributed to
the strong electron—phonon interaction in this compound. On the other hand, the typical
line widths of the Raman modes of hematite are only 10-20 rcm™* (Shebanova and Lazor,
2003). An increased laser power of 25 mW results new features beginning to appear in the

spectrum in addition to the bands of magnetite (layer b). The phonon bands observed at
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692, 487 and 399 rcm ' could be assigned as Aj, Ta, Eq modes characteristic of
maghemite (y-Fe,Oz) (Bersani et al., 1999). Eq and T,y modes are corresponding to
symmetric and asymmetric bending of Fe-O, respectively in FeO, tetrahedron (Shebanova
and Lazor, 2003). This could be an incomplete phase transformation to metastable
maghemite by laser induced heating. Exposure of the powder specimen to highest laser
power 50 mW causes the new bands grow in intensity with the decrease in bandwidths of
the vibrational modes (layer c). The phonon bands observed at 700, 500, 380, 273 and 215
rem * could be assigned as LOE,, Eq, Eq, Eg Ayy modes characteristic of hematite (o—
Fe,03) (Bersani et al., 1999). The 450°C annealed sample shows the similar spectrum to

that of 50 mW laser recorded T45 sample.

Rietveld analysis

The Rietveld analysis also supports the phase composition at different temperature. The
semiconducting nature of magnetite is explained by the fast electron hopping between iron
cations on the octahedral sites. It is not unlikely that the laser-assisted electron transfer,
along with the thermal effects, may play a major role in the oxidation of this inverse
spinel. Moreover, a realistic view of the oxidation of magnetite has to consider also a
possible catalytic effect of hydroxyl groups adsorbed on the surface. Their inevitable
occurrence results from the dissociation of water molecules interacting with the surface of
magnetite (Shebanova and Lazor, 2003). It was indistinguishable from the diffractogram
of the as-synthesised T45 and annealed at 225 °C samples (Fig 3.22A). This was expected
because both magnetite and maghemite have the same crystal structure with only slightly
different d-spacing. Any difference was obscured by the peak broadening due to small
crystal size. After close examination by Rietveld method, the presence of maghemite
phase (space group P4132 (213); JCPDS No. 39-1346) and the composition is thought to
consist of a defect magnetite structure with a = 8.34+0.001 A lattice parameter. This study
indicating that the complete oxidation of Fe3O, under O, leads to y-Fe,Os. Fig. 3.22B
consists of maghemite characteristics along with additional weak diffraction peaks of
(104), (024) and (300) that are characteristic of rhombohedral structure of a-Fe;O3 (R3¢;
JCPDS No. 33-0664) with lattice constant a=5.04 A, ¢ =13.74 A. After oxidation of
magnetite under air at 450°C for 1 h, the black assembly is transformed to a brick red one
having ~30 nm crystallite size calculated by applying the Scherrer equation to the most
intense peak (104).
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Fig. 3.22 Rietveld analysis on XRD patterns for Fe;O4 annealed at (A) 225°, (B) 400° and (C)
450°C. The solid lines are Rietveld fit over the dotted raw data. The crystal planes marked based

on JCPDS card.
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Fig. 3.23 The percent 10 phases calculated from Rietveld analyses on respective XRD patterns of
thermally annealed magnetite samples for 1 h

Fig. 3.22C shows typical reflection patterns, indexed as the (012), (104), (110), (113),
(024), (116), (122), (214) and (030) crystal planes belonging to the rhombohedral structure
of o-Fe,0s3, indicating the complete transformation of Fe;O4 into o-Fe,O3; at this

temperature. Fig. 3.23 shows the overall iron oxide phase content in annealed magnetite
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sample at various temperatures. About ~21% magnetite NPs transformed into maghemite
at 45°C for an hour, complete transformation takes place at 225°C, and retains the
maghemite phase even at 300°C but crystallite size were grown. The hematite
transformation begins at 400°C and completed by ~450°C. Jubb et al. (Jubb and Allen,
2010) found that heating for 4 h at 575°C is suitable for transforming the initial Fe films

completely to hematite, also documented in the literature.

3.4.4 Non-aqueous ferrofluids
3.4.4.1 Heptane based ferrofluid

The non-aqueous ferrofluid was prepared by an aqueous precipitated magnetite has been
successfuly phase transferred to non-aqueous solvent heptane. The morphological and

hydrodynamic size of magnetite is presented in Fig. 3.24.
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Fig. 3.24 (A) BF-TEM image and (B) PCS study on magnetite dispersed in heptane

The PDI very close to zero shows the monodispersity of NPs and the hydrodynamic size
(Dpcs) is 9.8 nm which is larger than the physical size (Dtem ~8.2 nm) due to the C10
surfactant chain length (Hrianca et al., 2002).

3.4.4.2 Magneto-rheology on oil based ferrofluid

The rheological measurements conducted on two different (10 and 20%) magnetite
loading of sesame oil based ferrofluids at 25°C under the controlled shear rate (100-1000
s') measurements. This part focused primarily on viscosity of ferrofluids while varying

shear rate, cyclic and switchable applications of external magnetic field.

3.4.4.1 Effect of shear rate on viscosity

The flow behaviour of magnetite based ferrofluid systems was measured as change in
viscosity against shear rate in the range 100-1000 s'. At zero magnetic fields, the
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viscosity of ferrofluid is greater than that of the base fluid oil, shear thinning behaviour.
This is due to particles being loaded in the oil offer resistance to flow. MNPs gets align
along the direction of the magnetic field when a magnetic field is applied, forming of
chain like structure, thus increase in viscosity. Under low shear flow, some of the chains
might break, but not all of them. As the shear rate increases more chains begin to break,
since these chains affect the viscosity, it is easy to observe that as the chains break one

should see the viscosity decreases and these phenomena is schematically represented in
Fig. 3.25.
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Fig. 3.25 Schematic illustration of ferrofluid (A) fluid-like behaviour, (B) chain formation of
polarised MNPs under applied magnetic field and (C) chain moving towards shearing direction

under magnetic field
Figure 3.26 shows the dependency of viscosity on shear rate at an increasing magnitude of
four different magnetic field strengths. It is expected that for oil the viscosity is

independent of shear rate indicating Newtonian flow behaviour.
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Fig. 3.26 Variation in viscosity of (A) 10 and (B) 20% oil based ferrofluid and oil as a function of
shear rate at different magnetic field strength.

The flow curves of ferrofluid under the influence of magnetic field exhibit a shear
thinning non-Newtonian behaviour. The non-linearity observed in the flow curves for 10

and 20% of the ferrofluid depict the pseudo-plastic behaviour of the system. It is evident
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from Fig. 3.26 that with the increase in the magnitude of the magnetic field offer more
resistance to flow and subsequently the viscosity increases. Thus, the magnetic field
exhibits a strong influence on the flow behaviour of the ferrofluid. At relatively higher
concentration (20%), it is plausible that this sudden application of magnetic field causes
instantaneous cluster formation which results in huge increase in viscosity of the
ferrofluids. However, such an effect is less predominant in 10% due to less number of NPs
(Fig. 3.26) and thus the main difference between them is that the magnitude of the
viscosity. It is pertinent to mention that the increase in viscosity takes place only in the

low shear rate region while shear thinning occurs for the remaining applied shear rates.
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Fig. 3.27 Limiting viscosity of ferrofluid as a function of NP loading at different applied magnetic
fields.

The applied magnetic field causes a strong interaction among MNPs and leads to the
formation of magnetic structures. But with the increase in shearing rate, the agglomerated
structures tend to break down and NPs arrange themselves go along the shearing direction.
This leads to decrease in the fluid viscosity at high shear rates. The viscosity of the
ferrofluids at highest shear rates is called the high shear limiting viscosity. Fig. 3.26 shows
the high shear limiting viscosity of 10 and 20% NPs dispersions at different magnetic
fields. It is observed that the limiting viscosity increases with the increase in the NP
concentration and magnetic field. This implies that these formed structures are not
completely destroyed even at high shear rates which inflict a strong effect on the limiting
viscosity. Similar shear thinning behaviour with enhanced viscosity under the influence of
magnetic field has been earlier reported (Nowak et al.,, 2014), but the order of

enhancement observed in this study is much higher as compared to others.
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3.4.4.2 Effect of shear rate on shear stress

Figure 3.28 shows the variation of shear stress with shear rate under the application of
different magnetic fields for 10 and 20% NP dispersions. The shear stress is observed to
increase non-linearly with shear rate and also with the increase in magnetic field strength.
The dependence of the yield stress on the magnetic field strength was investigated. The
yield stress was estimated from a controlled shear rate measurement on the shear stress.

Each stress curve data was fitted by Herschel-Bulkley (Cvek et al., 2016) model given by
T=1, +ky" (3.2)
where 7, K, y (=dy/dt) and n are the yield stress, consistency parameter, shear rate and

power law index respectively. The calculated values of 7, k and n for different field for

both the samples are shown in Table 3.6.
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Fig. 3.28 Changes in shear stress on (A) 10 and (B) 20% oil based ferrofluid as a function of shear
rate at different applied magnetic fields. Solid lines represent the Herschel-Bulkley model
predictions fitted to the experimental data.

The ferrofluid requires a force greater than that of the yield stress to cause the fluid to flow
freely. It is evident from Fig. 3.28 that the magnitude of the yield stress becomes higher
with the increase in the applied field strength and also with NPs concentration. It may be
noted that yield stress increases with increases in magnetic field and concentration of NPs.
Concentrated ferrofluids contains more particle—particle as well as dipole-dipole
interaction give rise to more chain formation results in a yield stress. As the concentration
of the NPs increase, the magnetostatic interaction among polarised particles increase
under the influence of magnetic field require much higher force to break and make the
ferrofluid free flowing and hence the yield stress is high and a more pronounced shear

thinning behaviour.
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Table 3.6 Rheometric parameters estimated by fitting eqn (3.2) to the shear stress variation with
shear rate, t

NPs . No field (B=0) Applied magnetic field, B (T)
o Fit results -
(%) Qil FF 0.1 0.3 05 0.7
10 Yield stress  2.401 2,519 27.12 30.42 40.98 74
Consistency 1 149 0.493 0.7536  0.4707 3.099 0.8965
parameter
m’g)‘ir law 58237 08435 06922  0.7146 0.495 0.3716
20 Yield stress  2.401 1.865 41.49 72.7 73.56 145.6
Consistency 51449 0.1893 2.783 2.168 0.7072  0.9345
parameter
m’;’ir law 4 g237 0.849 05007 05592  0.7023 0.721

It is pertinent that n<1 for all magnetite ferrofluid subjected to different magnetic fields
which indicate shear thinning of the fluids. Also, the n-values vary in a close range
suggesting parallel viscosity curves which is evident from Fig. 3.27.

3.4.4.3 Effect of cyclic magnetic field on viscosity

This part is aimed to explore the effect of magnetic fields on the magneto-rheological
performance of 10 and 20% magnetite loaded ferrofluids. Data contained in Fig. 3.29 were
obtained by gradually increasing and withdrawing (decay) the magnetic field intensity (0
to 0.7 T) in a ferrofluid under constant shear rate of 100 s* and the same was continued
for three consecutive cycles. While increasing the magnetic field (rise), the interaction
among MNPs and the flow resistance increases leading to an increase in the viscosity.
During the decay period, the viscosity value drops but relatively at lower rate than the rise
period exhibiting a substantial hysteresis. This may be attributed to the fact that the
relaxation time of structures might be longer than the measurement time (each data point
interval is 10 s) allowed and hence the structures cannot completely relax. Such observed
hysteresis in viscosity profiles during application and withdrawal of magnetic field has
been reported earlier (Shima and Philip, 2011). After one complete cycle, the viscosity
values increase further during the next two cycles of magnetic sweep. Though the field is
completely withdrawn, the viscosity remains similar to that in the beginning of the cycle
suggesting the absence of hard aggregation. But during the next cycle of magnetic sweep,
the magnetic moment of the MNPs align themselves relatively faster as compared to the

previous cycle.
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Fig. 3.29 Viscosity as a function of applied magnetic field strengths (during rise and decay) for
(A) 10 and (B) 20% MNPs containing ferrofluids at a shear rate of 100 s*

This leads to the increased viscosity during the consecutive magnetic sweeps. However,
the trend is not so much pronounced as the concentration of the dispersed NPs (20%) in
the nanofluid is increased. The viscosity increase and decrease path during the magnetic

sweep cycle is followed repeatedly within acceptable error limits.

3.4.4.4 Effect of magnetic switching

This part has focused on the stimuli response properties of ferrofluids. Viscosity tests were
carried out in the absence (off) and presence (on) of magnetic fields. The shearing rate has
been kept constant over the entire time for each experiment while it has been varied across
different iterations. While increasing/decreasing the shearing rate by orders of magnitude,
the viscosity increases/decreases by orders of magnitude. The steady viscosity with time

for a given magnetic field indicates that the magnetic structures/chains are not broken by

shear rate.
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Fig. 3.30 (A) Variation in viscosity of ferrofluid with time during field (B=0.3 T) on and off state
under (a) 0.001, (b) 0.01, (c) 100, (d) 1000 shearing rates and (B) comparison of viscosity for
periodically applied field as well as no field under shearing rate 0.001 and 1000 s
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To understand the typical nature of the ferrofluid, the viscosity is measured under no
external magnetic field shown in Fig. 3.30 B. It is evident at 0.001 and 1000 s*, the
baseline viscosity without external magnetic field is independent of time. This time
dependent viscosity of ferrofluids at low shear rates is due to the thixotropic behaviour of
fluid where the weak bonds are formed over time due to inter-particle interaction. At
constant high shear rate (1000 s), the interaction significantly leads to the increase in
viscosity of the resultant fluid due to formation of magnetic structures even without
magnetic field. It is clear from the number of on-off switching cycles; an equilibrium
value is achieved more quickly. Upon turning off the magnetic field, the viscosity values
drops to baseline viscosity immediately, results stepped curves for viscosity are observed
due to pulsed magnetic field. This shows the perfect reversibility of the observed
phenomena. This offers interesting possibilities of using these ferrofluids in reversibly

switchable microfluidic devices, electro mechanical devices such as NEMS, MEMS etc.

3.5 Conclusions

Monodisperse magnetite NPs with size in the range 6-13 nm were successfully
synthesised by ammonia precipitation technique in the temperature range 33-90°C. The
nanocrystalline magnetite, used in highly stable TMA nanofuid, has been synthesised by
ammonia coprecipitation in physiological saline and had a BET surface area of 106
m?.g"*. The XRD and the Rietveld refinement confirm the inverse spinel structure of cubic
magnetite as dominant phase. The activation energy for the growth for nanocrystallites
during relatively higher temperature of precipitation was estimated to be ~6.15 kJ.mol™
which is responsible for initiating the complex process of nucleation and growth by
diffusion. W-H technique indicated crystal dimensions within Dgm 2.5 nm as the shell of
amorphous layer has not contributed to the XRD. The lattice strains calculated were
relatively high and in the range 5.5-8.9x10 2 with very small variations for samples T33 to
T90. The Dmyg derived from the Langevin computations were slightly smaller than the
physical sizes from TEM analysis due to the supposedly presence of a magnetically
“dead” layer of atoms over maghemite shell at the surface. The reduced Ms value of 58
emu.g” in TMA specimen is due to its reduced crystal dimension along with small
contribution of the presence of non-magnetic TMAH. TG-DTA, EDAX, as well as XPS
and FTIR spectra confirmed the presence of surface coordinated tetramethyl group in
TMA. TGDTA as well as EDAX also confirmed the successful coating of TMAH on NPs
in TMA. The size of the magnetite one-shell nanoclusters was controlled within 28.3-32.3
106



Chapter 3 Aqueous coprecipitation

nm range in a wide temperature range. The novelty of this work is that this is a successful
attempt to correlate the stability of ultra-stable colloidal suspension of the
superparamagnetic NPs against time and temperature by simple photon correlation
spectroscopy in conjunction with colloid surface properties. The monodispersity of these
MNPs containing aqueous ferrofluid have no effect on heating which has great potential in
hyperthermia and may find suitable in various biomedical and industrial applications. The
oil based ferrofluid exhibit a dramatic reorganisation when subjected to an applied
magnetic field and the particles aggregate to form chain-like structures along the direction
of the applied magnetic field. More pronounced non-Newtonian shear-thinning behaviour
of viscosity can be observed a low shear rate region under the influence of magnetic field.
It should be noted that the synthesis strategy may be extended to the preparation of
complex functional structures with controlled physicochemical properties for a variety of

applications.
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4.1 Graphical abstract

In this chapter,

Chapter 4

the FesO4 nanocrystals have been synthesised by homogeneous

precipitation in different alcohol/water (1:1) mixed solvents at two different temperatures

to elucidate the role of dielectric constant (¢) of the reaction medium. The effects of

different solvents on the properties of precipitated NPs including its catalytic activity in

carbon combustion reaction were examined. HRTEM images, SAED and XRD confirmed

pure fcc inverse spinal Fe3sO4 phase with narrow size distribution and the crystals are

completely dispersible in water. The morphological features such as surface termination
and shape of the Fe3O4 NPs were analysed by HR-TEM.
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Soot combustion study demonstrates that the catalytic activity is mainly due to available

surface area along with exposure of active crystallographic facets.

The thermal analysis as well as FTIR data indicated the presence of organic content in the
material. An insight into the colloids by light scattering shows that the alcohol mediated
process produces 16-33 nm MNP clusters composed of 2-3 particles in highly stable
aqueous magnetic fluids. The relatively high temperature process favours higher
crystallinity and particle size with reduced colloidal stability in aqueous phase. We also
demonstrated the potential for obtaining ferrofluids and its colloidal stability has been
studied at different temperatures over months by observing hydrodynamic size and surface
charge by photon correlation spectroscopy. Outer shell of surface active DEG used in the
present study not only produced stable “one-shell cluster” dispersion, which was found to
be unaffected by heating and magnetic field, but also may be highly useful for biomedical
applications due to their known bio-compatibility. The nanocrystalline powders and the
dispersed colloids may also find their great applicable potentials as ferrofluids, selective

catalysis etc.

4.2 Introduction

Magnetite nanocrystals can easily be synthesised by aqueous precipitation method
(lyengar et al., 2014), though it has the disadvantage of agglomeration of fine particles,
which imposes a major challenge to realisation of the full potential of its nanocrystalline
powders. In the precipitation process, low dielectric constant solvents, e.g., alcohols, can
alter the nucleation Kkinetics which results in reduction of the size and distribution of the
resulting particles (Hamada and Matijevi¢, 1981; Chen and Chang, 2004; Wang et al.,
2010). Mono- or polyol type of alcohols in a water-alcohol mixed solvent act as
surfactants also and suppress the growth of nanocrystals while alkali precipitation of metal
oxide nanocrystals (Remani and Ghosh, 2009; Garcia-Jimeno and Estelrich, 2013). Guo
and Xiao reported that the crystallite size and crystallinity of the particles decreased with
the increasing IPA addition in hydrothermal reactions (Guo and Xiao, 2006). Ghosh et al.
demonstrated that the radius (r) of nanocrystals produced in a precipitation reaction
decreases with decrease in the ¢ of the alcohol-water mixed solvents (Remani and Ghosh,
2009; Sreeremya et al., 2012) following the egn (4.1):

2

=kT’0InC+ pL.z e
2my 8rmyee,(r. +r) (4.1)

1
;
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where g is the permittivity in vacuum, r. and r- are the radii of charged z. and z- ions
respectively, and e represents the charge of electron (1.602 x 10 *° C). The solubility can
be modulated by varying the composition of mixed solvent. Formation (precipitation) of
particles is strongly dependent upon the supersaturation of solute following classical
nucleation theory. Supersaturation can be achieved by lowering of temperature, solvent
evaporation, pH change, chemical reaction, alteration in solvent composition, etc. and is
defined as the ratio of solute concentration (C) and saturation concentration, m is the
molecular weight of the solute and y is the interfacial energy between solute and solution
phases.

The effect of solvent can change the particle morphology specially pronounced at
higher concentrations of Fe-precursors (>0.5 M) (Chowdhury et al., 2014). Chowdhury et
al. evaluated the effect of alcohol-water mixed solvents with alcohols such as butanol,
propanol, ethanol and methanol on the S-FeOOH nanorod under hydrothermal conditions
(Chowdhury et al., 2014). Zhang et al. synthesised 15-300 nm magnetite crystals with
controllably variable morphologies including nanospheres to nano-octahedra/ nano-
hexaprism in EG-water mixed solvent (Zhang et al., 2011). Wang et al. fabricated well-
defined micrometer sized magnetite crystals with star-shaped hexapods, octahedrons,
concave octahedrons, and octahedral frameworks in IPA-water by solvothermal approach.
Estelrich et al. reported high molecular weight (2-10 kDa) PEG coated magnetite
ferrofluids with a dipole—cation binding between the ether group of PEG and the +vely
charged NP core with suspension stability over two years (Garcia-Jimeno and Estelrich,
2013). Metal oxides become charged by the adsorption of hydrogen (H™) or hydroxyl ions
(OH") in aqueous suspensions, while remaining neutral at a specific pH called as PZC
(Erdemoglu and Sarikaya, 2006). The stability of nanofluids and the clustering can easily
be predicted from the zeta potential measurements. To avoid undesirable errors of using
mathematical equations or Henry formula to relate electrophoretic mobility to C-potential
of NPs, the surface charges of suspended particles are reported in terms of -potential
(Masoudi et al., 2012). Though precipitation of metal oxides e.g., TiO,, ZrO,, CeO,, and
SiO; in alcohol/water mixed solvents were already been reported (Gao et al., 1999; Chen
and Chang, 2004; Sreeremya et al., 2012), there is no systematic study on the effect of
solvents of variable dielectric constant and precipitation temperatures on magnetic

nanocrystals and to the best of our knowledge, there is no study on the effect of
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solvents/precipitation temperatures on the catalytic and colloidal properties/ stability of
aqueous suspensions of magnetite NPs.

In this section, the effect of various alcohols of different polarities on the size,
colloidal stability, reactivity, and other related properties of magnetite nanocrystals by
ammonia precipitation is presented. Six alcohols have been employed with decreasing ¢
value in the order ethylene glycol (EG)>diethylene glycol (DEG)>ethanol (EA)>n-
propanol (nPA)>isopropanol (IPA)>polyethylene glycol (PEG). Mixed solvents of 1:1
water-alcohol produced small FesO4 NPs in the size range 8-13 nm. The powders as well
as nanofluids have been characterised thoroughly by various techniques. The crystal
structure and magnetic properties of the resultant colloidal particles have been investigated
by XRD, TEM, TG-DTA, VSM. The hydrodynamic size as well as zeta potential was
evaluated by PCS. To evaluate the colloidal stability, extensive zeta potential
measurements have been carried out. Plausible mechanism of the clustering phenomena in
aqueous suspension has been proposed. The catalytic activity of the crystals investigated
by diesel soot combustion have been explained in terms of its texture coefficient of
different crystal planes, size and BET surface area. This study lays a strong foundation to
relate the activity on a physical basis for future nanomaterial development which will pave

the way to potential biomedical applications.

4.3 Experimental
4.3.1 Coprecipitation in alcohol-water mixed solvents

To fabricate magnetite nanocrystals as shown in Scheme 4.1, a 8.4 mmol portion of
FeCl,.4H,0 and 16.8 mmol FeCls.6H,0 (such that Fe**/Fe? = 2) were dissolved in 35 ml
1:1 water-alcohol mixed solvent deaerated by purging nitrogen gas through it for 30 min
in a 100 ml three-neck round bottom flask. Several alcohols ca. EA, nPA, IPA, EG, DEG
and PEG-400 were used in this study. The reaction mixture was heated to 80°C by a hot-
plate magnetic stirrer and was maintained at this temperature for ~30 min while
continuous stirring and nitrogen purging in a closed set up. Subsequently, the reactor was
cooled naturally to 40°C and was kept constant. About 15 ml NH; solution was added to
the homogeneous mixture in one shot when the reaction mixture turned black (pH~11).
Vigorous stirring and the temperature (40°C) were maintained for further 30 min and then
allowed to cool down to ambient temperature. At this point the net Fe?* concentration was

168 mM. The settled black precipitate was subjected to repeated alternating magnetic
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decantation and washing with water to remove impurities; the final washing step was done

with methanol to break down hard agglomerates.

[ FeCl,.6H,0 +FeCl, .4H,0 (2: 1 molar ratio) |
N, gas l Water-alcohol (1:1)

mixed solvents

168 mM Fel*

Stirring l(z 80°C for 30 min

[ Nucleated precursor ]

NI Precipitation at Vigorous
’ 80 °C for 30 min gf Magnetic stirring

Black slurry ]

b [“gnﬂ.l ¢ Acetone: methanol (1:1)
decantation

SPION magnetite
[FeO.Fe,04]

Scheme 4.1 The flow chart representing the step by step magnetite synthetic strategy by
coprecipitation technique

The fine powder form of magnetite was obtained by drying the resulted black slurry in
vacuum oven at 60°C and preserved in a dessicator for further characterisation which are

labelled with the corresponding alcohol abbreviations.

Table 4.1 The sample details such as sample designations, reaction media, dielectric constants of
solvent, precipitation temperatures

Sample ID at different
Solvents used with & (Furniss et precipitation temperatures

water (1:1) al., 1978) 20°C 80°C
Water 80.2 WA WAZS80

Ethyl alcohol 52.4 EA EA80
n-propyl alcohol 50.25 nPA nPA80
Isopropyl alcohol 50.05 IPA IPA8O
Ethylene glycol 58.95 EG EG80
Diethylene glycol 55.95 DEG DEG80
Polyethylene glycol 46.3 PEG PEG80

Magnetite precipitated in water medium at 40°C is designated as WA. Magnetite was also
precipitated at 80°C to study the effect of temperature and labelled as alcohol abbreviation
followed by numeric (precipitation temperature), e.g., EG80 stands for magnetite in
ethylene glycol-water solvent at 80°C. The samples were designated based on the reaction
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media and precipitation temperature, respective dielectric constants of the reaction media

were also tabulated in Table 4.1 for a clear idea of the samples synthesized.

4.3.2 Effect of time

About 8.4 mmol portion of FeCl,.4H,0 and 16.8 mmol FeCl;.6H,0 were dissolved in 35
ml 1:1 water-DEG mixed solvent deaerated by purging with nitrogen gas for 30 min in a
100 ml three-neck round bottom flask. The reaction procedure followed similar way as
mentioned above except that the precipitation time was maintained for 40 min. The
sample is designated as MDG.

4.3.3 Catalytic activity

The reactivity of magnetite NPs in catalysing combustion of carbon was investigated by
controlled combustion of a 4 mg mixture of Fe;O, catalyst, carbon soot (collected by
burning diesel), and a-alumina under dry air atmosphere. The measurements were carried
out applying a sample with a ramp of 10°C min™* in 50—700°C range. Standard a-alumina
was used as reference. The sample for soot oxidation was prepared by mixing and
grinding carbon, powdered Fe3O4 and alumina (average particle size ~450 nm, Condea
Chemie, Germany) in the weight ratio 1:4:5 in an agate mortar. The inert alumina powder
was added to prevent any thermal runaways.

Please refer chapter two for the chemicals used and the details of characterisation

techniques adopted here.

4.4 Results and discussion

4.4.1 Magnetic powder characterisation
4.4.1.1 TEM characterisation

Magnetic nanocrystals were synthesised by ammonia precipitation technique in different
alcohol-water mixed solvents at 40° and 80°C. All the as-synthesised 10 powders were
typically black in colour indicating the formation of magnetite crystals as the dominant
phase. Selected bright-field TEM images, size distribution histograms depicting the mean
size and its distribution, and SAED patterns of few representative magnetite specimens
prepared in water as well as different alcohol-water solvents are shown in Fig. 4.1.
Magnetite formation follows a crystallisation pathway involving the nanometer-sized

intermediate primary particles that fuse to form the crystalline 10 phase which grow

114



Chapter 4 Alcohol-water mixed solvent

further to spheroidal particles of size ~10 nm on extending the reaction (Baumgartner et
al., 2013).

Fig. 4.1 TEM images of magnetite nanocrystals synthesised at 40°C in (A) water and different
mixed solvents with (B) EA, (C) nPA, (D) IPA, (E) EG, (F) DEG and (G) PEG. The size
distribution histograms of the corresponding nanocrystals for all the specimens are presented as
inset to TEM images. (H) SAED patterns of (a) DEG and its matching the X-ray diffractogram
with their (hkl) planes marked, (b) EG, (c) nPA and (d) PEG.

Average sizes were arrived from the inspection of multiple TEM images on 100-120
particles and is presented in Table 4.2. Relatively large spheroidal particles ca. ~12.6+1.9
nm was produced in water (panel A). When the reaction medium was changed to mixed
solvents with mono- or poly-ol type of alcohols with appreciably lower dielectric
constants, more or less polyhedral shaped smaller particles of average sizes in 8.28-10.4
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nm range with solvents in the order EGKDEG<nPAXIPA<PEG<EA<WA, were obtained.
In alcohol-water solvents, the electrostatic attraction between initially precipitated
primary particles is relatively low due to the lower dielectric constant of the solution. The
possibility of primary particles to agglomerate and grow is thus drastically reduced.
Therefore, monodisperse NPs with narrow size distribution can easily be obtained. In
mixed solvents with poly-ols e.g., EG, DEG and PEG, no such trend was observed.
Though 1:1 EG-water mix has the highest dielectric constant (58.95) among the solvents
used in this work, next to water, it has produced smallest particles of average size
8.28+£1.22 nm. This is probably due to the presence of di-ol functional groups in this
alcohol. High molecular weight poly-ols e.g., PEG, DEG etc. with high binding affinities
to primary NPs act as surfactant and hinder the growth of particles by steric effect. From
the TEM micrographs, it is difficult to comment on the degree of agglomeration among
NPs synthesised from different alcohols. The standard deviation (o) of size was minimum
at ~1.3 nm for NPs from both EG (size 8.28 nm) and PEG (10.2 nm) followed by 1.53 nm
in DEG (9.46 nm) whereas the same from water (12.6 nm) and EA (10.26 nm) were 1.9
nm and 1.67 nm respectively. So it is appropriate to conclude here that we are able to
control the polydispersity by controlling the solvent characteristics. The size variation in
magnetite crystals synthesised in different solvents suggests the strong dependence of
crystal growth with dielectric constant of precipitating media. SAED patterns of DEG,
EG, nPA, and PEG given in panel H show clear Debye—Scherrer rings for (220), (311),
(400), (422), (511) and (440) planes with corresponding interplanar spacings 0.2967,
0.2532, 0.2099, 0.1715, 0.1616 and 0.1485 nm respectively matching the XRD pattern of
DEG (JCPDS card no. 19-0629). In addition, the bright diffraction rings indicate that the
NPs are well crystallised. The NPs synthesised at 80°C in the respective medium were
grown into larger sizes (see Fig. 4.2). The mean size and its distribution of EG magnetite
product have grown from 8.28+1.22 nm to 9.18 £1.3 nm (EG80) as the precipitation
temperature increased by two times. Similarly the average size for PEG and PEG80 were
found to be 10.2+1.34 and 12.8+1.5 nm respectively. The elemental composition of Fe3;0O,4
specimens was done by EDAX. The peaks characteristic to ‘O’ and Fe-atoms were
observed in the EDAX spectrum along with signals from C and Cu, the latter two belong
to carbon coated copper TEM grid (inset of Fig. 4.2C). The atomic ratio of Fe to O from
the EDS spectrum is 3:6.2 which is slightly oxygen rich due to the presence of hydroxyls
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compared to that in stoichiometric magnetite (3:4). It may be due to the surface OH group

associated with under co-ordinated Fe atoms at the NPs surfaces and edges.

A : Tok 80K
< Energy (keV)

Fig. 4.2 TEM image of (A) EG and (B and C) PEG magnetite precipitated at 80°C. Inset is the size
distribution of respective sample and EDS pattern of PEG originates from the carbon-coated
copper grid.

Fig. 4.3 HR-TEM images of magnetite nanocrystals fabricated in (A) DEG with its fast Fourier
transform, (B) EG, (C) PEG and (D) nPA (inset is another magnified crystal). The corresponding
polyol structures are also shown as insets in respective figures. Point defects in the nanocrystals
are marked with black arrow heads in (C).

Clustering observed in TEM micrographs is attributed partly to the drying artefact on the
TEM grid. The most important contributor to the formation of clusters is the interfacial
and magnetic interactions among NPs and tendency to reduce the high surface free energy
by clustering. The effect of induction of surface hydration and electric double layer over
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MNP surface due to the mono/poly-ol mediated process on the state of clustering/growth
of NPs is investigated by PCS in a later section.

Representative HR-TEM images of selected magnetite specimens with different
projections are provided in Fig. 4.3. Fourier filtering was used to extract the lattice fringe
information. The crystals resemble elongated hexagonal (panel A), beveled cubes (2D)
and two-dimensional projected contours (Liang et al., 2015). Various projected shapes can
result when the NP is viewed along different crystallographic directions (Liang et al.,
2015). Although the particles shown in Fig. 4.3 are different in shape, all of them are
enclosed with three low-energy {100}, {110} and {111} surfaces. Careful examination of
the HR images indicates that all the NPs are indeed single crystals and fringes belonging
to predominant (111), (220), (311) and (400) planes with corresponding d-spacings
0.4852, 0.2967, 0.2532 and 0.2099 nm could be identified. Point defects due to missing
atoms or local deformation are observed on the nanocrystal surfaces in some instances,
these are marked by arrow heads in Fig. 4.3C. The NPs have no apparent porosity with

well-defined crystalline structures.

4.4.1.2 XRD analysis
The X-ray profiles of the magnetic products synthesised from mixed solvents of different
‘e’ and temperatures are shown in Fig. 4.4. The diffraction patterns for all the powder

samples show peaks for magnetite.
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Fig. 4.4 (A) XRD patterns of magnetite crystals fabricated at (A) 40°C and (B) 80°C in a mixed
solvents (a) WA, (b) EA, (c) nPA, (d) IPA, (e) EG, (f) DEG and (g) PEG.

The position and relative intensity of all diffraction peaks matched well with the
characteristic finger-print reflections of standard Fes3O, with cubic fluorite structure

(JCPDS 19-0629) having space group Fd3m (227). The X-ray peaks in the EG/water
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system are much broader than those in the other solvents. This is obviously due to the
smallest particles produced in the EG/water system. The crystallite size was estimated
using the width of (311) reflection, employing Debye—Scherrer equation (eqn 2.14). The
crystal sizes are in 7.5-10 nm range and the results are shown in Table 4.2.

Table 4.2 Physical size, crystallite size and surface areal size of magnetite synthesised from mixed
solvents of different dielectric constant at different temperatures

Sample/a DTEM@40°C DXRD@4O°C DBET@4O°C DXRD@SOOC

(Furniss et (hm)+SD (nm) (nm) (nm)
al., 1978)

WA/80.2 12.6+1.9 9.87 11.92 12.45

EA/52.4 10.26+1.67 9.72 10.33 11.12
nPA/50.25 9.93+1.45 9.69 13.71 11.86
IPA/50.05 10.03+1.48 9.59 10.31 12.03
EG/58.95 8.28+1.22 7.45 6.34 9.81
DEG/55.95 9.46+£1.53 8.31 8.96 10.69
PEG/46.3 10.2+1.34 9.37 10.11 11.64

ClI for WA is 91%, and it decreased to ~79% in EG and the same increased to 95% while
increasing the precipitation temperature to 80°C. The average crystallite size grows with
improved crystallinity while increasing reaction temperature in spite of the decrease in ¢

of the reaction medium at higher temperatures.

Table 4.3 Crystallinity indices (%) of synthetic magnetite precipitated at different temperatures

Solvent Cl (%)

40°C 80°C
WA 91.30 95.45
EA 82.13 88.57
nPA 84.89 83.87
IPA 88.92 88.88
EG 78.88 77.64
DEG 82.64 89.88
PEG 81.63 87.57

In many cases Dxrp<Dtem, @S Dxgrp calculated employing Scherrer equation ignores

broadening of the diffraction peaks due to the microstrain in the lattice. X-ray does not
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often involve the amorphous layer on the magnetite NP surface (lyengar et al., 2014). The
crystallinity indices (Cl), as obtained from the XRD patterns of the nanocrystals
precipitated at 40°, 80°C are in ~78-95% range, indicating reasonably high crystallinity
(Table 4.3).

Standard Harris analysis (Fig. 4.5) on the XRD patterns confirmed that the
nanocrystals synthesised from alcohol medium has proportionately higher active crystal
facets while compared to the same from pure aqueous media. The texture coefficient data
indicates that aqueous medium produced magnetite crystals with minimum exposed active
(220) facet. Preferentially grown active {110} and {100} planes to texture coefficient
values in the range 1.1 to 1.3 were obtained in all the alcohol solvents with the highest
being ~1.3 in EG, DEG and PEG by inhibiting the growth of (311) and (511) crystal
facets.
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Fig 4.5 Calculated texture coefficients for the magnetite synthesised at 40°C.

We now note that aqueous precipitated magnetite in presence of PEG shows well
developed and predominant {100} surfaces (T¢ 1.163) as reported earlier (Liang et al.,
2015). Hence this study opens a ‘conceptual’ possibility of producing nanocrystals in
alcohol-water medium with predominant active facets which may improve the

physicochemical properties of the material and allows a superior performance.

4.4.1.3 Magnetic property

FesO4 nanocrystals are ‘soft’ magnetic materials, in the sense that they quickly switch
magnetisation direction once the external magnetic field is reversed. This fact is
experimentally shown with the help of VSM in Fig. 4.6. It is evident that all the specimens
behaved ferromagnetic at room temperature (~300 K) with the hysteresis loops showing
Ms, Mg and Hc and a comparison of these with the bulk (Dar and Shivashankar, 2014) is

given in Table 4.4. The saturation magnetisation achieved are ~66, 68, 69 emu.g * in EA,
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IPA, nPA respectively and the Ms for the rest was clustered at ~60 emu.g > of sample. The
obtained Ms values were lower than the reported value for bulk which is sufficient enough
for biomedical applications. Such reductions may be the result of spin canting due to spin
frustration and lattice strain in small particles manifested at the particle’s surface
preventing the co-linear spin arrangement on the A and B sub-lattices of the spinel
magnetite (AB,0,) structure (Coey, 1971; Badker et al., 1994; Cornell and Schwertmann,
1996). This effect would become dominant with decreasing particle size. All the Fe;04
specimens have significant coercivity (Hc, reverse field required to reduce Mg to zero) in
the range 187-197 Oe and the Mg to the tune of ~12—14 emu.g " (inset of Fig. 4.6) except
the pure magnetite produced in water showing negligible coercive field (3.95 Oe), Mg

value (0.74 emu.g %) and a smaller Ms value (57 emu.g%).
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Fig. 4.6 Room temperature magnetisation studies on the magnetite powders synthesised at 40°C as
a function magnetic field (up to 1.7 Tesla). Inset (left top) shows the respective zoomed hysteresis
curves.

The reported coercive field for bulk magnetite is 115-150 Oe. In general, the
enhancement in coercivity and reduction in Ms could be due to increased magnetite
interparticle distance concomitant with a weaker dipolar interaction and other surface
effects, which can be pronounced under certain conditions in the nano-regime (Guo et al.,
2008). An alternative explanation for the increase of the coercivity of the NPs, produced
in alcohols with different polarity, comes from the stronger obstacles when the domains of
magnetite try to turn under an applied field (Wu et al., 2004). When the magnetite NPs are
limited and entrenched in the left-over alcohol/glycol, can be considered as pinned. Since
the hysteresis loops of the samples are sensitive to crystal size, they are useful for
magnetic grain sizing of natural samples (Ghosh, 2006). High Hc in 10 is largely
governed by magnetocrystalline, shape, and magnetostrictive (stress-induced) anisotropy

along with polycrystallinity (multi-domain nature) factor which further depends on the
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local magnetic anisotropy and ferromagnetic exchange energy. The ferromagnetic
exchange interaction is reported to determine the magnetic behaviour of the smaller
crystals (Dar and Shivashankar, 2014).

Table 4.4 Detailed VSM analysis of magnetite powder at 300 K

Sample/e Ms Mg Hc

(emu.g®) (emug?)  (Oe)
Bulk 84 115-150

WA/80.2 57.1 0.74 3.95
EA/52.4 65.82 13.0 188.2
nPA/50.25 68.79 141 187.2
IPA/50.05 67.62 14.2 180.3
DEG/55.95 61.89 12.4 195.5
PEG/46.3 60.33 12.5 197.2
EG/58.95 57.12 12.2 191.5

High Hc due to polycrystallinity is ruled out in our study as the Dxgrp calculated from the
X-ray peak broadening (Scherrer equation)<Dtgm (Table 4.2). Furthermore, we have
already established from the HR-TEM images (Fig. 4.3) that the NPs synthesised from all
the solvents are single crystals. Compared to mono-ol solvent systems, the particles from
poly-ol are relatively smaller and as the particle size decreases, the remanance decreases

indicating “single domain” behaviour in the MNPs.

4.4.1.4 BET surface area analysis

The BET adsorption-desorption isotherms for all the specimens showed hysteresis loops
of type IV of Brunauer’s classification, with an apparent hysteresis loop in the range 0—
0.89 P/Py, indicating the presence of mesopores (Fig. 4.7). The pores in the materials are
in the mesoporous range (3.6-9.5 nm) and are interparticulate in nature. The magnetite
products show relatively high surface areas (84-183 m2.g %), as expected from their small
particle sizes. The magnetite synthesised from alcohol mediated precipitation shows
higher surface area (114-183 m?.g ) when compared to aqueous product (84 m2.g™%). The
size (Dger) estimated from the nitrogen adsorption-desorption isotherms is somewhat
larger than the size estimated from TEM (Table 4.2) for all except the crystals derived
from EG, DEG and PEG solvents.
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Fig 4.7 (A) BET adsorption-desorption isotherms for magnetite powders (a) EA, (b) IPA, (c)
DEG, (d) W, (e) EG, (f) nPA, (g) PEG and (B) Surface area and total pore volume of the sample
plotted against the corresponding solvents. Pore diameter mentioned as text.

Therefore, the particle size and surface area of MNPs can be tuned by changing the
dielectric constant of reaction medium by selecting different alcohols.

4.4.1.5 Surface chemistry

FTIR spectra on dried magnetite specimens were taken at room temperature to ensure the
structural aspects, attachment and interaction of the alcohol/glycol molecules with

magnetite.

100 1

[o2] o]
o o
1 1

Transmittance (a.u.)
N
o

20 1

©
3]
©

4000 3000 2000 1000
Wavenumber (cm™)

Fig. 4.8 FTIR spectra of magnetite powder (a) WA, (b) DEG, (c) PEG, (d) EA and (e) EG
precipitated at 40°C.

Figure 4.8 shows the interaction of dried magnetite NPs obtained with poly-ol (EG, DEG
& PEG)/ molo-ol as confirmed by FTIR spectra. The intense characteristic absorption
bands of MNPs at 638 and 581 cm™* in all samples are attributed to Fe*/ Fe*~O, of
tetrahedral and octahedral sites respectively in the spinel structure of Fe3O, (Andrade et
al., 2009). Sharp absorption bands are also observed at 3135, 1405, 638 and 581 cm*
when compared to pure magnetite. Furthermore, the strong and broad OH stretching mode
centred at 3135 cm ! in the case of EG, DEG, PEG and EA NPs confirms the presence of
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corresponding alcohol/glycol on the surface, which provided a hydrophilic component to
NPs, increasing their water solubility (Ebrahiminezhad et al., 2012). Therefore, the FT-IR
spectra showed the existence of vdW interactions between the chain of glycol/ethanol and
MNPs and this is the reason for high aqueous dispersibility (Gupta et al., 2010). The
exposed hydroxyl groups also present the possibility for further functionalisation or

binding with bioligands for biomedical applications.

4.4.2 Colloidal properties of aqueous ferrofluids

4.4.2.1 Hydrodynamic size and surface charge measurements

The crystalline non-agglomerated water dispersible magnetite NPs by alcholol mediated
syntheses are attractive because they are readily dispersible in water using low energy
ultrasonication and are able to form transparent colloidal suspension at ambient
conditions. The hydrodynamic size, zeta potential, suspension stability, and optical
photographs of the aqueous suspensions of magnetite nanocrystals (concentration 4.3 mM,

slightly acidic pH) are illustrated in Fig. 4.9.
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Fig. 4.9 (A) Hydrodynamic sizes and the corresponding PDI and (B) zeta potential as well as their
stability (horizontal numeric) of the magnetite suspensions at their natural pH (vertical numeric),
synthesised at 40° and 80°C in different alcohol-water mixed solvents. The optical images of the
freshly prepared dispersions in water are shown as inset of panel A.

The number average size (Nay) of 16-33 nm in 40° and 80°C precipitated powders, except
in water and IPA/water system, is ~2-3 times larger than its primary particles observed in
the TEM (see Fig. 4.9 and Table 4.4). This is due to possibly tetrahedral or hexagonal
close-packed assemblies of ~10 nm particles in suspension. The N, is reliable as the PDI
values are below 0.3, in most cases, indicative of narrow and monodisperse size
distribution (lyengar et al., 2014). These aqueous magnetite fluids may find use in various
growing in vivo biomedical applications. The colloidal stability of the NPs is closely
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related to their surface chemistry. The average C-values are in the 20-43 mV range among
which IPA has the least zeta potential, EG has the highest (43 mV) for poly-ol mixed
solvents followed by EA (40.9 mV), highest among the mono-ol solvents (Fig. 4.9B and
Table 4.5). The alcohol moieties behave slightly acidic when Fe;O,4 crystals (IEP at pH
~6.7) are suspended in it and the suspension exhibits positive zeta potential due to positive
surface charge over nanocrystal surfaces. The strong repulsive forces (electrostatic) among
the particles counteract the attractive forces due to magnetic interaction and vdwW
attractive forces and prevent consequent clustering though the measurements were carried
out at their natural pH (6-7) where no electrostatic repulsion is expected. The strong
electrostatic repulsive forces can be elucidated by analysing the energy barrier for
aggregation between two approaching particles based on DLVO theory which can be

described as:

12 4.2)
where o the particle diameter, & the dielectric constant of the solution, and  the surface
potential. The effective Hamaker A and Debye-Hiickel parameter x remain constants in
our experimental conditions. So it is evident that the energy barrier Vb, largely depends on
the dielectric constant of the medium.

It is interesting to note that the products of 40°C are easily dispersible and its
colloidal stability is much higher than those produced at 80°C (Fig. 4.9). It is due to strong
positive surface charge as indicated by the high zeta potential at their natural pH ~3.8-5.9
away from PZC (see Fig. 4.12). The narrow size distribution and the corresponding
normalised single exponential decay of self-correlation coefficient for all MNP clusters
produced at 40°C support the monodisperse nature especially for the poly-ol based MNPs
(Fig. 4.10). EG, DEG, PEG, EA, nPA dispersions were found to have narrow size
distribution which implies good stability whereas relatively less stable dispersions
produced broader distribution due to aggregation (in the case of WA and IPA). PEG
dispersion (Dtem 10.2 nm) is very stable without any precipitation even after 6 months of
storage. IPA slurry, with slightly smaller Dtgym size (10.03 nm) and higher CI, PDI as well
as least C—potential next to water, precipitates completely in 5 days. This suggests that an
additional mechanism i.e., steric effect in addition electrostatic stabilisation process
(indicated by C—value of ~38 mV) is introduced by PEG chains (Masoudi et al., 2012).

Similar phenomenon was observed with the EG and DEG, but the suspension was stable
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for 7 and 18 weeks respectively due to poorer stabilising efficiency of mono, di-ethylene

glycol compared to the same of PEG and their Z,, sizes are slightly larger (Table 4.5).
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Fig. 4.10 The number size distribution profiles and its normalised self-correlation coefficient
(correlograms) of the magnetite NPs synthesised at 40°C from the PCS measurement.
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Fig. 4.11. (A) Hydrodynamic size plot along with the correlation data and (B) zeta potential graph
with its phase plot for the EA dispersion in water. Inset is the colour gradient formed after
incubation of EG for 44 days.

EA colloids did not sediment over 6% weeks probably because of the electrostatic (higher
C—potential ~40 mV) as well as steric effects and the interaction was supported by FTIR
(Fig. 4.8). The PCS size along with the correlation fits and zeta potential data of one of the
representative specimens (EA) are given in Fig. 4.11. Z,, size of ~25 nm with relatively
low PDI value 0.252 is extracted from the good Cumulants fit to the auto-correlation
function of the intensity fluctuations of scattered photons. The phase plot of this sample is
excellent (Panel B in Fig. 4.11). Magnetite particles with interfacial and even magnetic
interactions (due to their small remanence) are also reported to support the clustering

process (Gittings and Saville, 1998) which contributes to the formation of fractal
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aggregates (Ghosh, 2006) with large sediment volumes. With time, when the loose
aggregates reach some critical size, the thermal motion is not able to hold them in
suspension causing initiation of the sedimentation process. With time, large aggregates
drag smaller particles with them, and create a significant depletion of nanometer-sized
magnetite in the supernatant (Viota et al., 2007) forming a colour gradient with which a
clear colourless fluid zone at the top and gradual increase in colour intensity to the bottom.
This phenomena was observed in all the mono- and poly-ol mediated nanocrystal slurries
(optical photographs for EG are shown as inset of Fig. 4.11). As expected the aqueous
suspension of bare MNPs (WA80 and WA) produced in water medium, have the least
surface charge of 4.9 and 15 mV respectively with highly polydisperse nature (PDI>0.5)
and do not show any colloidal stability (precipitated within couple of hours of
suspending). There is —OH," ions on the surface of bare NPs at pH ~7 in the vicinity of the
isoelectric point of synthetic magnetite and the suspension is normally not stable
(Mahmoudi et al., 2011). Higher stability of bare MNP suspension may also be achieved
at pH >10, when ¢ reaches almost a plateau in the ¢ verses pH profile (Fig. 4.12).

4.4.2.2 pH dependent surface charge measurement

It once again consolidates the fact that the higher C-potential in a nanofluid confers greater
colloidal stability. The zero charges on the surface of WA, nPA, PEG and EA magnetite
were found to be at pH 6.9, 6.46, 6.47 and 6.4 respectively. Though the natural pH of
glycol/alcohol mediated MNPs varies slightly from the water mediated NPs, the behaviour

of zeta curves for all are almost same in the acidic to basic pH range (Fig. 4.12).
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Fig. 4.12 (A) Variations in the zeta potentials of synthetic magnetite dispersion in Millipore water
are shown as a function of the pH of the surrounding medium and (B) the associated phase
changes.

This leads to the confirmation that magnetite MNP surface properties are unaltered

irrespective of the synthetic media. The increase in particle size with increase in the

127



Chapter 4 Alcohol-water mixed solvent

dielectric constant of the precipitating solvent is due to enhanced hydrogen bonding. The
role of increased precipitation temperature and dielectric constant of solvents are: (1) the
crystallinity and particle size of MNPs increase and colloidal stability in agqueous phase
decreases; (2) increased precipitation temperature decreases the density of surface
adsorbed alcoholic moieties thus causing poorer suspension stability. Glycol medium
produced MNPs with narrow size distribution, as observed from Dtgym, Which might have
helped in producing stable suspension comparable to that in mono-ol medium and pure
water at 40°C. EG dispersion is almost transparent and remains homogeneous without any

visible precipitation or creaming.

4.4.2.3 Temperature dependent hydrodynamic properties
4.4.2.3.1 PEG based colloids

Figure 4.13 shows the temperature dependent hydrodynamic properties of PEG based
colloid. The hydrodynamic size of 33.3 nm grew to 38.2 nm from 20° to 35°C, remains
almost constant upto 45°C and then decreased back to 33.1 nm when the temperature was
further increased to 65°C but interestingly Na, (number average) ~18 nm remains the
same. As expected the concomitant change in mean count with Z,, may be due to the
change in aggregate sizes. The increase in size and mean photon counts till 45°C may be
due to slight transformation of cluster structure from initial hexagonal (3xDrgm) to one-

shell octahedral close-packed (4xDvem) and back to the hexagonal at ~65°C.
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Fig. 4.13 The temperature dependent PEG agglomerate size in suspension by photon correlation
spectroscopic study. Optical image of the PEG suspension is shown as inset.

The poly-ol (PEG, DEG and EG) mediated MNC based colloids are stable, do not grow
and precipitate (all data not presented here) over 6-24 weeks as a function of temperature

(up to 65°C). However, these colloids exhibited gradual size growth by 15-25% on
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dilution (up to x10) due to partial desorption of the chemisorbed poly-ols, and hence are

activated with respect to interaction with other NPs or NPCs (Stolarczyk et al., 2009).
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Fig. 4.14 The hydrodynamic size examined at various concentrations with mean count rate (A)
immediately after dilutions and (B) the colloidal stability as a function of time for MNPs PEG
suspension.

As anticipated, DLS data indicated a slight increase in hydrodynamic size of particles with
steady decreasing count rate for PEG immediately after dilutions. A good linear
relationship (R? = 0.9983) was observed between the count rate and NPs concentration in

the range of 10-1.25 mM (Fig. 4.14).

4.4.2.3.2 DEG based colloids

Ageing studies

The colloidal property of ferrofluid was monitored while ageing by performing
hydrodynamic size and turbidity (transmittance of visible light) measurement over a time
period of 18 weeks and is presented in Fig. 4.15. The measured Dpcs value ~25 nm
remained almost constant upto 100 days followed by slight increase to ~30 nm after 128

days with reasonable increase in photon count rate.
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Fig. 4.15 Colloidal stability in terms of (A) hydrodynamic size and PDI from light scattering
technique, and (B) turbidity on surface treated magnetite (MDG) ferrofluids against time at 25°C.
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The PDI value of 0.1-0.116 strongly suggests the monodispersed nature of Fe3O4 NPs in
suspension. The visible light transmittance increased slightly from initial 65 to ~70 NTU
during 128 days of ageing. So the MDG nanofluids surpassed the stability of ~a month
reported for aqueous dodecanoic acid double layer stabilised magnetitic fluids
(Ramimoghadam et al., 2015), and glutathione stabilised Fe3O,—Ag heterodimer (Jiang et
al., 2008), and couple of weeks for citrate/tartarate stabilised magnetic nanofluid
(Goloverda et al., 2009).

The particle size distribution and zeta potential as a function of pH of MDG
ferrofluid on storage as measured by PCS are shown in Fig. 4.16. The hydrodynamic size
of MDG was estimated as 24.7 nm with unimodal narrow size distribution of clusters for
all the measurements at different point of time. This is due to probably self-assemblies
(loose clusters) of four Fe;O, particles of ~10.3 nm size as observed from TEM
observation in a tetrahedral fashion (inset of Fig 4.16A). The average sizes of the same
suspension after 7, 20 and 128 days are 25.1, 26.6 and 30.6 nm respectively. To further
understand the stability of the suspension, the study of electrophoretic behavior through
measurement of {—potential has been adopted. It is well known that stable suspensions

have {—potential value beyond = 30 mV (Yoon et al., 2016).
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Fig. 4.16 Effect of ageing time on (A) size distribution and its (B) zeta potential of magnetite
ferrofluid measured by PCS technique. Inset in ‘A’ is loose clusters of NPs indicating the PCS
size.

There is a small rise in the average size (25 to 30 nm) with the {—potential remaining
almost constant (41.4 to 40.3 mV) with ageing time indicating that a small degree of
agglomeration. So the magnetite based nanofluid exhibits excellent stability at room

temperature even after 128 days without changing their appearance. This dispersion
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exhibited C—values from +43.3 to —36.3 mV in the wide pH range of 2.2 to 12.2 and the
point of zero surface charge for this ferrofluid is pH 6.5 (Fig. 4.16B).

To demonstrate the effect same concentration as it influences the particle size in
dispersion, three different concentrations 2.15, 0.7 and 0.36 mM of ferrofluids were
prepared. It can be surmised that employing diethylene glycol as a surfactant cum solvent
during nanoparticle nucleation and growth confers a high degree of stability to its
suspension so that 520 G bar magnet (Fig. 4.17) is not able to cause precipitation (Douglas
etal., 2012).

Fig. 4.17 The optical micrograph of as-prepared aqueous MDG ferrofluid upon application of an
external magnetic field for ~10 min.

Glycol has strong affinity to the metal cations (Torres-Diaz and Rinaldi, 2014). The
stability of all of these ferrofluid over temperature was evaluated by determining changes

in hydrodynamic diameter and demonstrated in the following sections.

MDG: 2.15 mM colloids

To demonstrate the effect of heating, hydrodynamic diameter was evaluated on the
ferrofluids at different temperatures in the range 20-65°C. Interestingly, small nano-

clusters were observed in the dispersion and its uniformity was obvious from the PDI.
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Fig. 4.18 PCS data on 2.15 mM MDG suspension with (A) hydrodynamic size and (B) its intensity
and number-based size distribution along with raw correlograms (blue line) exposed to 20—65°C
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Figure 4.18 shows the average hydrodynamic sizes, its distribution profiles along with
their raw correlograms of the 2.15 mM Fe30, fluid exposed to different temperatures. The
size (Zay diameter) of the nanoparticle clusters was continuously monitored using Malvern
NanoZS light spectrometer until the temperature reached 65°C. The majority (>99%) of
the particles in the sample was 25 nm due to the presence of tetrahedral assemblies (~2.5 x
Dtem) and very few (0.01%) of them were large at 38 nm with overall PDI of 0.107 at
20°C. PDl+gwm is slightly larger (0.146) than the PDI from the light scattering technique, as
TEM images include all sizes from small individual particles to large clusters. The low
and very close PDI values (0.107-0.124) clearly indicate the presence of a single
population of hydrated particles. The Dpcs and its distribution remain almost the same up
to the temperature 40°C and gradually increased to ~30 nm at 65°C. During the small size
increase while increasing the ferrofluid temperature from 20° to 65°C, the signal
correlation dropped to zero after ~400 to 200 us and is due to the decrease in viscosity of
water from 1.003 cP at 20°C to 0.4379 cP at 65°C. The perfect parallel correlograms
indicate the uniformity of distribution of clusters in suspension. So the conclusion from
the temperature trend is that the MDG slurry is stable without any further clustering even

at relatively higher temperatures.

MDG: 0.7 mM colloids

The ferrofluid of 3 times dilution on 2.15 mM concentration, the average hydrodynamic
size decreased from ~30 to 13 nm while increasing the temperature to 65°C with the PDI
of 0.158 (Fig. 4.19). It is notified that the dilution caused slight increment in size by ~5
nm as well as PDI value ~0.159 at 20°C compared to 2.15 mM nanofluid.
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Fig. 4.19 The hydrodynamic size of 0.7 mM aqueous ferrofluids when exposure to different
temperatures plotted against count rate and the corresponding size distribution at 20°, 40°, 65°C
(top portion) by light scattering method.
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While increasing the temperature, the Dpcs ~30.3 nm hexagonal close packed NP clusters
(at 20°C) became Dpcs ~19.52 nm tetrahedral (at 40°C) followed by single primary NPs
Dpcs ~13.9 nm (at 65°C) in aqueous medium (Fig. 4.20). The hydrodynamic size
(Dpcs=13.9 nm) was achieved in this concentration at 65°C without any apparent NP

clusters.
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Fig. 4.20 The scheme for the magnetite nano-assemblies in the dispersion of 1:2 dilutions of figure
4.19 at 20°, 40°, 65°C and FTIR spectra on powder sample

Decs is larger than Dmag (11.7 nm) determined magnetically, suggesting an effective
thickness of ~2.16 nm for the total solid and liquid non-magnetic hydrodynamic
attachment. The reproducibility of the synthetic procedure in terms of size of the as-
synthesised product was within acceptable limits (~3%). The hydroxyl groups of DEG
coordinate to +ve magnetite NP surface to form a robust coating, while uncoordinated —
OH groups extend out into the water solvent, conferring high degree of dispersibility in
water and steric hindrance. The large number of uncoordinated —OH groups on the
nanocrystal surface can be used for further linkage of biomolecules through the well-

developed bioconjugation chemistry (Lalatonne et al., 2004).

MDG: 0.36 mM Colloids

Figure 4.21 shows the diluted 0.36 mM ferrofluid containing majority of NPs retains its
Dpcs size ~33 nm assembled in a hexagonal close-packed array. Though the obtained Dpcs
is close to three times diluted ferrofluid Dpcs =30 nm, the PDI value increased to ~0.169
due to very few (0.01%) of them are of ~62 nm clusters. Interestingly, the temperature
didn’t affect much on the cluster size upto 55°C and then the size increased slightly from
60—65°C. Concurrently, the correlation signal dropped in the range of 400 to 200 us while

increasing the ferrofluid temperature to 65°C.
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Fig. 4.21 The effect of the dispersion properties of MNPs in the suspensions (0.36 mM) (A)
average size and its (B) intensity- and number-based size distribution along raw correlogram (blue
solid line) of the sample exposed to 20 to 65°C on the PCS profile.

Each tiny particle is thoroughly coated with DEG to inhibit clumping and thus the surface
treated superparamagnetic NPs offered good colloidal stability in water even after the
magnetic field or temperature exposure with no evidence of flocculation or settling.

Table 4.5 Colloidal properties such as intensity weighted mean hydrodynamic diameters (Z,,), the

number weighted mean size (N,,), polydispersity index, stability and the surface charge for all the
samples

Solvent 5% pH Decs (hm) PDI  Stability

(mV) Zay N,, (week)

WA 15 6.18 1215 703 0.518 0.03
EA 409 385 514 24.9 0.258 6%2
nPA 341 569 1357 23.4 0.253 5
IPA 331 595 2272 62.6 0.351 Ya
EG 43 5.53 100.5 17.5 0.271 7
DEG 40.8 58 387 16.1 0.264 18
PEG 38.9 43 341 18.8 0.209 >24
WABS80 4.9 6.68 4820  956.9 0.664  0.006
EA80 363 598 903 20.6 0.233 2
nPA80 329 6.93 1403 33.6 0.271 1%
IPAB0 203 6.83 354 89.3 0.776 Yo
EG80 334 6.15 160.7 19.7 0.286 3%
DEG80 31 6.29 146.3 27.5 0.243 4
PEG80 37.7 587 1246 25.3 0.21 S5Y%2
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The ferrofluid prepared from NPs produced in different alcohol-water mixed solvents
were kept at room temperature in a tightly closed transparent glass vials. As mentioned in
Table 4.5, the results demonstrate that there was no precipitation appearing in the
dispersion after standing for reasonable time period and the hydrodynamic size almost did
not change. With increase of precipitation temperature from 40° to 80°C, the transparency
of dispersion drops gradually due to poorer dispersibility. The ferrofluid concentration
(2.15, 0.7 and 0.36 mM) used here are quite high and it is sufficient enough for both MRI
and magnetic hyperthermia treatment. It is obvious from the reported studies, the iron
amount internalization detected per cell could vary from a few picograms to more than a
hundred picograms, and it is strongly affected by the NP coating layer (dextran, citrate,
polymer etc.) and to potential aggregation of NPs on cells (Kakwere et al., 2015). The
magnetic field used here 520 G is very low because non-invasive MRI systems using
magnetite as the contrast agents are now being practiced routinely in clinical practices that
subject patients to static background magnetic fields in excess of 1.5 T, exposed for a
limited time (<1 h) (Perrin and Souques, 2012).

4.4.3 Comparison of particles size from various techniques

The particle sizes of magnetite nanocrystals determined by XRD, BET, TEM and DLS
techniques are summarised graphically in Fig. 4.22. Particle sizes estimated from different
techniques provide different meaningful information. The size obtained from the X-ray
profile fitting (Dxrp) indicates the average crystallite size of particles. Particle size from
BET surface area (Dger) is calculated from the nitrogen adsorption—desorption isotherms
with the assumption that the particles are spherical. However, the Dtgy is the physical size

obtained by direct viewing of particles under TEM.
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Fig. 4.22 Particle sizes obtained from (a) BET, (b) XRD, (¢) TEM and (d) DLS techniques on
magnetite synthesised at 40°C.
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In many cases Dxrp < Dtem, as Dxrp calculated employing Scherrer equation ignores
broadening of the diffraction peaks due to the microstrain in the lattice and X-ray does not

often involve the amorphous layer on the magnetite NP surface (lyengar et al., 2014).

Thermal analysis

Presence of organic layers on the surface of the NPs was further confirmed by TG-DTA.
The thermogravimetry patterns of magnetite specimens synthesised from mixed solvents
are presented in Fig. 4.23. All the TG profiles show very similar patterns with three-step
decomposition in the temperature range 50-1000°C. The aqueous precipitated magnetite
presents a simple two stage thermal decomposition at ~225 and 330°C consisting of a total
loss of ~6% whereas the total losses are ~11.8, 13.9, 16.7% for PEG, DEG and EG

respectively at temperatures >800°C.
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Fig. 4.23 Thermal analyses patterns of magnetite powders synthesised at 40°C from 1:1
combination of water with different solvents (a) WA, (b) nPA, (c) EA, (d) IPA, (e) PEG, (f) DEG
and (g) EG and DTG of representative specimen DEG.

The peak centred at ~120°C is responsible for the removal of structural water from the
lattice followed by an exothermic peak at ~250°C for the removal of unwashed salt from
the material along with alcohols attached to the nanocrystals surfaces. The last peak for a
small loss at ~670°C is due to burning of carbon/graphitic products from the
decomposition of poly-ols. The weight loss is greater in EG compared to the same with
other poly-ols, as the smaller NPs have higher surface areas available to adsorb poly-ol
moieties. The TG patterns of nPA, EA and IPA are clustered with the loss ~8.5%.

4.4.4 Catalytic property of MNPs powder

The catalytic activity of the Fe;O, powders was evaluated by measuring the peak
combustion temperature (Tp) and the total heat evolved (AH) during the Fe3O, catalysed
combustion of carbonaceous diesel soot in excess of O, and is shown in Fig. 4.24. The
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poly-ol mediated products (PEG, DEG and EG) showed better activity due to relatively
smaller sizes with abundant active (220) and (400) crystal facets. The figure shows that
catalytic activity, in terms of the total heat evolved from the carbon soot combustion,
varies from a minimum of 7.6 kJ.g™" for WA, to a maximum of 12.0 kJ.g™*, for DEG. The
Tp are, as expected, inversely related with the total heat evolved; the extremes are 485.2°
and 438.6°C for WA and PEG, respectively. The energy evolved during soot burning were
relatively lower at ~9 kJ.g™* in mono-ol based products e.g., IPA, nPA and EA, may be
due to the lower T¢ values for active (220) and (400) planes (~1.2 and 1.1 respectively).
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Fig. 4.24 Differential thermal analyses patterns of magnetite powders synthesised at 40°C from
PEG, DEG, EG, IPA, nPA, EA and WA.

In comparison to Tp of WA, the same decreased by 39.8 and 31.7°C in nPA and EA
respectively where as it remains almost unchanged at 481°C in IPA. So we conclude that
the activity of a magnetite material is attributable mainly to the energetics of the reaction

on the exposed (220) and (400) crystal facets in addition to the available surfaces.

4.5 Conclusions

Magnetite nanocrystals have been synthesised via homogeneous precipitation in solvents
with decreasing the ‘¢’ of medium using 1:1 EA, nPA, IPA, EG, DEG and PEG with
water at 40° and 80°C. The presence of alcohol/glycol content (by TG-DTA and FTIR)
and the precipitation temperature are vital for the control of agglomeration, suspension
stability, size and crystallinity of magnetite. IPA magnetite is relatively crystalline (ClI
~89%) next to water, with highest magnetisation of ~68 emu.g*. The crystals observed
from the HR-TEM have a mixture of multi-faceted polyhedral shapes, all of which
contains abundant under coordinated atoms located on the edges and corners, serving as
extra active sites for the chemical reaction. The PEG, DEG and EG powders showed

better catalytic activity due to smaller particles with abundant active (220) and (400)
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crystal facets. Nanofluids with greater aqueous stability were obtained from relatively
lower precipitation temperature at 40°C. Furthermore, monodispersed transparent
colloidal suspension of PEG showed stability over a period of 6 months. The
hydrodynamic diameter was <20 nm in the temperature trend upto 65°C. PCS
measurements indicated that the MDG magnetite at different concentrations and
temperatures of measurement which confirmed the presence of ‘single particle dispersion’,
(Dpcs =~13 nm). These MNPs and stable colloids open up opportunities for improving
existing biomedical/industrial applications and designing novel technologies in the future.
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Shape selective fabrication

5.1 Graphical abstract

The fabrication of monodispersed magnetite nano-, micro-sphere, cube, truncated
octahedra has been successfully achieved by controlled high temperature process. Spheres
have been synthesised by thermal treatment of ferric salt in ethylene glycol at 473 K under
autogenous pressures of the solvents and were subsequently coated/decorated with silica
or silver NPs. The monodisperse spheres with tunable diameter in the range of 70-250 nm
has been achieved by varying the reaction time, with precursor concentration and
temperature held constant. Introduction of Na-citrate into above mixture produces ~70 nm

spheres.
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Each spherical cluster is a self-assembly of ~10-20 nm sized primary MNPs. The Ms
value gradually increases with increasing the autoclaving time, at 48 h, the magnetite
spheres exhibited Ms= ~80 emu.g ™. This result clearly proved that the crystallinity could
be improved by Ostwald ripening of nanocrystals through a dissolution—recrystallisation
process. The silicate extracted from the cheap precursor rice hull ash, a waste by-product
of Agro industries. The magnetite spheres of core-shell framework were finally covered
with outer shell of silica possess 207 m®.g™* BET surface area. Biocompatibility of silver
NPs loaded nanospheres were studied on MDA-MB-426 cell lines and nuclear
morphology examined by DAPI staining after 24 h exposure to nanospheres. High quality

single crystalline nano-dimensional Fe;O4 cube as well as truncated octahedral were
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achieved by thermal decomposition of Fe(acac); in high-boiling organic solvents. These
methods offer an efficient chemical pathway to synthesise highly monodisperse magnetite
nanocrystals (MNCs) with high atom economy and a precise control over the phase
compositions. The strong coordinating property of oleyl surfactant toward selective
crystallographic facets facilitates the fabrication of three dimensional (3D) morphology
MNCs. Cubes are grown in the range of ~6—135 nm in a mono surfactant system whereas
octahedra (10—135 nm) are formed with the aid of the mixed surfactant. The crystal
structure, particle size, shapes and phase purity of the samples were investigated in detail
by TEM, SAED, EDX, XPS and XRD. BF-TEM view on as-prepared MNCs exhibited a
well defined assembly of uniform Fe3O, with narrow size distribution and 3D
morphology. The XRD results showed that all the MNCs are phase pure highly crystalline
FesO4 with finger-print diffraction peaks. The products exhibited the attractive magnetic
properties with high Mg were examined by PPMS. The NCs have also been further

characterised by Mossbauer spectra.
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Such kind of architectures possess high saturation magnetisation, well-defined structure,
and the porous channels and cavity in silica shell have added benefit of providing a robust
platform for incorporating diverse functionalities into a single nanosphere for the drug
storage, delivery, and release. To evaluate the toxicity of the as synthesised nanocrystals,
in particular any toxicity resulting from the synthetic methodology, selected magnetite
specimens of different shapes were investigated in vitro using HCT 116 and MDA-MB-
468 cells as model systems for evaluating human colon and breast cancer epithelial cell

viability, respectively.
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5.2 Introduction

The fabrication of MNCs has been immensely hunted not only for their fundamental
scientific interest but also for many technological applications on account of their unique
properties imparted by their nano-dimension (lyengar et al., 2016). The development of
efficient methods for the synthesis of nanostructures with well-defined sizes and shapes is
one of the key trends to apply MNCs in various fields i.e., immobilising proteins,
enzymes, and other bioactive agents in analytical biochemistry, medicine, and
biotechnology. Most materials having high magnetic moment, such as cobalt and nickel,
are toxic, susceptible to oxidation and hence limited in their biomedical applications, but
Fe3O,4 is suitable for in vivo applications due to its safe assimilation of iron through
homeostasis by cells (Garcia-Jimeno and Estelrich, 2013). The synthesis of monodisperse
nanocrystals is of key importance for the next-generation molecular nanosystems, where
each molecule in the nano-system has a specific structure and plays a different role.

It is necessary to develop new synthetic routes, to control the range of achievable
particle sizes and shape without significant deterioration of their magnetic properties.
Magnetic properties of NCs depend on various parameters, such as size, its distribution,
interparticle distance, shape, condition of synthesis and stabilising surfactants. In order to
improve or rationally tune the shape-dependent functional properties, such as magnetism,
remains a tough challenge to correlate the synthetic parameters and shape of products. If
kinetically controlled process dominates, the shape is determined by the rate at which the
different crystal faces grow. If the particles are formed in thermal equilibrium, their shape
or crystal habits result from minimising the surface energy. In the later case, the surfaces
are determined by performing a Wulff construction (Kumar and Nann, 2006). According
to selective adsorption model, a mixture of surfactants is required for anisotropic crystal
growth. Selective adsorption of this mixture is responsible for modification of the surface
free energy of individual crystallographic faces thereby differences in growth along
different crystal facets. In the nucleation process, octahedral Fe;O, NCs always
crystallises as nucleus and predominantly (111) facets get exposed, due to its energetics
(Yang et al., 2011). The rate of growth of different facets are determined by the surface
energy, and the general sequence for the surface energies of magnetite structure is y{111}
< y{100} < y{110} (Wang et al., 2012). The thermodynamics dictates according to the
surface free energy minimisation principle, the theoretical growth habit (equilibrium

morphology) of the Fe3O, crystal is octahedral (Zhang et al., 2007), because the growth
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rate along the (100) direction is faster than along the (111) plane, so the (100) plane will
be gradually decreased. One can tune the crystal size and shape via controlling the growth
rate of different facets in a delicate balance either by utilising the inherent crystal structure
property or by external factors such as application of surfactants, different solvent,
temperature, pH, time etc. Faster growth along the (100) facets could lead to octahedral
crystals (Wang et al., 2010). Faster growth along the {111} planes will produce shapes
bounded by six homogeneous {100} crystal facets, and thus form cubes. The fcc structure
with six {100} facets, which have relatively high surface energies, is a less stable
morphology. Nanocubes have a specific exposed crystal facet, which provide an ideal
model for the study of surface related properties (Murphy, 2002) and can maximise crystal
packing and produce a highly compact structure with mainly exposure of six
homogeneous {100} crystal facets. Since the energy required to create catalytically
important oxygen vacancy defects (oxygen storage capacity) is low for the low indexed
surfaces (100) and (110) of semiconductor oxides compared to other stable low indexed
lattice planes like (111), the amount of oxygen vacancies on (100) planes is very high,
which indirectly causes a change in the local electronic and valence arrangement that
stabilises the trivalent oxidation state. These large numbers of oxygen vacancy defects on
(100) planes are favourable for oxygen anion mobility and therefore theoretically give a
high oxygen storage capacity and catalytic activity especially for multi-oxidation
processes (Deori et al., 2014).

Park et al., controlled the crystal size by modifying the amount of solvent, heating
profile and/or reaction time (Park et al., 2004). But a systematic study of the influence of
each of those parameters has not been reported yet. Xiong and co-workers produced 50
nm sized magnetite nanocubes from a solvothermal reaction of ferrocene with H,O, in a
mixture containing polyvinyl pyrrolidone, water and alcohol (Xiong et al., 2007). The
Kim et al. synthesised monodisperse Fe3O, nanocubes with sizes ranging from 20 to 160
nm via thermal decomposition of Fe(acac); in a mixed solution of OA and benzyl ether at
290°C (Kim et al., 2009). In their work, it was found that the longer reaction time and the
higher monomer concentration were responsible for the anisotropic growth of
nanocrystals.

In this chapter, a general approach for the fabrication of monodisperse, hydrophilic,
biocompatible and single-crystalline magnetite as well as ferrite microspheres by a
solvothermal reduction method. Magnetite spheres synthesised were monodisperse with
diameters tunable in the range of 100-300 nm. Fe3O, cubes and truncated octahedrons
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have been fabricated through the technique purportedly involved the decomposition of
Fe(acac)s as single iron precursor in benzyl ether by a one-step reflux procedure to swot
the influence of oleyl chemistry. We have studied in detail the effect of modifying the
molar ratio of iron salts-to-surfactant on the resulting crystal shape and size. The use of
OA enable the preparation of cubic-shaped large ~135 nm single crystals magnetite, and
exhibited excellent magnetic properties very close to that of bulk magnetite. Furthermore,
the range of sizes may further be lessened up to ~6 nm just by vigorous stirring while
refluxing. The use of mixed surfactant (OA and OAm) keeping the solvent same has been
found to facilitate the formation of truncated octahedra with range of sizes from 10 nm up
to ~135 nm by modifying the ratio of surfactant and stirring during the growth process.
The synthetic strategy demonstrated here may provide an effective route to large scale
synthesis of different spinel ferrites and other metal oxide nanocrystals with tunable size
and shape, and thus high magnetic response. Cytotoxicity was measured by two forms of

viability assays: the MTT assay, the WST assay.

5.3 Experimental

5.3.1 Fabrication of magnetite sphere

About 6.5 mmol of ferric chloride was dissolved in 78 ml EG; a polyhydric alcohol with
boiling point of 196-198°C to form a clear solution, followed by the addition of 65 mmol
sodium acetate. The mixture was stirred vigorously for 30 min to obtain homogenous
suspension and then sealed in a Teflon lined stainless-steel autoclave. To investigate the
morphology and structure evolution during the synthesis process, the reaction was
quenched at different times and sampled the intermediate product for further analysis.

Table 5.1 List of magnetite spheres synthesised by solvothermal treatment

Sample Iron Additive Autoclaving Temperature
precursors time (h) (°C)
MS2 Fe(Cl); sodium acetate 2 200
MS4 same same 4 200
MS8 same same 8 200
MS16 same same 16 200
MS24 same same 24 200
MS48 same same 48 200
NH16 same Ammonium acetate 16 200
NS same Sodium acetate + 16 200

Na;Cit

FeAc48 Fe(acac); Sodium acetate 48 200
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The autoclave was heated to and maintained at 200°C for 2-48 h. The reactor was
subsequently cooled to room temperature. The initial yellowish suspensions turned into
black, indicating magnetite formation on hydrothermal treatment. The reduction product
magnetite (~0.5 g) was magnetically retrieved, thoroughly washed, and dried in a reduced
pressure at 60°C for 6 h.

The microspheres were also synthesised with ammonium acetate instead of sodium
acetate for 16 h and are labelled as NH16. FeAc48 is obtained by replacing ferric chloride
with ferric acetylacetonate by 48 h reaction, keeping the rest of the conditions same.
Nanospheres ‘NS’ have been fabricated by adding 2.17 mmol of trisodium citrate (Na3Cit)
into the ferric chloride, EG and sodium acetate mixture stated in the preceding paragraph
and autoclaved at 200°C for 16 h. Details of magnetite spheres prepared with varying

precursors, processing time, temperature and sample designations were listed in Table 5.1

5.3.1.1 Acid treatment on magnetic microspheres

The magnetic microspheres prepared above (0.5 g) were dispersed ultrasonically in 100 ml
of 0.1 M HCI for ~15 min. Then the treated microspheres were redispersed in 25 ml of 0.2
M HCI for few seconds and the supernatant was decanted completely by magnetic means.
These surface treated magnetite dispersion was subjected to mechanical stirring by high-
speed homogeniser (IKA T25 ULTRA-TURRAX®, IKA®-Werke Gmbh & Co0.KG,
Germany) with a speed in the range of 8200 rpm for 1.5 h at ambient temperature. The
resulting acid treated microspheres were magnetically retrieved, thoroughly washed, and

vacuum dried.

5.3.2 Silica precursor extraction from rice husk ash (RHA)

An acid washing step was used to remove the small quantities of minerals prior to silica
extraction from RHA in the following manner. About 10 g portion of RHA samples were
dispersed in 60 ml distilled water, and the pH was adjusted to 1 using 1 N HCI. These
dispersions were stirred for 2 h, filtered and the RHA residue was washed with 100 ml of
water. The residues were used for silica extraction adapting a method of (Kalapathy et al.,
2000). 100 ml portions of 2N NaOH were added to the washed RHA powder and boiled
for 1 h with constant stirring to dissolve silica to produce a sodium silicate solution. The
solutions were filtered through filter paper, and the carbon residues were washed with
boiling water. The filtrates and washings were allowed to cool to room temperature and
were titrated with 2N HCI with constant stirring to pH 7. Silica gels started to precipitate
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when the pH decreased to <10. The silica gels formed were aged for 18 h. Millipore water
was added to break the gels into slurry, then centrifuged for 15 min at 2500 g rcf (Heal
Force, Neofuge 15R), the clear supernatants were discarded and the washing step was
repeated. The solution was further diluted and used for synthesis of the magnetite—silica

composite. The gel was dried at 80°C for 2 days to produce powder form.

5.3.3 Core-shell nanostructures

5.3.3.1 Magnetite microspheres @silica

To prevent the oxidation and leaching of the magnetite, a sol-gel approach was employed
to provide a silica shell over the magnetic core. As-prepared 0.1 g Fe3O,4 spheres were
dispersed ultrasonically in water, were added dropwise to 2.25 ml of sodium silicate
extract in which pH was adjusted to ~7 using 1M HCI. The reaction was allowed to
proceed for 7 h under stirring. The resulting Fe3O,@SiO, microspheres were washed with
methanol by magnetic decantation for four times and dried at 60°C in vacuum oven. The
sample is designated as ‘MS48@Si’.

5.3.3.2 Silver decorated magnetite nanospheres

The citric acid-coated Fe3O4 nanospheres (750 mg) were sonicated in 75 ml Millipore
water for 30 min. 225 ml aqueous solution of silver nitrate containing 388 mg Ag(NO3),
was added, and the mixture was continuously stirred for 30 min. Finally 45 ml 0.2 M
freshly prepared NaBH, solution was added to it and the resulting mixture was stirred for
another 20 min upon cooling in an ice bath. The product ‘NSAg’ was collected using a

magnet, washed with deionised water, and dried in a vacuum oven at 60°C for 24 h.

5.3.4 Fabrication of magnetite cube

To synthesise magnetite nanocrystals of ultra-small cube of about 6.5 nm edge length, 2
mmol of Fe(acac); was mixed with 4 mmol of OA in 105 mmol of benzyl ether. The
Fe(acac)s-to-OA molar ratio was 1:2. First, the solution was heated up to 120°C with a
constant heating rate of 6-7°C/min under an N blanket flow and vigorous stirring. After 1
h of constant heating at this temperature, the solution was heated to 290°C (benzyl ether
b.pt.) under vigorous magnetic stirring. The reaction mixture was kept under reflux for
~30 min, and the initial transparent solution became turbid and black. The resulting
solution containing nanocrystals was then cooled to room temperature, ~30 ml acetone

and ethanol mixture (1:1) was added to the solution and the flask was kept over a bar
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magnet to fasten the sedimentation process. Black solid precipitate was collected by
magnetic decantation and was washed repeatedly with acetone until free from impurities.
The synthesised nanocrystals were obtained in powder form after drying at 60°C under
vacuum and stored in desiccators, labelled as CU6 (See Table 5.2).

Table 5.2 List of magnetite cube and octahedra synthesised by thermal decomposition of iron
acetylacetonate in high boiling solvent

Sample Fe(acac);/OAm  OA/OAmM Refux Physical
molar ratio molar ratio  duration (h) disturbance
CuU6 1:4 - Y2 Magnetic stirring
CU135 1:4 - 1 -
0OC10 1:4 11 Y2 Magnetic stirring
0C40 1:2 2:1 Y5 Magnetic stirring
0OC100 1:2 4:1 Yo -

The same reaction mixture used for CU6 were subjected to rapid heating, after 1 h
holding time of 120°C, to 290°C in ~10 min and reflux for 30 min with no physical
disturbance (stirring). The sample is labelled as CU135.

5.3.5 Fabrication of magnetite truncated octahedra

Fe(acac)s (1 mmol) was added to a mixed surfactants OA (4 mmol) and OAmM (4 mmol) in
benzyl ether (132 mmol). The Fe(acac)s-to-OA molar ratio was 1:4. The reaction mixture
was degassed at 120°C for 1 h and then the flask was heated further to 290°C under
vigorous magnetic stirring. The reaction mixture was maintained at this reflux condition
under N, for 30 min. After cooling to room temperature, acetone was added to the solution
and the flask was kept over a bar magnet to hasten the sedimentation process. The settled
black solid was collected by magnetic decantation and washed thoroughly with acetone,
dried and stored in a dessicator, designated as ‘OC10’.

About 2 mmol of Fe(acac)s; was mixed with 4 mmol of OA and 2 mmol OAm in 105
mmol of benzyl ether produced ‘OC40’. By changing the mixed surfactant OA/OAm ratio
from 2:1 to 4:1, ‘OC100’ nanocrystals were fabricated. Furthermore, keeping the same
surfactant ratio of ‘OC100’ and doubling the overall precursor concentration produced

‘OC135’ magnetite crystals.

5.3.6 Non-specific adsorption of proteins

Bovine serum albumin (BSA) solution (mg.ml™) was prepared in phosphate buffered
saline (PBS) buffer (pH 7.4). About 5 mg Fe3O,4 was dispersed in 5 ml BSA solution and
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the suspension was aged at room temperature for overnight while stirring to reach the
adsorption equilibrium. Free BSA concentration in supernatant was estimated by
performing Bradford assay (Bradford, 1976) using a UV-vis spectrophotometer by
recording the absorbance at ~590 nm. The amount of non-specifically adsorbed BSA
could be calculated, from the standard calibration curve, by the difference in the initial and

the final protein concentration in supernatant.

5.3.7 Invitro biocompatibility assessment
5.3.7.1 Cell culture and exposure to nanomaterials: dose response studies

(a) Breast cancer cell line

Breast cancer cells (MDA-MB-468) were obtained from the National Centre for Cell
Sciences, Pune. Cells were seeded in 24-well plates (10* cells/well) and cultured in
DMEM supplemented with 10% fetal bovine serum, benzylpenicilin (100 U/ml), and
streptomycin (10 pg/ml). Cells were seeded and maintained at 37°C in a humidified
incubator with 5% CO,. After 18 h culture, cells were exposed to DMEM with varying
concentrations of NS, NSAg NPs (10, 30, 50, 80 and 100 pug/ml). A negative control was

provided using the culture medium without the nanoparticles.

Cytotoxicity MTT assay

Cytotoxicity was evaluated using a non-radioactive, colorimetric MTT assay (Mahmoudi
et al., 2010). After 24, and 48 h of incubation with extract medium, 500 ul of MTT
reagent (0.5 mg/ml in PBS) was added to each well and the cells were incubated at 37°C
for 3 h in the 5% CO, incubator. Mitochondrial dehydrogenases of viable cells reduced the
yellowish water-soluble MTT to water-insoluble formazan crystals, which were dissolved
by adding solvent (DMF/H,0) and incubated for 1 h. The cell culture medium was
aspirated cautiously, after addition of DMF to each well and mixed thoroughly. The
absorbance was monitored at 570 nm, with 630 nm as a reference wavelenth using a
microtiter plate reader (Bio-Rad, CA, USA). The results are expressed as percentage of
viability compared with the untreated control and analysed in triplicate. To assess the
effects of the NPs on the cell morphology, the plates were also examined by fluorescence

microscopy (Leica, USA).
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(b) Colon carcinoma cell line

Human colon carcinoma HCT-116 epithelial cell line (CCL 247) was originally purchased
from American Type Culture Collection (ATCC, Manassas, VA). Cell line was seeded in
96-well plates (10* cells/well) and was cultured as sub confluent monolayer in 250 pl
DMEM supplemented with 10% FBS, 1% PEN-STREP and 0.1% Fungisone at 37°C in
5% CO; containing humidified atmosphere: a more-reliable way of identifying
cytotoxicity by in vitro assessments is to use particles surfaces saturated (via interaction)
with DMEM prior to use. After one day in culture, cells were exposed to DMEM (150 pl)
with varying concentrations of NPs (25, 50, 75 and 100 pg/ml). After 24 h incubation with
NPs, the cells were then washed once, replenished with fresh media (150 pl), and
incubated for an additional 48 h. A negative control was provided using the culture

medium without the NPs.

Cytotoxicity WST assay

About 10*-10° HCT-116 cells were added in 96-well plate to a final volume of 100 pl
culture medium/well for complete adherence. In WST assay, the reduced tetrasolium salt
is water-soluble. Therefore, no DMSO extraction is necessary. After cell exposure, a total
of 10 ul of WST-1 reagent was added to each well and then incubated at 37°C for 0.5 to 4
h in the 5% CO, incubator. The absorbance of formed formazan dye was quantified at 450
nm (reference: 650 nm) using a microtiter plate reader (Bio-Rad, CA, USA). The viability
of cells was determined as the percent cell survivability of the untreated control and all the
experiment were performed in triplicate.

A linear relationship between cell viability and absorbance can be established. The percent
cell survivability of the wells treated with different concentrations of NPs relative to

control wells which received DMEM alone was calculated by:

Cell viability (%) = (£222) x 100 (5.1)

Control

where Asample @nd Acontrol are the absorbance of surviving cells treated with or without NPs,

respectively.

5.3.7.2 Cell staining

Fixation of cells involved 24 h incubation with the NPs, followed by washing 3 times with
sterile PBS, followed by 15 min incubation with 2% formaldehyde in PBS at room
temperature. After washing cells 3 times with PBS again, they were mounted on clean
glass slides using mounting medium without/with DAPI (50 uM, for 20 min) for nuclear

148



Chapter 5 Shape selective fabrication

staining. The sample cover slips were then mounted on slides using glycerol and the slides
were viewed directly using a fluorescence microscopy (Leica, USA) equipped with a 405
nm diode and 488 nm laser for collection of DAPI and FITC (fluorescein isothiocyanate;
green) emission signals, respectively at 60x original magnification. The fluorescence
images were digitised and processed using Adobe Photoshop software.

Please refer chapter two for the chemicals used and the details of characterisation

techniques adopted here.

5.4 Results and discussion
5.4.1 Solvothermal method

5.4.1.1 Physico-chemical characterisation of nano/microspheres

The magnetite micro and nano-spheres were synthesised by a solvothermal reduction of
FeCl; at 200°C in ethylene glycol using sodium acetate as an alkali source. The final
autoclaved product was black indicating the formation of magnetite. We confirmed the
presence of Fe3O4 phase by XRD and HR-TEM. In order to understand the formation
process, time-dependent experiments were carried out and the resulting products collected
at different reacting times were analysed by electron microscopy. The size and shape of
the products as well as the material phase were examined by FESEM and TEM. The size
of the Fe3O4 microspheres was influenced by reaction time and the concentration of
starting materials. The average particle size and its distribution were calculated by
inspecting multiple FESEM images on 200-250 particles. Fig. 5.1 reveals that
hydrothermal treatment of Fe-chloride and sodium acetate produced large magnetite
particles in the range 100-300 nm. Further, extension of reaction time helps formation of
larger spherical shapes with narrow distribution. Solvothermal reaction for ~2 h produced

irregular or near spherical NPs with 222+83 nm (Fig. 5.1A).

The NPs spontaneously tend to aggregate to form clusters as shown in Fig. 5.1A and
B due to their high surface energy. After 2 h of solvothermal reaction, the NPs aggregated
into micron size (Fig. 5.1B) which has grown to 250£55 nm after 8 h hold (MS8, Fig. 1C),
As the reaction proceeded (16-72 h), the size of the 3D spherical nanostructures grew
gradually and the morphology became well-defined. While 16, 24 h reaction time further
increases the size to 260+£60 and 27570 nm respectively (Fig. 5.1D, E) as more nano-
scale particles obviously clustered on the spherical-like structures. No further growth was
observed (254+47 nm) when the hydrothermal treatment was extended further to 48 h. At
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the same time, few tiny spherical particles were consumed and large clusters of ~500 nm
will probably undergo dissolution recrystallisation for the formation of uniform sized

microspheres.

Fig. 5.1 FESEM images of the products synthesised in different reaction time: (A) MS2, (B) MS4,
(C) MS8, (D) MS16, (E) MS24, (F) MS48, (G) FeAc48 and (H) NH16.

Just 2 h was not enough for the crystal oriented to spherical assembly (Fig. 5.1).
Therefore, the reaction time is a key influential factor on the morphology. These images
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suggest that the size of the resultant Fe3O, nano- and sub-micro clusters is strongly
dependent on the autoclaving time. By replacing the reducing agent sodium acetate with
ammonium acetate, the magnetite spheres (NH16) did not grow well with slightly smaller
size of 245+65 nm when compared with ST16 (Fig. 5.1H).

A
e
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Fig. 5.2 The representative high-magnification TEM images of spherical aggregate ‘MS48’
synthesised at 200°C for 48h (A) bright field image with its SAED as inset, (B, C and D) HRTEM
showing different crystal faces and its corresponding FFT as inset.
In the case of FeAc48 (Fig. 5.1G), ferric acetylacetonate was used as iron source with
precursor concentration and temperature held constant, the spheres were grown in nano
meter range. Figure 5.2A shows selected representative images of the magnetite, which
are spherical and have very narrow size distributions. Selected area electron diffraction
patterns taken on individual Fe3O, microspheres reveal distinct Debye—Scherrer rings
corresponding to (220), (311), (400), (422), (511) and (440) planes with corresponding
interplanar spacings 0.2967, 0.2532, 0.2099, 0.1715, 0.1616 and 0.1485 nm which is
characteristic of magnetite with polycrystalline nature of these samples.

HRTEM analysis provided more detailed structural information on the
microspheres. A representative TEM image of the typical FesO4 microspheres labelled as

‘MS48’ is shown in Fig. 5.2, in which randomly chosen HRTEM images (panels B, C and
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D) further support the highly crystalline nature of the particles. Clear lattice fringes (111),
(311) and (440) with corresponding interplanar spacings 0.48, 0.25 and 0.148 nm,
confirms the formation of pure magnetite phase (JCPDS Card No. 19-0629) in the
microspheres. The crystalline structures of magnetite were characterised by powder XRD
(Fig. 5.3 A) also. The patterns can easily be indexed to fcc Fe3O,.
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Fig. 5.3 (A) Powder XRD patterns of magnetite microspheres formed (a) 2 (b) 4 (b) 8 (d) 16 (e)
24 and (f) 48 h duration, the vertical drop lines (black) are the theoretical Bragg positions for
inverse spinel magnetite phase following JCPDS Card No. 19-0629, (B) comparison of physical
size and crystallite size of spheres over autoclaving reaction time.

Following Scherrer equation, the average crystallite sizes calculated from the X-ray line
broadening on microspheres were ~18.5, 30.1, 23.2, 25.3, 21.4 and 22 nm for the reaction
duration of 2, 4, 8, 16, 24 and 48 h respectively indicating almost no change in the crystal

dimension on prolonging the hydrothermal treatment.

Fig. 5.4 (A) BF image of broken MS48 spheres with its SAED pattern and (B) HRTEM image
with its FFT
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The TEM images of acid treated MS48 with its SAED pattern (Fig. 5.4) confirmed the
microspheres are made of ~18+3.4 nm primary particles which is a close to the crystallite
size Dxrp~22 nm of MS48. The formation of microspheres is through self-assembly of
single-crystals of magnetite of size ~20 nm in an ordered fashion. Acid treatment in the
previous section showed primary magnetite particle size in the same range corroborating
our present finding. The main driving force for oriented aggregation of NPs can be
generally attributed to the tendency for reducing the high surface energy through both the
attachment among the primary NPs and their movement caused by various interactions

such as Brownian motion (Cao et al., 2008).
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Fig. 5.5 (A) Hysteresis loop of the as-prepared Fe;O, sub-microspheres at (a) 48, (b) 24, (C) 16
and (d) 8 h solvothermal reaction. Inset is the zoomed area of the hysteresis loop in the range +200
Oe. (B) VSM profiles of (a) NH16 and (b) FeAc48.

Magnetic properties of the as-prepared FezO4 spheres were investigated with VSM. The
magnetisation curves at 300 K in an applied magnetic field sweeping from —15 to +15 kG
are shown in Fig. 5.5. From the plot of M versus H, the Ms values of Fe3O4 spherical
clusters of size 249, 263, 276 and 254 nm were calculated as 63.28, 68.38, 72.94 and
78.69 emu.g*, corresponding to spheres synthesised with 8, 16, 24 and 48 h reaction time
respectively. The Ms values are slightly lower than the theoretical value of bulk Fe3O4 (92
emu.g ) (Cao et al., 2008). It is well known that the size of magnetic particles has a
significant influence on their magnetic properties. As the particle gets smaller, the
magnetic effective volume accounts for a smaller proportion and the specific Ms
decreases. The sizes of hierarchical sub-microspheres are 200-300 nm, so their smaller
size leads to lower saturation magnetisation as compared with that of bulk Fe;O,4. This
result proved that the crystallinity and monodispersity could be improved by prolonged

reaction time, which agrees well with the TEM studies (Fig. 5.2). Comparing with MS16,
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NH16 had 14% reduction of Ms value. FeAc48 sample had reduction of ~39% (Ms) in
comparison with MS48 due to the smaller spheres. The inset of Fig. 5.5 shows an
expanded low-field hysteresis curve which reveals ferromagnetic behaviour to some
extent, with a small coercivity and remanent magnetisation though the NPs as the building

blocks of hierarchical spherical assembly (Fig. 5.5 and Table 5.3), respectively.

Table 5.3 Comparison of Ms, Mg and Hc values of as-synthesised hierarchical FesO, spheres
observed from the corresponding VSM profiles

Sample (emll\J/I.Sgl) (eml\l/JI.Rgl) (CH)g)
MS8 69.4 3.6 47.9
MS16 63.3 3.2 54.5
MS24 72.9 2.8 41.1
MS48 78.7 13.3 106.8
NH16 54.4 3.4 50.4

FeAc48 48.1 1.8 12.3
Bulk 92 - -

In order to verify the chemical composition of the synthesised product, XPS spectra was
taken in the region of 0-1100 eV binding energy. From the XPS survey spectrum in Fig.
5.6, the peaks attributed to the core levels of Fe 2p, O 2p, Fe 3p and C 1s, where Fe 2p

electron core level is characterised by 2p1/, and 2ps, peaks respectively.
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Fig. 5.6 XPS (A) wide spectrum and (B) high resolution spectra of Fe 2p and O1s (Inset of A) of
MS48 sphere.

From the high-resolution XPS scan shown in Fig. 5.6B, Fe3O4 was confirmed according to

the typical characteristic double peaks of Fe 2ps;; and Fe 2py, at 709 and 723 eV binding
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energies, respectively. The double peaks are broadened due to the appearance of Fe?* and
Fe** which is confirmed after deconvolution of the spectra, in agreement with the
literature. The relative areas of Fe?* and Fe®* were calculated with the value of 0.33:0.68,
corresponding to that of the stoichiometric Fe3O4. The absence of shake-up satellite signal
at ~719 eV further confirms the Fe;O, (Dar and Shivashankar, 2014). Deconvolution of O
1s peaks around the binding energy ~530 eV showed the presence of lattice oxygen (inset
of Fig. 5.6A).

5.4.1.2 Cores-shell nanostructures

Magnetite microsphere@silica

Figure 5.7 shows the TEM images and EDS of MS48 as well as silica coated MS48@Si
nanostructures. As expected there is no change in the size and crystal morphology of the
microspheres on silica coating. EDS (Fig. 5.7D) provides the atomic ratio of Fe:O to be
3:5.72 and 5.29% Si content in MS48@Si. Fe:O ratio in MS48 is 3:5.2.
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Fig. 5.7 The TEM images of spherical aggregate MS48@Si core-shell nanostructure (A) bright
field image with its SAED as inset, (B) HRTEM marked with (111) crystal face and its
corresponding FFT as inset. The EDS elemental composition of (C) MS48 and (D) MS48@Si.
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The excess oxygen in MS48@sSi with respect to MS48 is due to the presence of additional
oxygen sources from structural water in hydrated silica shell. The XPS method is very
suitable for surface investigation due to a high surface sensitivity. In the XPS spectra (Fig.
5.8A) the Fe, Si, O and C elements were identified and their concentrations were
calculated. From the shape and shift of the XPS spectra, the chemical bonding of surface
elements was inferred. The results obtained from the high resolution XPS analysis indicate
the signal at 101.3 eV corresponds to the SiO; in the oxide layer, appended on magnetite
microsphere surfaces after being coated with silica. The interaction through hydroxyl
groups of left over ethylene glycol or magnetite surface (Fe-OH), a network structure

siloxane (Si—O-Si) might have formed between them.
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Fig. 5.8 (A) XPS wide spectrum and high resolution (B) Si 2p spectrum of MS48@Si
nanostructures
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Fig. 5.9 (A) XRD patterns and (B) VSM profiles of (a) Fe;0,@SiO, and (b) Fe;O,@Ni-silicate.

As-prepared microspheres via a solvothermal reaction were coated with silica layer by sol
gel method to get FesO,@SiO, core_shell microspheres. Then, the obtained Fe;O,@SiO,

core—shell microspheres were hydrothermally treated in aqueous NiCl,.6H,O and
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ammonia solution at 120°C, leading to the formation of Fe3O4@Ni-silicate yolk—shell
microspheres. The XRD, PPMS profiles and TEM images of core-shell as well as yolk-

shell microspheres are shown in Fig. 5.9.

The crystallographic structure and phase purity of the as-synthesised products are
identified by XRD. The crystallite size of Fe3O,@SiO, and Fe;O,@Ni-silicate were found
to be 17.9 and 14.5 nm respectively as calculated from Scherrer’s formula. After coating
with the silica layer, no characteristic peaks of other magnetite materials can be detected,
indicating the silica layer is amorphous alongwith reasonable drop in Ms value to 22.9
emu.g*. PPMS data further confirms that the synthesised microspheres possess a typical
yolk—shell structure as the magnetic layer (nickel) on the surface Fe3O,@Ni-silicate is

responsible for significant improvement of saturation magnetisation 51.9 emu.g " value.
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Fig. 5.10 (A) Volume N, adsorbed versus relative pressure for the powder samples (A) MS48
Fes0, spheres and (B) extracted silica precursor at 77 K. Inset shows the plot of pore size
distribution derived from the BJH analysis.

Figure 5.10 shows the nitrogen adsorption—desorption isotherms and the
corresponding pore size distribution profiles of two representative magnetite and silica

specimens. The complete analyses of the isotherms are provided in Table 5.4.

Table 5.4 The details of BJH pore distribution desorption and BET surface area of extracted silica
precursor and microspheres MS48

BJH pore distribution desorption BET Size
Sample  Surface Pore Pore Total pore Surface Ssa
area volume diameter volume area (nm)

(m*g™) (cm’.g? (nm) (cm’g™) (m’.g™)
Silica 145 0.357 15.433 0.3982 207 5.6
MS48 9 0.02 3.659 0.02527 18 64.4
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Both the graphs show hysteresis loops of type IV of Brunauer’s classification, indicating
the presence of mesopores in the powders. The plot of dv/dr versus pore size determined
by BJH method shows that the pores (inset of Fig. 5.10) are in the mesoporous range (5-10
nm) and is attributed to the interspaces of the constituent particles. It is obvious that the
surface area of magnetite powders decreased when it is large spherical clusters (Table
5.4). The particle size (Dsa) measured by nitrogen adsorption is somewhat smaller than

the size estimated from TEM analysis (Fig. 5.2).

Silver decorated magnetite nanospheres

Though the excess EG acts as both the solvent and reductant, NazCit was chosen because
the three carboxylate groups have strong coordination affinity to Fe Ill ions favours the
attachment of citrate groups on the magnetite surface and prevents them from aggregating
into large single crystals as occurred previously. Moreover, NasCit is widely used in food
and drug industry and citric acid is one of products from tricarboxylic acid cycle (TCA), a
normal metabolic process in human body. Fig. 5.11D shows the powder XRD pattern of
citric acid coated magnetite nanospheres (NS) as well as silver loaded (NSAQ). The NSAg
diffraction peak can be attributed to either cubic-phase Fe;O, (JCPDS Card, No 19-0629)
or Ag (JCPDS card, No 04-0783). No diffraction peaks belonging to impurities are
observed in this pattern. These results indicate that the product consists of crystalline

Fe;0,4 and Ag.
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Fig. 5.11 (A) Schematic representation of core shell nanostructures fabrication and (B, C) TEM
images and (D) powder XRD patterns of the NS and NSAg, the vertical drop lines (black) are the
theoretical Bragg positions for inverse spinel magnetite phase and Ag (blue) following JCPDS
Card No. 19-0629 and 04-0738 respectively are presented in different colours.
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The lattice constants of Fe3O4 and Ag calculated by the peak positions are 0.8368 nm and
0.4079 nm, both of which are in good agreement with the reported ones of Fe;0,4 (0.8396
nm) and Ag (0.4086 nm). The particle sizes of Ag and Fe;O, estimated by the peak widths
are 9.86 and 24.09 nm, according to Scherrer’s formula. The crystallite size of magnetite
before and after silver loading weren’t change at all. It is noticed that the peak intensities
of silver are high in comparison with those of Fe;O,, probably caused by the abundance of
silver NPs on the surface of magnetic material along with large lattice stress from the
interface of Ag/Fe;O4 and the high crystallinity. Figure 5.12 shows the XPS survey of
NSAg sample. After loading of Ag, the peaks due to C 1s, O 1s, and Ag 3d can be seen.
The core level Ag 3d XPS signal is shown in Fig. 5.14C. The binding energies of Ag 3ds,
and Ag 3ds/; are 367.6 and 373.6 eV respectively.
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Fig. 5.12 (A) XPS survey spectra of nanosphere, (B) the details of the Fe 2p,, and Fe 2pz, peaks
(C) Ag dspand Ag 3ds, and (D) C 1s spectra of silver decorated nanospheres.

The splitting of the 3d doublet of Ag was ~6 eV, suggesting the formation of metallic
silver. As Ag can be easily oxidised by oxygen, it is possible that part of Ag on the surface

was AgO. The core-level O 1s at 532.3 eV was attributed to lattice oxygen (inset of Fig.
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5.12A). The relative surface area of Fe*": Fe** were calculated after deconvolution of Fe

2p spectra, which is maintained at 1:2 i.e., stoichiometry of magnetite.

5.4.1.3 Protein adsorption capacity

In biological applications, low level unspecific adsorption and strong specific reactions are
anticipated. In this section, the unspecific binding between BSA and different magnetite

spheres or modified Fe;O, were examined.
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Fig. 5.13 Bovine serum albumin adsorption capacity of spheres was quantified by Bradford’s
assay (A) calibration curve of known protein concentration and (B) amount of BSA adsorbed per
gram of sample.

The comparison on the binding capacity of BSA to MS48, NS and NSAg Fe3;O, spheres
are shown in Fig. 5.13. It was found that the BSA binding capacity to spheres at
physiological pH (7.4) are 25.43, 30.2 and 32.8 pg/mg of Fe3Qy, respectively.

5.4.1.4 Cell culture: Dose dependent cytotoxicity assessment

To examine the feasibility of the obtained magnetite particles in bio-related fields, the
cytotoxicity was investigated. The effect of the magnetite spheres (~70 nm) on cell
proliferation have been assessed with human breast carcinoma cells (MDA-MB-468) by
means of a MTT assay (Fig. 5.14). The MDA-MB-468 cell line was treated with five
different concentrations of NS and NSAg and the cell survivability was measured by MTT
assay (Fig. 5.14). In this condition, the cell viability for NSAg showed dose-dependent
toxicity and was maintained greater than 80% cell proliferation upto the concentration of
80 pg.ml™ whereas the biocompatible magnetite core-citrate shell of NS alone showed
nearly ~100% proliferation and do not induce acute cytotoxicity even at the level of a few

tenths of a microgram (100 pg.ml ™) within 24 h.
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Fig. 5.14 Cell survivability of MDA cells exposed to different concentrations of magnetite
nanospheres (NS) and silver loaded magnetite nanospheres (NSAgQ) determined by the MTT assay
after 24 h. Results are the meanSD (vertical bars) of three independent experiments each carried
out in triplicate.

5.4.1.5 Fluorescent microscopic examination of cells

After 24 h, cell morphology was analysed by fixing the cells on chamber slides followed
by stained with blue 4’-6-diamidino-2-phenylindole (DAPI: 1.5 pg/mL in PBS solution)
for 10 min. DAPI staining is useful in identifying pyknotic or fragmented nuclei resulting
from apoptosis or cell death and any irregularities in cell shape. The nuclei of MDA-MB-
468 cells treated with magnetic nanocrystals (NS and NSAg) were intact as observed
under a fluorescent microscope (Fig. 5.15A-F), indicating that the cells were viable and

morphologically similar to the control cells.
.

.

Fig. 5.15 Fluorescence images of (A, D) control HCT 116 cell and MNPs (B, E) NSAg and (C, F)

NS treated cells with their nuclei stained by DAPI are blue. The scale bar corresponds to 20 mm.

Hence, these nanospheres are excellent candidates for in vivo delivery of
chemotherapeutic drugs for cancer therapy and many other therapeutic applications. Based
on MTT assay, the as-synthesised NSAg and NS showed no significant toxicity to MDA-
MB-468 cells and did not affect cell morphology. We believe that this synthesis is a
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significant step forward towards the manufacturing of magnetite nanocrystals not only
with regard to the reaction conditions that avoid toxic capping agents limiting the

biomedical applicability but also in terms of the potential for industrial scale-up.

5.4.2 Thermal decomposition method

The current synthetic methodology produces magnetite nanocrystals of different
morphology and size. Surfactants form a basic requirement for crystal stabilisation against
oxidation and their steric demand controls the nanocrystals with different morphology by
tuning growth rate of the specific crystal facets. Moreover, truncated octahedra and cube
shape are engineered by OA/OAm and OA-only systems along with heating
temperature/rate and physical stimuli. The majority of crystal growth occurs quickly
(within few minutes) after the nucleation. Size of the nanocrystals couldn’t be controlled
by shortening or prolonging the growth duration rather Ostwald ripening broadens the size
distribution at prolonged time (Kovalenko et al., 2007). The heating hold-step is a
common protocol in reflux-based syntheses and is used to separate the nucleation and
growth phases following LaMer mechanism (Douglas et al., 2012). In all experiment, the
hold temperature of 120°C was chosen to encourage the formation of coordination
complexes between the iron precursor, solvent and the growth duration (reflux) to 30 min.

5.4.2.1 Morphology/structural characterisation of cube/truncated octahedra

In the first set of experiments, only deprotonated OA molecules were used. TEM
micrographs and the corresponding SAED patterns of as-synthesised magnetite NCs are
presented in Fig. 5.16. The representative BF-TEM images demonstrate the formation of
cube shaped Fe3O, nanocrystals and the degree of monodispersity. Even though the
particles resemble square shape under the 2D TEM view, observation of clear side planes
under higher magnification (inset of Fig. 5.16B) implied the formation of 3D cube
morphology. The nanocrystals are observed to have a uniform edge length, sharp edges
and corners, and flat facets with only atomic steps. The degree of monodispersity or
narrow particle size distribution of the as-synthesised crystals from the histogram is
confirmed (inset of Fig. 5.16B) and the mean particle size, calculated from the
micrographs of small and large cubes are ~6.4 and ~134 nm with a standard deviation of
0.82 and 34 respectively. The high-resolution TEM (HRTEM) image showed the highly
crystalline nature of the nanocubes (Fig. 5.16C), and the measured d-spacing 4.18 A is

twice the value of the magnetite (400) plane with corners of (111).
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Fig. 5.16 TEM image of (A) lower (B) higher magnification (C) HRTEM and (D) SAED patterns
of magnetite nanocube. Insets are histograms (A, B) and FFT (C).

The ultra-small cubes are well separated due to less magnetic attraction imposed by
smaller size as well as presence of surfactant layer. Meanwhile, Fig. 5.16B crystals appear
to form chain like structures due to the strong magnetostatic interaction between dipoles
that exists in the synthesised ~135 nm cubes. Such a phenomenon may be due to a
pronounced Ostwald ripening in the synthesised nanocubes of large sizes in an
undisturbed condition (no external barrier such as magnetic stirring during reflux). SAED
in Fig. 5.16D shows diffraction patterns corresponding to (220), (311), (400), (422), (511)
and (440) crystal planes of Fe;O,4 with inverse spinel structure (JCPDS No. 19-0629) and
the same recorded on an isolated crystal of ~135 nm size reveals single-crystal-like
diffraction (Fig. 5.16D). The diffraction spots are widened into narrow arcs that indicate

polycrystalline nature of ultrafine cubical primary nanocrystals (panel ‘b’ Fig. 5.18D).

In a second set of experiment, truncated octahedra crystals were obtained with
tuneable size in the range of 10 to 135 nm by careful adjustment of OA:OAm surfactant
ratio from 1:1 to 4:1 and growth kinetic modulation (Fig. 5.17). The mixed stabiliser
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directs the nuclei to grow isotropically along the three crystallographic axes to truncated
octahedra. As the amount of the OAm increases significantly, not only does the {111}
surface show saturated surface coverage, the surface {100} is also coordinated by the
same restricting overall growth and leading to the formation of small ~10 nm truncated
octahedral NCs (Fig 5.17A), also the nanocrystal surface prevents them from aggregation
by means of the surfactant layer. This result can be explained by the fact that OAm
possesses comparatively weak, isotropic binding to iron centres on the surface of crystals
whereas OA strongly binds selectively to crystal facets due to its high oxophilicity and
encourages anisotropic growth in the (100) rather than (111) direction (Douglas et al.,
2012). The interaction between a surfactant and a crystal surface can occur in many ways

and is mainly based on dipole—dipole, hydrogen bond, electrostatic or vdW interactions.
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Fig. 5.17 TEM images of size tuned (A) 10 nm, (B) 36 nm, (C) 100 nm and (D) 135 nm magnetite
truncated octahedra and their histograms inserted to each image.

OAm has an amine head group which can only bind as a single motif to the surface,
whereas different binding motifs are possible for carboxyl group of OA such as
monodentrate, bridged, or chelating. By only considering the three binding modes of OA
compared to one binding mode for OAm and ignoring the effect of electron affinity, a
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comparison between carboxyl and amine groups makes it clear that (statistically) OA has a
greater probability of binding to surface Fe atoms than OAm if they are competing for the
same Fe®* or Fe*" atom on the NC surface (Harris et al., 2015). Figure 5.17B and C shows
about 36 and 100 nm octahedra formed under low OAm concentration. When the amount
of OAm decreased significantly, up to 1 mmol, the product (Fig. 5.17D) exhibited large
truncated octahedral shapes, owing to all crystal faces being coordinated by OA:OAmM
capping ligands and showing saturated surface coverage, thus directing the nuclei to grow
large 3D single crystals under no physical stimuli. These results suggest that finer shape
control over the nanocrystals can be achieved through selective stabilisation of crystal

facets by surfactants and growth kinetic modulation.
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Fig. 5.18 High resolution-TEM images of full view and corners and edges of truncated octahedral
crystals.

The high resolution image depicting the lattice fringes of typical truncated
octahedral crystals of magnetite are shown in Fig. 5.18. The octahedra look to be
rhombohedral shape when viewed in 2D array (Fig. 5.18A and B). High resolution
micrographs shown in Fig 5.18B and D are the corners and side planes of magnetite,
lattice fringes and atomic positions can be clearly observed in the all the crystals. The
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interplanar spacings were determined from the HRTEM image as 0.48, 0.29, 0.25, 0.206
nm as marked, which corresponds to the (111), (220), (311) and (400) reflections of fcc
Fes04. The formation of regular, linear assemblies is noted for both the cube and truncated
octahedral samples owing to the strong dipolar magnetic interaction. The purity of the
dispersed nanocrystals has been confirmed by performing EDS attached to the TEM
which shows the presence of Fe and O peaks in all NCs (data not shown here). In addition,
C peak is mainly from surface adsorbed OA or OAm and the Cu and C peaks are obtained

from the carbon coated copper grid on which the nano-fluid dispersion is deposited.

Truncated
octahedron

50 am

Fig. 5.19 Projection of truncated octahedral Fe;O, NCs along different direction and the definition
of particle size.

On the basis of the TEM results shown in Fig. 5.16-19, it is proposed that both
thermodynamic and kinetic factors dictate the shape evolution of the Fe3O4 nanocrystals at
different stages of the reaction and the organic surfactants also play important roles in the
synthesis. Based on the HRTEM study, it is concluded that surfactant modulate the growth

rate along certain directions, which results in a variety of nanocrystal shapes.
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Fig. 5.20 (A) XRD patterns and (B) its texture coefficient of (a) CU135 (b) OC10 and (c) OC40
magnetite sample.
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XRD patterns collected on dried powders of all MNCs product are shown in Fig.
5.20. Diffraction peaks can be clearly seen and indexed Debye-Scherrer rings
corresponding to (220), (311), (400), (422), (511) and (440) planes of fcc magnetite
(Fe?*Fe**,0,) inverse spinel crystal structure (JCPDS 19-0629). The strong and sharp
peaks revealed that Fe;O4 particles are well crystallised. Texture coefficient results are
displayed in Fig. 5.20B and as expected, the predominance of (400) active crystal facets
are more pronounced in CU6 and CU135 due to cubic shape compared to truncated
octahedra where equal predominance of all facets as per the JCPDS data.

5.4.2.2 Lorentzian site analysis on Moéssbauer spectra

To determine the exact iron oxide phase of the nanocrystal systems, Mdssbauer spectra
recorded on CU135 and OC135 specimens, are similar to those usually observed for
magnetite (Fig. 5.21). The experimental spectra were fitted with a Lorentzian profile using
the Recoil program and corresponding fitting parameters extracted from the resultant fits
for both samples are summarised in Table 5.5. One can unambiguously identify two
resolved sextets, the outer sextet is attributed to Fe** in the A site of inverse spinel
magnetite while the other inner sextet is ascribed to Fe ions located in the B site. It is clear

from the isomer shift (8) values that both the Fe?* and Fe** ions are present in the samples.
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Fig. 5.21 °'Fe transmission Mdssbauer spectra of (a) CU135 and (b) OC135 recorded at room
temperature. Scatter symbols represent the experimental data and the solid continuous lines
correspond to the fits obtained by Lorentzian site analysis of the Recoil program.

The sextet with a lower & value and higher hyperfine field (Byy) is assigned to Fe** ions at
the tetrahedral (A) site and the other sextet with a higher & value and lower Byt is
attributed to iron ions at the octahedral [B] site. The 6 values corresponding to tetrahedral
(8a) and octahedral (8g) sites of the OC135 sample are found to be 0.37 and 0.56 mm.s
respectively with respect to a-Fe (8=0.0 mm.s %) foil. For CU135, 84 and 8g are found to
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be 0.32 and 0.61 mm.s * respectively. The different values of & for OC135 and CU135
samples illustrates that the s-electron density at the Mdssbauer active nuclear site is
significantly affected by the morphology. The range of values of isomer shift indicates
that iron exists in Fe** valence state with high spin configuration in the prepared samples.
The sextet area leading to a Fewa /Feocta,>" ratio of CU135 and OC135 are found to be
0.6 and 0.9 respectively, which exceeds the theoretical ratio 0.5, thus this phenomena is
called super non-stoichiometry in oxygen or cationic vacancies.

Table 5.5 The Hyperfine magnetic field, isomer shift, quadrupole splitting (¢), linewidth and

relative area in tetrahedral and octahedral sites of Fe** in NCs derived from Méssbauer spectra
recorded at room temperature

sample  Site § (£0.03) ¢ (£0.03) By (£0.4)  Width (:0.03)  Area

(mm.s™) (mm.s™) (M (mm.s™) (%)

0.32 0.15 52 0.30 37.5

CULSS B 0.61 0.10 49 0.35 62.5
A 0.37 0 54.4 0.32 46.3

0C135 B 0.56 0 46.7 0.40 51.1
Doublet 0.34 0.5 - 0.18 2.6

In contrast to relative intensity ratio 1:2 corresponding to Fe between A and B sites in bulk
inverse spinel magnetite, (Fe*")a [Fe**Fe®*"]g O4. The dynamic electronic disorder creates
vacancy during the formation process resulting in slight deviation from stoichiometric
magnetite with the formula (Fe**)a[Fe(-sx> Feusan ®x]s0s, where @ represents the
cation vacancy at [B] site and x represents the correction factor for actual stoichiometric
proportion in the sample. The value of x can be extracted from the Mdssbauer spectra

using the following equation:

b _ 60 1)

Ry~ (1+5x)

where Rg/Ra are the relative area ratio of [B] to (A) site. We observed the global
composition of CU135 and OC135 as

CU135: (Fe*")a [Feosar”" Feross Pooza]s Oa
OC135: (Fe**)a [Feoze”" Fer1se Pooze]e Oa

The complexity of iron chemistry, whereby numerous phase and structural types are

produced from the same iron solution by just varying one of several experimental
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conditions rendering the reaction mechanism difficult to investigate. It is very essential to

identify magnetism within iron oxide.

5.4.2.3 ZFC-FC magnetic measurements

Figure 5.22 shows the magnetisation of CU135 and OC135 as a function of temperature
measured at 100 Oe after zero-field cooling (ZFC) and also with 100 Oe field cooling
(FC). A comparison between the typical M-H loops of CU135 and OC135 samples
measured at 300 K are shown as inset of Fig. 5.22. At 300 K, both the nanocrystals exhibit
a superparamagnetic behaviour with small value of coercivity and remanence. The Mg
value is greatly affected by crystallinity of the sample. The Mg value of similar sized
(~135 nm) magnetite crystals CU135 and OC135 are found to be 89.23 and 82.31 emu.g™
at 4 T respectively, which is higher than ~79 emu.g™* for 250 nm magnetite spheres
prepared by solvothermal treatment of Fe(Cl); in ethylene glycol and is very close to 92

emu.g* for bulk magnetite (Frison et al., 2013).
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Fig. 5.22 (A) ZFC and FC magnetisation curves and (B) its difference curves of the (a) OC135 (b)
CU135 crystals under an applied field of 100 Oe; the inset is the hysteresis loop of the same Fe;0,
crystals at 300 K.

This result indicates the formation of well-defined crystalline structure for the as-
synthesised magnetite as illustrated in TEM images. The nanocubes exhibit higher Ms
than that of truncated octahedra, which indicates that the magnetic properties show the
shape dependence.

Though the magnetic moment of Fe** (5 ug) is higher as compared to that of Fe?* (4
ug), the trivalent irons in [A] and (B) are antiferromagnetically oriented and cancel each
other’s net magnetic moment of 4 ug per formula unit in case of inverse spinel structure.
Theoretically, a higher value of Ms is expected as the concentration of Fe®* ions at
octahedral sites in the CU135 sample is higher than the OC135 sample. This leads to an
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increase in net magnetisation per unit formula for the CU135 sample. The room
temperature Mdssbauer study is consistent with this result, revealing higher average By
for the CU135 sample as compared to the OC135 sample.

When an external magnetic field is applied, more and more particles orient their
magnetic moments parallel to the applied field with temperature increase. The temperature
at which the thermal energy (ksT) overcomes the magnetic anisotropy energy of
nanoparticles is referred to as the blocking temperature, Tg (Yang et al., 2011). Above Tg
the sample is paramagnetic and below Tg, it is ferromagnetic (Liu and Zhang, 2001). In
the case of FC procedure, magnetisation monotonically increases with temperature. The
divergence of FC and ZFC curves below Tg is attributed to the existence of magnetic
anisotropy barriers. We observed both enhanced magnetisation and a severe increase of
the blocking temperature (Tg, maximum of the ZFC curve) at ~124 and ~300 K for CU135
and OC135 samples respectively. However, if a distribution of sizes is present, the peak
temperature deviates from the true Tg which contributes to the Mdssbauer line-width.
Since the size of the nanocrystals is almost same for both the samples, different Tg are
explained considering different morphology. An increase of Tg is related to an increase of
the magnetic dipole—dipole interactions (Lima et al., 2013; Mandel et al., 2013). An
increasing number of particles in the cluster intensifies the interaction and induces an
upward shift of Tg (Mandel et al., 2013). It should be noted that, for both the samples, the
temperature of irreversibility (where FC and ZFC curves meet) was far away from the Tg,
suggesting dipole-dipole interparticle interactions and size-polydispersity within the

sample (Lartigue et al., 2012).

Table 5.6 The saturation magnetisation (Mg), reduced remanent magnetisation (Mg/Ms) and
coercivities (Hc) as determined at 300 K upto 4 Tesla for cube and truncated octahedral particles.

Magnetite Ms Mgr/Ms He e Tv Drew
(emu.g™) Ge) (K) (K) (nm)
CU135 89.23 0.072 62.37 124 114 134.54 + 34.04
0OC135 82.31 0.078 93.13 300 94 135.78 + 26.46

The blocking temperatures (Tg; witnessing the ferromagnetic—superparamagnetic
transition) and the broadness of the maxima of the ZFC curves strongly depend on the
average particle size and the degree of polydispersity. Tg values reported in Table 5.6 with
other relevant magnetic features, suggests that the anisotropy in barrier heights increase,

likely because of large dipole—dipole interactions between particles of larger size.
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Broadening of the ZFC curves also increases with the Dtem and o1em, implying a broader
distribution of energy barriers to magnetic moments reorientation (Frison et al., 2013). A
detailed analysis of both FC and ZFC curves and their difference plot (Fig. 5.22B) shows
the characteristic Verwey transition (Ty) temperature ~114°, ~94°C for CU135 and
OC135 respectively. For stoichiometric bulk magnetite, there is an apparent magnetic
transition at ~119 K, which corresponds to Verwey transition originating from fast
electron hopping between the Fe?* and Fe®* ions on the octahedral B sites occurs (Jia et
al., 2007) which is responsible for the high electrical conductivity of magnetite above Ty
(Shebanova and Lazor, 2003). It is also believed that due to the change of crystal
symmetry from cubic to monoclinic structure and charge—orbital ordering (Huang et al.,
2006). The Verwey transition is a special character of magnetite, and this observation
further confirms the structure of the product, while for maghemite products, no magnetic

transition is observed in its ZFC-FC curves (Jia et al., 2007).

5.4.2.4 XPS spectra analysis

The high resolution XPS spectrum of as-prepared CU135 and OC135 nanocrystals shown
in Fig. 8 were used to study particularly the valence states of iron. Fe 2p electron core
levels are split into 2ps, and 2p;, components, which is due to the spin—orbit coupling
characterised by series of peaks (Fig. 5.23AB). The double well defined peaks were seen
at binding energies of 710.17 eV and 723.97 eV in the CU135 sample in agreement with
the reported values of Fe 2ps;, and Fe 2py, core level XPS peaks (Zhang et al., 2007),
which in OC135 appeared at 710.59 eV and 723.93 eV. Each double peak in high
resolution Fe 2p scan is broadened due to the appearance of Fe®* and Fe** in magnetite
which is in agreement with the reported literature. In both the case, it is pertinent that the
absence of shake-up satellite signal at ~719 eV further confirms the presence of both Fe**
and Fe®* species in the lattice of FesO, (Li et al., 2010; Dar and Shivashankar, 2014). The
relative areas of Fe”* and Fe** were calculated with the value of 0.33:0.67, corresponding
to that of the stoichiometry of Fe;O4, which could also be shown as FeO.Fe,O3;. The
observed O1s peak at 529.76 eV for CU135 and 531.7 eV (OC135) is asymmetric with a
shoulder on the higher binding energy side, indicating more phases of O element.
Deconvolution of Ol1s peaks around the binding energy 530 eV showed multiplet
formation which distinguished between lattice oxygen in Fe3O,4 those bound to
hydrocarbons (surfactant), O-H bond adsorbed by FeO from air under ambient condition
(Lietal., 2010).
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Fig. 5.23 High resolution XPS (A, B) Fe 2p (C, D) and O 1s spectra of CU135 (A, C) and OC135
(B, D) samples. The solid red line over a dotted raw data is a typical fit by XPS software.

The XPS results substantiate to the Mdsshauer data, magnetite phase and also confirm the

formation of chemical bonds between the magnetite substrate and the surfactant.

5.4.3 Cell culture: Dose dependent cytotoxicity of MNPs

The aim of this study was to investigate and compare the cytotoxicity of NCs with various
morphology/ surface chemistry on human colorectal carcinoma HCT116 (ATCC®
CCL-247™) cell line. The magnetite nanomaterials used in cell cytotoxicity study were
~10 nm SAPT, ~250 nm MS48, NSAg, CB135, and OC135. Cytotoxicity of NCs was
investigated by WST cell proliferation assay, which is based on the production of
formazan from WST-1 by mitochondrial dehydrogenases in viable cells, on HCT 116 cell
line after 24 and 48 h incubation is shown in Fig. 5.24. After 24 h exposure at varying
doses of SAPT, MS48, NSAg, CB135 and OC135 magnetite crystals, HCT116 cell
viabilities detected by the WST assay resulted in explicit dose-dependent reduction (Fig.
5.24A). The results confirmed the significant differences between cellular responses to the

same condition. When the cells were treated at lower doses 25 and 50 pg.ml?, the
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cytotoxicity of SAPT nanocrystals was statistically greater than that with MS48 but close
to that of CB135 and NSAg.
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Fig. 5.24 Cell survivability of HCT 116 cells exposed to morphologically different magnetite
nanocrystals with different concentrations determined by the WST assay after (A) 24 and (B) 48 h.
After exposure dose increased from 75 to 100 pg.ml™*, OC135 and CB135 induced a much
greater reduction of cellular activity than SAPT, MS48, NSAg. However, at higher dosage
levels at 100 pg.ml ™, the cell survivabilities of SAPT, MS48, NSAg, CB135 and OC135
were respectively inhibited by 41.8, 50, 52, 12.2 and 26.5%, compared with the control
group, which revealed that the dose-dependent cytotoxicity. The greatest cell survivability
loss (87.8%) was found at significantly elevated dose 100 pg.ml™* in CB135. Actually we
have chosen much higher level of concentration range than many of the reported work
(Gao et al., 2009). As expected more cytotoxicity for 48 h duration and at high

concentrations, since magnetic NCs accumulated with the cells for a longer time.

5.4.3.1 Fluorescent microscopic examination of cells

To visualise the morphology of the cell damage due to the presence of the nanocrystals,
the cells were stained with DAPI and FITC (Fig. 5.25). Since neither significant apoptosis
nor necrosis occurred in cells exposed to the MS48, MAg and NSAg (see above), but the
formation of gas vesicles may be responsible for the CU135 and OC135 nanocrystal
toxicity through local changes in the ionic equilibrium.

The toxicological effects of morphologically different nanocrystals with different
size may be attributed to their surface properties that originate from the specific ‘nano’
size effect and are ultimately determined from chemical compositions. Nanocrystals of
cube and truncated octahedra may have different active exposed crystal planes and thus

surface effects along with nanosize that increase the number of structural defects as well
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as disrupting the well-structured electronic configuration of the material, so as to give rise

to altered electronic properties on the particle surface (Donaldson et al., 2002).

Fig. 5.25 Fixing and staining the HCT 116 cells for morphology and nuclear examination after 24
h exposure to (A, B) CU135, (E, F) OC135, (I, J) MS48, (C, D) NSAg and (G, H) SAPT
nanocrystals with respect to (K) control. Scale bar is 640 um Blue colour fluorescence due to
DAPI nuclear staining and green fluorescence due to FITC staining.

This could establish specific ‘surface groups’ that could function as reactive sites. ‘Surface
groups’ can make nanocrystals hydrophilic or hydrophobic, lipophilic or lipophobic, or
catalytically active or passive. The extent of these changes and their importance strongly
depends on the chemical composition of the material (Nel et al., 2006).

During the cytotoxicity assay, the MNPs are added to DMEM which contains many
sources of proteins, vitamins, amino acids, etc. in fetal bovine serum. Mahmoudi et al.,
hypothesised that chloride ions may be able to get attached to Fe in competition with the
hydroxyl groups (Mahmoudi et al., 2010). As a result, not only the amount of Cl ions is
decreased in the diffuse double layer of MNPs in the DMEM medium, but also the
composition of the DMEM medium can be changed due to the attraction of proteins,
amino acids, and vitamins in the diffuse double layer. Cedervall et al. showed that the
particle characteristics (i.e., size, charge and hydrophobicity) can significantly effect the
proteins affinity to the surface of NPs (Cedervall et al., 2007). As a result there could be
significance difference in cell response to the exposed nanocrystals due to surface
characteristics (Mahmoudi et al., 2010). It is worth adding that the maximum and
minimum amount of CI that the cells may tolerate is reported to be 130 and 70 mM
(normal range: 103-112 mM), respectively (Guyton, 2006) and these amounts existed in

the composition of DMEM medium under consideration.
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5.5 Conclusions

The solvothermal reduction method has been used to successfully produce size-tailored
microspheres. This approach provides a one step, simple, and inexpensive method for the
preparation of monodisperse magnetic microspheres with a tunable diameter range of
100-350 nm. The ferric chloride iron source with sodium acetate produced well formed
relatively large spheres when compared to ferric acetylacetonate or ammonium acetate.
One-pot synthesis of monodisperse nanocube and truncated octahedra with controlled size
is facile without a laborious multistep seed-mediated growth. A facile thermal
decomposition route controllably fabricated single-crystalline Fe3O4 polyhedra possessing
active basal facets with high yield. Structural characterisation by XRD and magnetisation
study indicates that the composition of the target material is maintained in the nanocrystals
of Fe;0,. The magnetisation Fe;O, spheres have reached 63, 68, 73 and 79 emu.g™* with
reaction times of 8, 16, 24 and 48 h respectively. The magnetite spheres are highly
magnetic (Ms= ~80 emu.g* in MS48) and can be manipulated by an external magnetic
field. The large ~135 nm nanocubes and OC135 octahedra were found to be
superparamagnetic at 300 K and the Ms value is ~89, 82 emu.g™* respectively. The
magnetic properties of the products were sensitive to the crystal size. Furthermore, the 2D
assembly of monodisperse FesO4 nanocrystals probably leads to future prospects toward
using nanocrystals as one bit magnetic media to achieve high density data storage, thus
promising in the future large-scale application, owing to its low-toxicity materials, and
high yields. The magnetite spheres of core-shell framework were finally covered with
outer shell of silica by this amenable to bulk production for industrial requirements. The
WST and MTT assay results indicate that magnetite supported continuous growth of both
MDA-MB-426 and HCT 116 cells on their surfaces. A significant differences (P>0.05)
were found in cellular proliferation among five concentrations during the whole culture
process. Thus, the morphology, size and dosage of NPs have obvious effect on this cell
proliferation within the measured concentrations. Future investigations may provide more
understanding of the relationship between surface properties and cellular uptake,
translocation, metabolism, oxidative effects and other biological effects of different
nanoparticles in vivo and in vitro. We believe that these hydrophilic and biocompatible
microspheres will have important applications not only in advanced magnetic materials

and ferrofluid technology, but also in biomedical fields such as biomolecular separations,
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targeted drug delivery, cancer diagnosis and treatment, as well as magnetic resonance

imaging.
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Overall conclusions and future scope

Size and shape tuned magnetic iron oxide nanocrystals were successfully fabricated
by three different wet chemical techniques such as coprecipitation, solvothermal, thermal
route. The synthesised magnetite nanocrystals are monodisperse, highly magnetic. Shape-
selective fabrication has been achieved by applying modifications on published methods
by proper selection of the type and concentration of Fe precursors, dielectric constant of
reaction media, precipitation temperature, reaction time, in situ or post synthetic surface
functionalisation treatment. The process was amenable to bulk production for industrial
requirements.

Superparamagnetic magnetite/maghemite core-shell nanostructures with size in the
range ~8-13 nm were successfully achieved by aqueous ammonia coprecipitation
technique in the temperature range of 33-90°C. The activation energy for the growth of
nanocrystallites was ~6.15 kJ.mol™ as estimated by Arrhenius eqn. The kinetically
controlled, as grown NPs were found to possess a preferential (311) orientation of the fcc
phase, with highest magnetic susceptibility of ~57 emu.g™. The mean crystallite size
(Drem—2.5 nm) and microstrain (5.5-8.9x10°%) involved in the as-synthesised nanocrystals
were evaluated from the X-ray peak broadening by Williumson—Hall technique. In
addition to FTIR and Raman spectra, Rietveld structural refinement of XRD confirms the
magnetite phase with 5-20% maghemite in the sample. VSM and Mdssbauer spectral data
allowed us to fit the magnetite/maghemite content to a core-shell model where the shell is
0.2-0.3 nm thick maghemite over 7.8 nm magnetite core. The Dy,y derived from the
Langevin computations were slightly smaller than Dtgm which may be due to the
supposedly presence of a magnetically “dead” layer of atoms over maghemite shell at the
surface. With a view to establish the temperature and Raman laser power relationship,
evolution of different iron oxide phases due to the oxidation under heat treatment as well
as Raman from the laser spot with increasing power (5, 25, 50 mW). The overall iron
oxide phase content were quantified in annealed magnetic sample at various temperatures
and correlated with Raman spectra.

The nanocrystalline magnetite, used in highly stable TMA aqueous ferrofluid, has

been synthesised by ammonia coprecipitation in physiological saline and had a BET
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surface area of 106 m2.g >, The highest magnetic susceptibility of 64.68 and 58 emu.g ™
were achieved before and after peptisation with TMAH. The reduced Ms value of 58
emu.g in TMA specimen is due to its reduced crystal dimension along with small
contribution of the presence of non-magnetic TMAH. TG-DTA, EDAX, as well as XPS
and FTIR spectra confirmed the presence of surface coordinated tetramethyl group in
TMA. The TMA suspensions are stable over a year without any loss due to precipitation.
The novelty of this work is that this is a successful attempt to correlate the stability of
ultra-stable ferrofluid against time and temperature by PCS in conjunction with colloid
surface properties. The hydrodynamic size of the magnetite one-shell nanocluster was
controlled within 28.3-32.3 nm range in a wide temperature range (20-65°C). The
monodispersity of these MNPs containing aqueous ferrofluid have no effect on heating
which has great potential in hyperthermia and may find suitable in various biomedical and

industrial applications.

It was also demonstrated that evaluation of non-aqueous ferrofluids for the real
world applications requires a proper understanding of all the characteristics, rheological
and magnetic properties of NP suspensions. The magneto rheological properties of oil
based ferrofluid has been tested and the findings are as follows: (i) with increasing shear
rate (10 to 10%), ferroluids manifest non-Newtonian behaviour of decrease in viscosity, (ii)
application of magnetic field (0-0.7 T) enhances the non-Newtonian behaviour, (iii) the
viscosity of the ferrofluids increases by increasing the NP loading 10 and 20%. Herschel-
Bulkley model accurately fits to the shear stress data giving the yield stress thereof,
increases with the increase in both magnetic field and concentration of NP loading.
Increased NP loading decreases the magnitude of viscosity hysteresis during magnetic
sweep experiments. During the pulsed application of magnetic field, the trend in the
variation of viscosity changes completely as the shear rate is decreased from a 10° to 10>,
The excellent rheological switching property is suitable for many technological
applications.

Magnetite nanocrystals have been synthesised via homogeneous precipitation in
solvents with decreasing the ‘&’ of medium using 1:1 EA, nPA, IPA, EG, DEG and PEG
with water at 40 and 80°C. The presence of alcohol/glycol content (by TG-DTA and
FTIR) and the precipitation temperature are vital for the control of agglomeration,
suspension stability, size and crystallinity of magnetite. IPA magnetite is relatively

crystalline (Cl ~89%) next to water, with highest magnetisation of ~68 emu.g™*. The
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crystals observed from the HR-TEM have a mixture of multi-faceted polyhedral shapes,
all of which contains abundant under coordinated atoms located on the edges and corners,
serving as extra active sites for the chemical reaction. The PEG, DEG and EG powders
showed better catalytic activity due to smaller particles with abundant active (220) and
(400) crystal facets. Ferrofluids with greater aqueous stability were obtained from
relatively lower precipitation temperature at 40°C. The colloidal suspension of PEG
showed stability over a period of 6 months. The hydrodynamic diameter was <20 nm in
the temperature trend upto 65°C. Light scattering measurements have been carried out on
aqueous suspension of the MDG magnetite at different concentrations and temperatures of
measurement which confirmed the presence of ‘single particle dispersion’, (Dpcs =~13
nm).

Size-tailored microspheres (100-270 nm) were successfully produced by
solvothermal reduction method. This is a simple one step approach for the preparation of
monodisperse magnetic spheres with tunable dimension. Monodispersity, crystallinity and
saturation magnetisation of magnetite was found to increase with increase in autoclaving
time. The magnetisation value of Fe;O,4 spheres gradually increased to 63, 68, 73 and 79
emu.g™* with increasing the reaction time 8, 16, 24 and 48 h respectively. Ferric chloride
iron precursor with sodium acetate produced well formed relatively large sphere when
compared to ferric acetylacetonate or ammonium acetate. Core-shell nanostructures
(FesO4 micrsopheres/silica and nanospheres/silver) as well as yolk-shell frame work
nanostructures (FezO, micrsopheres/silica/Ni-silicate) were thoroughly examined by
TEM, SEM, XRD and XPS. After 24 h incubation of NS and NSAg with MDA-MB-468
cell line, cell cytotoxicity MTT assay was performed. Both the magnetite samples are
biocompatible when compared to spherical or cubic crystals; cells were also stained with
DAPI which showed no remarkable structural changes when compared to control.

Highly monodisperse nanocube and truncated octahedra with controllable size is
fabricated in high yield through facile on step thermal decomposition route without a
laborious multistep seed-mediated growth. Structural characterisation by XRD and
magnetisation study indicated that the composition of the target material is Fe3O4. The
large ~135 nm cubes and truncated octahedra were found to be superparamagnetic at 300
K and the Mg value is ~89, 82 emu.g™* samples respectively. The magnetic properties of
the products were sensitive to the crystal size. Furthermore, the 2D assembly of

monodisperse Fe3O, nanocrystals probably leads to future prospects toward using
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nanocrystals as one bit magnetic media to achieve high density data storage, thus
promising in the future large-scale application.

The WST and MTT assay results indicate that magnetite NPs (SAPT, MS48, NSAg,
OC135 and CU135) supported continuous growth of both MDA-MB-426 and HCT 116
cells at low concentration range. Significant differences (P>0.05) were found in cellular
proliferation among five concentrations (25-100 pg.ml™) of each sample during the whole
cell culture process. Thus, the morphology, size and dosage of NPs have obvious effect on
this cell proliferation within the measured concentrations. The biocompatibility and non-
interacting nature has to be introduced to OC135 and CU135 nanocrystals by surface
modification with silica. A silica layer on a magnetic particle; single particle modification
is possible with the addition of right amount of silicate. We believe that these hydrophilic
and biocompatible SAPT, MS48, NSAg microspheres will have important applications not
only as advanced magnetic materials and ferrofluid technology, but also in biomedical
fields such as biomolecular separations, targeted drug delivery, cancer diagnosis and
treatment, as well as magnetic resonance imaging. Future investigations may provide more
understanding of the relationship between surface properties and cellular uptake,
translocation, metabolism, oxidative effects and other biological effects of different
nanoparticles in vivo and in vitro.

The limited time and vastness of the area left the scope of much more to do in
future. The most important work which could be done as a direct extension of this thesis,
is a thorough study of these size tuned morphologically different NPs used for drug
delivery applications. The work could be extended to testing some of the more stable
aqueous suspensions in animals under MRI conditions. Once these issues are resolved,
wide scale MNPs-mediated targeted disease treatment will no doubt become a reality. The
production of high quality MNPs naturally facilitates the exploration of their applications,
and magnetic nanomaterials indeed show many useful applications in several fields.
Moreover, the design and fabrication of sophisticated, multifunctional nanostructures
based on MNPs have recently been attracting increased research effort, especially for
biological applications. One such example, in clinical field, is that covalently attach
oxygen-sensitive fluorescence dyes to the magnetite nanocrystals surface aiming to
develop magnetic/luminescent nanocrystals-based glucose sensors. It is possible to re-use
the enzymes immobilised on MNPs for successive glucose measurements in multiple
samples. This approach particularly needed in third world countries where high tech
diagnostics aids are inaccessible to the bulk of rural population.
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Uniform 6—13 nm sized 0D superparamagnetic FesO4 nanocrystals were synthesized by an aqueous ‘co-
precipitation method’ under a N, atmosphere as a function of temperature to understand the growth
kinetics. The crystal phases, surface charge, size, morphology and magnetic characteristics of as-
synthesized nanocrystals were characterized by XRD, Raman spectroscopy, FTIR, TG-DTA, BET surface
area, dynamic light scattering along with zeta potential, HR-TEM, EDAX, vibrating sample magnetometry
and Md&ssbauer spectroscopy. TEM investigation revealed highly crystalline spherical magnetite particles
in the 8.2-12.5 nm size range. The kinetically controlled as-grown nanoparticles were found to possess
a preferential (311) orientation of the cubic phase, with a highest magnetic susceptibility of ~57 emu g~*.
The Williamson—Hall technique was employed to evaluate the mean crystallite size and microstrain
involved in the as-synthesized nanocrystals from the X-ray peak broadening. In addition to FTIR and
Raman spectra, Rietveld structural refinement of XRD confirms the magnetite phase with 5-20%
maghemite in the sample. VSM and Mo&ssbauer spectral data allowed us to fit the magnetite/maghemite
content to a core—shell model where the shell is 0.2-0.3 nm thick maghemite over a magnetite core.
The activation energy of <10 kJ mol™! calculated from an Arrhenius plot for the complex process of
nucleation and growth by diffusion during synthesis shows the significance of the precipitation
temperature in the size controlled fabrication processes of nanocrystals. Brunauer—Emmett—Teller (BET)
results reveal a mesoporous structure and a large surface area of 124 m? g~*. Magnetic measurement
shows that the particles are ferromagnetic at room temperature with zero remanence and zero
coercivity. This method produced highly crystalline and dispersed 0D magnetite nanocrystals suitable for
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nanometer size effect and have attracted great attention in
recent years. The crystal chemistry of Fe;O, is of considerable

Introduction

Magnetite (Fe;O,4, containing Fe®>" and Fe*" in the 1: 2 ratio),
crystallizes in the inverse cubic spinel structure Fd3m above the
so-called Verwey transition temperature ~120 K." The oxygen
atoms form the close-packed face-centered-cubic (fcc) lattices
with the iron atoms occupying the interstitial positions.> Fe;O,
nanoparticles exhibit unique and tunable fundamental size-
and shape-dependent novel magnetic, optical, and other
unique properties due to quantum confinement effects i.e., the
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interest to mineralogists and materials scientists because of its
extensive applications in magnetic resonance imaging (MRI) for
imaging the brain and the central nervous system,*” for
assessing cardiac function,® as a drug delivery/gene-delivery
platform,” ferro-fluids, MICR ink,® cell targeting,” magnetic
force based tissue engineering,'®'* magnetically controllable
catheters, glucose sensing,'”> sensing tumor by magneto-
impedance,*® and magnetic separation of biological materials.
Outstanding magneto-electrical properties have also been
reported in strain induced magnetite."***> Recent technological
advances in smart multifunctional nanobiomagnetic platforms
offer exciting opportunities in personalized medicine for more
accurate early prognosis, monitoring and treatment of various
diseases without jeopardizing healthy tissues by identifying
unique biochemical markers of disease before the appearance
of symptoms obviates the need.'® Nanocrystalline Fe;O, often
exhibits superparamagnetic behavior. Néel relaxation of
superparamagnetic Fe;O, is an effective way to heat up the

RSC Adv., 2014, 4, 64919-64929 | 64919
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nanocrystals and the surrounding tissue by transferring energy
from the external magnetic field in therapeutic hyperthermia
and, more recently, in the development of theranostic
technologies.»"”

Large surface area to volume ratio for nanoparticles provides
enormous driving force for diffusion, especially at elevated
temperatures.'®* Colombo et al. calculated the activation energy
for the reduction of iron oxides (hematite, maghemite and
magnetite) at 150° to 400 °C under reductive atmosphere." Brus
et al. reported the diffusion controlled aqueous oxidation
kinetics of magnetite nanoparticles.”® Although magnetite
nanocrystals prepared by the precipitation technique have been
extensively studied, to the best of our knowledge, seldom efforts
have been devoted on its growth kinetics during crystallisation.
Magnetite NPs are susceptible to undergo surface oxidation in
air to maghemite (y-Fe,0;), and hence the control of magnetic
properties at these very small sizes still remains a challenge.
Average size estimation by transmission electron microscopy
(TEM) is by analyzing rather a limited number of nanoparticles
(typically 100-300) compared to >10"> NPs investigated by X-ray
diffraction (XRD) and vibrating sample magnetometry (VSM).**
Debye-Scherrer formula, though widely been used to estimate
crystal sizes, underestimates the grain size as it ignores the line
broadening due to microstrain in the lattice as a result packing
defects/dislocation structures etc.>> Application of Williamson-
Hall (W-H) method on X-ray profiles not only estimate the
crystallite sizes but also isolates the peak broadening due to
internal lattice strain.*

Over the past couple of decades numerous techniques have
been proposed to synthesize nano-sized Fe;O, particles, such as
sol-gel,> hydrothermal/solvothermal>* thermal decomposi-
tion,*® reverse micelles,” polyol,*® sonolysis,* gamma ray irra-
diation,* microwave plasma synthesis.** Majority of these
synthetic methods involves thermal decomposition of organo-
metallic precursors or metal complexes in the presence of
surfactants that enables precise control of both size and its
distribution. Despite such advantages, lipophilic nature of the
nanoparticle (NP) surfaces and cost of reactants presently make
these synthetic methods not viable for biomedical applica-
tions.?' Nevertheless, the aqueous coprecipitation of Fe>* and
Fe** salts using an alkali remains the most intensively studied,
modified and improved method to find economic and envi-
ronmental friendly pathways for fabrication of controlled metal
oxide nanostructures. Most of the industrial applications of
magnetite demand highly magnetic nanoparticles with precise
knowledge of size, lattice strain/defects and minimal surface
passivation. Crystal dimension of nanomaterials affect key
colloid properties such as rheology, film gloss, catalytic activity,
chemical sensing etc.** Very often increasing mismatch of
magnetic NP size and its saturation magnetization values (and
as a result increasing magnetic anisotropy) is reported with
decreasing size in magnetite NPs. This is due to the presence of
a magnetically dead layer of oxidized 15-30% amorphous
component (with a thickness varying between 0.3 and 1.0 nm)
over the maghemite shell of magnetite-maghemite core-shell
structure.”® We show that there are size-dependent changes in
the local structure and oxidation state of the oxide shell, the
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relative fraction of maghemite increasing at the expense of
magnetite as the core dimensions decrease. This size/structure
correlation has been explained in terms of morphological and
structural disorder arguments.*

In this communication, we report the estimation of the
crystal dimensions of magnetite synthesized through surfactant
free aqueous coprecipitation route from the TEM, XRD, and
magnetization profiles by Langevin fit. The XRD data were
analyzed by Rietveld refinement. The magnetite phase was
confirmed from the X-ray, TEM, Raman and Fourier transform
infrared (FTIR) spectroscopy. The maghemite content in
magnetite was determined from the Mossbauer spectral fitting.
The magnetic powder was thoroughly characterized by thermal
analyses (TG-DTA), surface area analysis, hydrodynamic size
and zeta potential measurements. The activation energy for
growth of size tailored magnetite crystals was calculated by
employing Arrhenius equation. The crystal dimensions were
carefully correlated in terms of maghemite layer content over
magnetite core in a core-shell model.

Experimental section

Materials

Fe(u) chloride (98%) and Fe(m) chloride (97%) were procured
from Sigma Aldrich Chemicals. Ammonia solution (25 wt%)
and common solvents ca. acetone, ethanol (analytical grade) etc.
were purchased from Merck, India. All the syntheses, washings
and dilutions were done with Millipore water (Millipore,
specific resistivity 18.2 MQ cm @ 25 °C). Millipore water for
synthetic purposes was purged with XL grade (99.999%)
nitrogen gas for deaeration.

Experimental

The procedure adopted here is a modification of the method of
Shen et al®* To elucidate the formation process of Fe;O,
nanocrystal in a size tailored manner, 4.2 mmol FeCl,-4H,0
and 8.4 mmol FeCl;-6H,0 (such that Fe**/Fe** = 2) were dis-
solved in 35 ml deionized water previously deaerated by purging
nitrogen gas in a 100 ml three-neck round bottom flask whose
central neck was connected to a water-cooled condenser. A
thermometer and a glass pipette for N, gas purge were con-
nected through thermometer pockets to the other two necks.
The reaction mixture was heated slowly to 90 °C over a hot plate
magnetic stirrer while continuous stirring. The clear off-yellow
color of the suspension turned to muddy orange at ~80 °C
indicating the complete hydrolysis of ferrous and ferric chlo-
rides. After heating the reaction mixture for ~30 min at 90 °C,
~7 ml NH; solution was added while vigorous stirring. The
orange colored suspension immediately turned black indi-
cating the formation of magnetite crystals. At this point the net
Fe** concentration was 100 mM. The temperature was main-
tained at 90 °C for further 30 min to allow crystal growth. The
sequence of magnetite formation from the ferrous and ferric
chlorides via hydrated ferrous and ferric oxides during alkali
precipitation may be given as*

This journal is © The Royal Society of Chemistry 2014
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FeCl; + 3NH4OH i FC(OH)3 + 3NH4C1
FeCl, + 2NH,OH — Fe(OH), + 2NH,4Cl1

Fe(OH)2 + 2F€(OH)3 i FC304 + 4H20

The suspension was cooled naturally to ambient tempera-
ture. The resultant pH of the reaction mixture was ~11. The
entire experiment was carried out carefully under a closed
nitrogen atmosphere. The precipitated black solid was collected
by magnetic decantation with a help of permanent neodymium
iron boron magnet (520 G strength), and washed five times with
1:1 acetone and methanol mixture. This magnetite is desig-
nated as T90. Similarly, magnetites (~1 g) were produced using
the same precursor concentrations at temperatures 33, 45, 60,
and 75 °C under identical conditions and were named as T33,
T45, T60, and T75. After the final washing, the precipitates were
collected and dried at room temperature in a vacuum oven.

The powder XRD patterns were recorded with Bruker D8
Advanced diffractometer equipped with source CuKa, radiation
(2 = 1.5406 A) with a step size of 0.05° 26 and a scan speed of 4°
min~". The mean crystallite size and microstrain involved in as-
synthesized nano magneto-crystalline samples were estimated
by the Cauchy-Cauchy (CC) approach also known as Wil-
liamson-Hall*® plot from the linear dependence line-profiling of
prominent X-ray diffraction peaks of (8,4 cos 6 versus sin 0 as
described in eqn (1):

B29cos  =2esinf + 0.9 A/D (1)

where D is the crystal size, ¢ is the maximum microdeformation
of a lattice, 8,4 is the integral width of the diffraction peaks at
angle 6 by the eqn (2):

Bay = 7— (2)

Strain is estimated from the slope (2¢) and the average crystal
size (D) from the intercept (0.94/D) of the linear regression
assuming the particles are spherical. W-H analysis is some-
times used as a complementary method to confirm TEM values
and to make them more robust from the statistical point of
view. We adopted Rietveld powder structure refinement anal-
ysis®*” of X-ray powder diffraction step scan data using the JAVA
based program MAUD,* to obtain the structural and micro-
structural refinement parameters through a least-square
method. The experimental profiles are fitted with the most
suitable pseudo-Voigt (pV) analytical function®” with asymmetry
and the background of each pattern is fitted with a fourth order
polynomial function.

Standard Harris analysis was performed on X-ray data of
magnetite powders® to estimate preferred orientation of
specific crystal planes and is expressed as texture coefficient
C(hiki,), following eqn (3),

m&mr 1mmql

C(h,k,l,) = W

0 2= Ty (hikil) (3)
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where, I(h;k;l;) is the diffraction intensity of the (k:;l;) plane of
the particular sample under investigation, I,(hkI;) is the
intensity of the (h;k;l;) plane from the standard JCPDS powder
diffraction pattern for the corresponding peak i, and n is the
number of reflections taken in to account. FTIR spectra on
magnetite samples were taken at room temperature on a Perkin-
Elmer Spectrum 100 spectrophotometer in the 400-4000 cm ™"
range with average of 50 scans. The powder specimens were
pressed into small discs using spectroscopically pure KBr
(Sigma-Aldrich, =99%) matrix with sample to KBr ratio ~1 : 100
to evaluate the structural aspects of magnetite. The Raman
spectrometer is equipped with an optical microscope (Olympus
Confocal Raman Optics micrometer), a thermoelectrically
cooled (—60 °C) charge-coupled device (CCD) detector and a
CCD camera (resolution 1340 x 1100) that can provide a good
laser beam. The Raman spectra were collected by 514.5 nm
radiation from an argon ion laser (Stellar Pro, 50 mW) on
Princeton Instruments Acton SP2500. Samples were compacted
into a 1 mm cavity held on an anodized aluminum plate. The
laser beam was focused on the sample by a x50 lens to a spot
size of ca. 5-6 pm. Coaxial backscatter geometry was employed
for signal collection with spectral resolution of ~1 ecm™*. The
Raman shifts were calibrated using the 520 rem ™' line of a
silicon wafer. The spectra were collected using 2.5 mW laser
power over the range 1000-200 rem™ " and accumulation over 10
scans, each with an exposure time of 10 s to reduce noise
further. Crystal dimensions can also be estimated from the
magnetization curves based on the theory of super-
paramagnetism as proposed by Bean and co-workers.**"** To fit
the magnetization curves, we assume that individual grains are
single crystals without mutual interaction and each particle has
an inner single-domain core with the spontaneous magnetiza-
tion. The magnetization of N number of ideal non-interaction
superparamagnetic nanoparticles, each with identical
magnetic moment u, at constant temperature 7 in magnetic
field H is given by Langevin function eqn (4),

uH

J@J+17@£
e2 <kMTHT) -1 .

where kg and Nu are the Boltzmann constant and saturation
magnetization (M;) of the synthesized sample.

The magnetization curves were fitted using a nonlinear-least
squares routine to obtain two parameters: the log-mean single
particle moment, u, and M. The size, called “magnetic size”, is
significantly smaller than the physical size obtained from TEM.
Magnetic measurements of the powder sample were made
using VSM (Lakeshore 7305, US) at 298 K and Physical Property
Measurement System (PPMS, Cryogen, UK). >’Fe Mdssbauer
spectra of the two selected specimens T33 and T90 were recor-
ded at room temperature by means of a standard constant
acceleration transmission mode with a ~50 mCi *’Co diffused
in rhodium matrix using a o-Fe foil for calibration. The exper-
imental profiles were fitted to Lorentzian functions by least-
square method with RECOIL software package. The average
size and the morphologies of magnetite nanoparticles and its

M(H) = N @)
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crystal structure were ascertained by the high resolution trans-
mission electron microscopy (HR-TEM) using a FEI Tecnai 30
G” S-Twin HR-TEM operated at 300 kV equipped with a Gatan
CCD camera. The chemical composition was determined on
several crystal grains by using an EDAX spectrometer equipped
with high-angle annular dark-field detector with beam scanning
capability (Fischione Instruments, Inc., USA) with TIA analysis
software. The standard deviation of size was calculated using
the formula eqn (5),

(5)

where N is sampling number, x; is random variable, x~ is mean
size and the size distribution is calculated using probability
density eqn (6), based on a log-normal function

2
o(D) = Dallx/ﬁeXp { B [m(l;ﬁ)] } ©

where ¢ is standard deviation, D is size, and D, is the mean
size.

The specific surface area and pore size distribution of the
magnetite powders were determined from the N, adsorption
data following BET technique at 77 K using a surface area
analyser (Quantachrome Instruments version 10.01). Surface
area analyses were conducted on powder samples after
degassing them at 200 °C for 3 h. The thermogravimetric (TG)
analysis was used to investigate the thermal reactions of the
synthesized nanocrystals using a Simultaneous Thermal
Analyzer (STA-6000, Perkin-Elmer, The Netherlands) under
ultrapure nitrogen purge. The thermograms were collected with
a ramp of 10 °C min ™" in the temperature range 50-1000 °C.

Results and discussion

Magnetite nanoparticles were synthesized by the economic,
non-toxic aqueous coprecipitation method at different reaction
temperatures in the range 33° to 90 °C. The synthesized iron
oxide powders (T33 to T90) were typically black in color indi-
cating the presence of magnetite as the dominant phase,
although ancillary y-Fe,O; may not be completely excluded. The
bright field HR-TEM images for selected samples T90, T75, T60
and T33 are shown in Fig. 1 (additional images are provided in
Fig. S1 in the ESIT). TEM images show spherical, crystalline and
well resolved particles with narrow size distribution in 6-13 nm
range. Apparently the particles do not interact with each other
at room temperature which will be further investigated by the
magnetization measurements in a later section (Fig. 3). The
TEM results shown in Fig. 1 reveal that the precipitation
temperature increases the average particle size of T33 from 7.76
+ 1.94 nm to 10.84 + 1.97 nm in T60, while 75 °C reaction
temperature further increases the size to 12.32 £ 1.63 nm.

On the other hand, the magnetite synthesized at 90 °C
doesn't improve the equilibrium size much but most particles
fall in relatively wider 12.42 + 1.87 nm size range (Fig. 1A). The
particle size and number based size distribution of
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Fig. 1 Bright-field TEM images of as synthesized magnetite nano-
particles (A) T90 with its SAED pattern (inset), (B) T75, (C) T33, and (D)
HR-TEM of T33 indicating clear crystalline core surrounded by
amorphous shell (marked with white line). The size distribution
histograms of the corresponding nanocrystals for all the images are
presented as inset to each image.

nanoparticles are calculated by probability density function
(eqn 6) from the inspection of multiple TEM images on 100-200
particles. These results suggest that the size of the resultant
Fe;0,4 nanocrystals is strongly dependent on the precipitation
temperature. Careful examination of the high resolution images
indicates that all the nanoparticles are single crystals and
fringes corresponding to predominant (311) and (220) planes
could be identified. Selected area diffraction (SAED) patterns of
T90 (inset of Fig. 1A) shows clear Debye-Scherrer rings corre-
sponding to (220), (311), (400), (422), (511) and (440) planes with
corresponding interplanar spacings 0.2967, 0.2532, 0.2099,
0.1715, 0.1616 and 0.1485 nm respectively (JCPDS card no. 19-
0629). The careful observation of HR-TEM images clearly reveals
crytallographically different core-shell morphology in nano-
crystals of T33 with amorphous shell of thickness ~0.3-0.5 nm.
The atomic ratio of Fe:O of the nanoparticles measured by
EDAX (Fig. S1 in ESIY) is 3 : 4. Within the limits of sensitivity
(=3%), these EDAX data also suggest that the nanoparticles
have no detectable impurities: the signal from C and Cu was
due to the carbon film over the copper TEM grid.

The X-ray diffraction patterns of Fe;zO, synthesized at
different temperatures and Rietveld analysis on the XRD pattern
of T33 are shown in Fig. 2. All Bragg's planes could be indexed to
face centered cubic inverse spinel magnetite of Fd3m, #227
space group with lattice constant a in the range 0.8340-0.8366
nm whereas the same for bulk magnetite is 0.8396 nm (JCPDS
card no. 19-0629).

This journal is © The Royal Society of Chemistry 2014
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(A) X-ray diffraction patterns of magnetites (a) T33, (b) T45, (c) T60, (d) T75, and (e) T90. The vertical drop lines in (A) are the theoretical

Bragg positions for inverse spinel magnetite phase following JCPDS Card no. 19-0629. (B) is a typical Rietveld fit (solid line) for T33 over the
corresponding raw XRD data (dots). The noisy layer in (B) is the difference curve between the XRD profile and the Rietveld simulation.

Broad diffraction peaks (Fig. 2A) indicate the nanocrystalline
nature of the particles. When the reaction temperature was
increased in steps from 33 to 90 °C, a slight progressive nar-
rowing of the X-ray diffraction peaks occurred as a result of
crystal growth and reduction of microstrain in the lattice orig-
inating from defects. The match of the X-ray pattern with its
Rietveld fit and the resultant almost spike less difference
pattern indicates the quality of fit in magnetite-maghemite
mixed phases in the synthesized sample. The Rietveld analyses
of X-ray patterns of T33 and T90 (Fig. S4 in ESI}) allowed us to
estimate the relative concentrations of magnetite phase as 89.2
and 87.3% respectively which is compatible with a core-shell
model where the shell is 0.2-0.3 nm thick in Dpgy = 8.2 and
12.5 nm particles in T33 and T90 respectively. The core-shell
structure was also observed from HR-TEM images (Fig. 1). The
fit parameters are consistent with reported data in the litera-
ture.®® Fig. 3 shows the field dependent magnetic properties of
the synthesized Fe;0, samples (T33 and T90), measured by VSM
at room temperature as well as PPMS at different temperatures
with higher field resolution. The hysteresis loops apparently
pass through the origin which indicates zero coercivity and zero
remanence (Fig. 3A), signifying that the samples are in the
superparamagnetic state with unstable magnetization at this

temperature** and the samples possess higher magnetization at
250 K due to reduced thermal energy (Fig. 3B).

In contrast to saturated magnetization (M) of ferromagnetic
Fe;0, nanoparticles, measured by Tian et al.,** we observed
unsaturated magnetic behavior in our synthesized nano-
particles that confirms the superparamagnetic nature. On
careful examination of the high resolution magnetization data
(Fig. 3B) it is observed that both T33 and T90 display coercivities
to the extent of mere 21 and 16 Oe respectively. Appearance of
the coercivity may be attributed to the long range magnetic
dipolar interactions. The magnetization profiles as a function of
HIT (inset of Fig. 3B) are very much close to each other sug-
gesting non-interactive nature of the particles. However, small
deviation between the curves in the high field region and the
presence of coercive field indicate that the mutual interaction is
not absolutely zero i.e., a weak interaction exists among them.*®
Due to the asymptotic increase of magnetization for high fields
(see Fig. 3), the saturation magnetization value can be obtained
from the fitting of the M vs. 1/H curves, extrapolating the
magnetization value to 1/H = 0.*” According to inset of Fig. 3A,
the observed magnetization for T90 and T33 are 48.44 and 56.11
emu g ' respectively. The curves were fitted with Langevin
function in order to get M of samples and the obtained fitting
parameters are summarized in Table 1. It is noteworthy to

~
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Fig.3 Magnetization versus applied magnetic field data (A) with low field
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resolution for selected magnetite (a) T33 and (b) T90 specimens and (B)

higher field resolution from PPMS at (a) T33 at 250 K, (b) T33 at 300 K, (c) T90 at 250 K and (d) T90 at 300 K and its inset represents the
magnetization data as a function of H/T for T90. Typical Langevin fits are represented by solid black lines in (A).
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mention that the M; of our synthesized samples is greater than
that of Fe;O, nanosheets of thickness ~10 nm and nanorods of
length >100 nm and diameter of ~10 nm,*® but is quite less than
bulk Fe;O4 (92 emu g ')* and the reduction of M, may be
attributed to the disordered surface spin or spin canting
behavior at the surface of the nanoparticles and change in
degree of inversion.

It is worthy to mention that M, of T33 is higher than that of
T90 i.e., bigger particle has lower value of M. The magnetic
sizes of T90 (Dpyag = 10.83 nm) from our computations are
smaller than the physical size measured by TEM (Dygy = 12.42
nm). It is reasonable to assume that the difference may be
attributed to the presence of magnetically inactive outer layer
that is responsible for suppression of magnetization in our
synthesized samples.*”*® As it is well known that Fe;O, having
inverse spinel structure in bulk possesses mixed spinel struc-
ture in nano-phase and the degree of inversion decreases with
increase in particle size. Since T90 has larger size than T33, the
reduction of magnetization in case of T90 may be ascribed to
the reduction of the degree of inversion. Interestingly, it has
been observed that Drgy for T33 (8.2 nm) is smaller than Dy,
(9.86 nm) i.e., magnetic size is overestimated by approximately
10% in comparison to TEM size. Such overestimation was
previously observed by few researchers and can be explained on
the basis of either perturbation in the Langevin function caused
by interparticle interactions that was ignored during fitting® or
the consideration of single size distribution of the particles. In
order to get a better information, the magnetic sizes (Dpag) were
also calculated by using eqn (7),”>**

1
18kT x \3
Dipag = (T vaz) )

M
where x and p represent susceptibility (d—) and density of
H—-0

the material respectively. Eqn (7) gives Dyag as 6.6 nm for T33
and remove the discrepancy that emerged from the Langevin
curve analysis.

>’Fe Mossbauer spectra of T33 and T90 samples shown in
Fig. 4 consist of two sextets and a single doublet pattern
depending on the size and crystallinity of the particles. The
outer sextet of smaller area corresponds to Fe** in tetrahedral
(A) sites while the inner sextet with larger area corresponds to
Fe®" and Fe®" in octahedral (B) sites. However, the weak doublet
peak signifies the presence of some particles lying below the
critical size for superparamagnetic relaxation at the measure-
ment time-scale. The average hyperfine magnetic field (HMF)
decreased in the magnetic powder specimens from T33
synthesized at 33 °C to T90 prepared at 90 °C (Table 2). This
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drop may be attributed to the lower net magnetic moment per
unit formula for T90 as determined by the Fe*" ion concentra-
tion at octahedral site in comparatively larger particles. The
relative area ratio of two Fe®" sextets for both the samples
reveals that the concentration of Fe** jons at the octahedral (B)
site is lower than that at the tetrahedral (A) site.

The isomer shift (6) values corresponding to tetrahedral (6,)
and octahedral (63) sites of the magnetite specimens (Table 2)
illustrate that the s-electron density at the Mdssbauer active
nuclear site is significantly affected by the rise in precipitation
temperature. Nevertheless, the value of the isomer shift of Fe**
in the A site is higher than that generally reported for the
micrometric bulk magnetite," indicating a possible charge
transfers in the A site also.

Negative quadrupole shift (QS) for both the samples may be
attributed to the oblate charge distribution of Fe. The ferric
character of the Fe ion is also manifested by the magnitude of
the magnetic hyperfine fields and is proportional to the spin of
the ferric ion.** The sextet area leading to a Fewetra® /Feocta”
ratio of T33 and T90 is found to be 0.80 (42.5/52.8) and 0.85
respectively, in contrast to the theoretical ratio 0.50. Such
intensity ratios, which exceeds 0.50, are called super stoichi-
ometry in oxygen or cationic vacancies." In contrast to relative
intensity ratio 1 : 2 corresponding to Fe between A and B sites in
bulk inverse spinel magnetite, (Fe**),[Fe*"Fe*"|30,, we observed
the global composition of T33 and T90 as,

T33: (Fe’)alFeo 14 Fer.124> 00621804
T90: (Fe3+)A[Feo.792+F€1.143+(p0.07]1304

where @ represents the cation vacancy at the B-site. The stoi-
chiometry implies that the Fe;O, content in T33 sample was
81.4% and the rest being Fe,03;. T90 contains slightly lower
amount of magnetite at 79%. The relatively larger fraction of
oxidized Fe*" (maghemite) in T90 may be attributed to the
dominating effect of higher precipitation temperature though
T33 has a larger fraction of surface atoms. The ®-value clearly
indicates the formation of non-stoichiometric magnetite with
some Fe”* deficient lattice sites. If we assume the overall shape
of the magnetic nanocrystals are spherical and the oxidized vy-
Fe,0; phase exists as shell of uniform thickness over magnetite
in a core-shell model, one can easily compute the 18.6%
maghemite in a 8.2 nm crystal to ~0.27 nm thick shell as shown
in Fig. 4. Similarly, 79% magnetite content in 12.4 nm T90 is
compatible with 11.6 nm core/0.47 nm shell (Fig. 4B). The
thicknesses of maghemite shells obtained from magnetization
studies are close match to the same observed from TEM
micrography. The formation process of maghemite shell over

Table 1 The detailed analysis from the Langevin fit of the magnetite samples

Sample Exp M, (emu g™ %) Cal M, (emu g™ w (emu NP R’ Standard error Dinag (nm)
T33 56.11 57.22 1.48869 x 107 ¢ 0.9995 +1.04 9.86
T90 48.44 49.86 1.71487 x 10 '® 0.9998 +0.54 10.83
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Fig. 4 (A) °’Fe transmission Mossbauer spectra of (a) T33 and (b) T90 recorded at room temperature. Symbols represent the experimental data
and the continuous lines correspond to the simulated data and (B) schematic representation of core-shell frame-works in T33 and T90.

magnetite core begins by dissociative oxygenation of Fe*
cations at the surface. This phenomenon generates surface Fe**
cations along with cation vacancies. The Fe** ions diffuse out
from the inner oxide core to the surface to attain the Fe** state.
During this process, the outer oxide layer thickens and a radial
compositional gradient is established producing a core-shell
structure, with maghemite being more abundant in proximity
to the surface of the particles forming shell. In order to observe
superparamagnetism, as shown in Fig. 3, the time-scale of the
measurement ¢, should exceed the superparamagnetic relaxa-
tion time (t), which is usually in the order of 107° to 107 % 5.1
The critical size D, of the particles to be superparamagnetic may
be calculated empirically from the equation D, = (In t,/7)"*. In
the measurement of magnetization, the observation time ¢, ~ 1
s, and hence the superparamagnetic relaxation can be observed
in particles with of size 10" to 10 nm. In a Mdssbauer study the
measurement time is much shorter (¢, ~ 10~ s), and therefore
manifestation of superparamagnetism is expected in particles
of much finer sizes.>

The grain sizes obtained from the W-H plots showed almost
linear increase with increasing precipitation temperature indi-
cating crystal growth during precipitation (Fig. S2 in ESI{). A
steady increase in the lattice strain was observed (in the range
4.0-7.2 x 10~°) with decrease in the particle size (Fig. $21).% It
is interesting to note that the estimated (Dxgp) from the W-H

technique for all the nanocrystals are within Dygy —2.5 nm as
the shell of amorphous layer has not contributed to the X-ray
diffraction. The deviation is more in the crystals synthesized
at higher temperatures. Atoms at the surface and edges are
under-coordinated with the presence of broken bonds. As the
crystal dimension decreases, the surface area-to-volume ratio
increases resulting in a increased broken bond density at the
surface causing the remaining bonds to contract spontaneously
with an associated increase in bond strength, which in turn
produces localized strain.*® A decrease in the lattice parameter
to 8.3596 A was observed when the particle size increased from
7.3 to 8.4 nm as a result of possible higher surface oxidation of
magnetite crystals to y-Fe,O;. The cell constant decreased
slightly further to ~8.3544 A on increasing size to 9.7 nm and
remained almost constant thereafter. W-H analysis of X-ray
data confirmed that the lattice parameter and crystal lattice
strains in magnetite nanoparticles are primarily dependant on
the crystal sizes. The preferential orientation of the crystallites
along different crystal planes (kkl), texture coefficients, C(%kl) in
the Fe;0, nanocrystals (Fig. S31) shows preferentially grown
{110} planes to texture coefficient value of 1.323 in T45 because
of the growth confinement of (311), (440) and (511) crystal facets
and reduced slightly further to 1.288 in T90 (synthesized at
90 °C). Fe;0, with predominant active (220) planes (T45 to T90)
is of great potential in catalytic applications. A C(hkl) value of

Table 2 Values of room temperature >’Fe Mdssbauer parameters by Lorentzian site analysis using Recoil program

Isomer shift, 6 Quadrupole splitting, AEq” Average hyper fine field, ): Width® Area fraction®
Sample Site (mm s™* (mm s™) (Tesla) (mm s™) (%)
T33 Doublet 0.40 1.60 — 0.45 4.7
Sextet (A) 0.42 —0.08 51.0 0.55 42.5
Sextet [B] 0.60 —0.06 44.0 0.65 52.8
T90 Doublet 0.35 1.40 — 0.35 6.2
Sextet (A) 0.32 —0.02 451 0.45 43.1
Sextet [B] 0.52 —0.08 40.0 0.60 50.7

“ Standard deviation equal to £0.03. ? Standard deviation equal to +0.4. ¢ Standard deviation equal to +0.2.
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1 indicates a particle with randomly oriented crystallites, while
a larger value indicates an abundance of crystallites oriented to
that (hkl) plane.”” The high-index planes usually have higher
surface energy. The energy for different crystal planes is in the
order y(111) < ¥(100) < vy(110) < y(220) for the face-centered-
cubic magnetite phase.*®

The Arrhenius plot for the samples prepared at temperatures
in the range 33-90 °C (Fig. S47) gave the activation energy from
the gradient of the linear regression as 6.15 k] Mol * under the
condition of homogeneous growth of nanocrystallites. This
energy is responsible for initiating the complex process of
nucleation and growth by diffusion as well as secondary growth
by Ostwald ripening. In the case of ammonia precipitated
magnetite crystals, the activation energy is relatively small as
the nanocrystals have large surface area and its poor crystal-
linity. The growth process involves a dissolution-crystallisation
mechanism allowing a decrease of the free enthalpy of the
system by reduction of the surface area.”

FTIR spectra on selected magnetite specimens conducted in
air are shown in Fig. 5. FTIR spectra also confirm the presence
of fcc magnetite in the materials as was previously confirmed
from the TEM and XRD data (Fig. 1 and 2). The IR absorption
bands in the 630-550 cm™ ' range is attributed to the vibrations
of Fe-O bonds in tetrahedral and octahedral sites® and must
have been resulted from the split of the »; band at ~570 cm
The band at ~440 cm ™" in T90 is due to the octahedral Fe only
and corresponds to the v, band of Fe-O of bulk magnetite (~370
cm ) shifted to a higher wavenumber. The intensity reduction
of the band at ~590 cm ™" from T90 to T33 is probably due to
part of the Fe;O, being reduced to elementary iron.** The
presence of O-H stretching vibration at ~3411 cm ™" and O-H
deformed vibration (bending modes) at 1630 cm " are attrib-
uted to the presence of coordinated OH groups or water mole-
cules with the unsaturated surface Fe atoms.*> C-O stretching
vibrations of CO3  anion at 1400 cm™ " (v;) in both the samples
are due to atmospheric CO,.** A small absorption band at
2911 em ™" is due to the v (-CH) vibrations from the residual
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Fig. 5 FTIR spectra of the as-obtained (a) T33, and (b) T90 magnetite
nanocrystals.
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solvents left after washing and drying steps. Raman spectra
presented in Fig. S61 (see ESI) have also indicated the presence
of predominantly magnetite with a small amount of maghemite
(y-Fe,03) as impurity in the black magnetic products (T75
and T90).

Fig. 6 shows the thermal analysis patterns (TG/DTA),
nitrogen adsorption-desorption isotherms and the corre-
sponding pore size distribution profiles of two representative
magnetite specimens. The complete analyses of the isotherms
are provided in Table 3. Both T33 and T90 showed hysteresis
loops of type IV of Brunauer's classification, indicating the
presence of mesopores in the powders.

The plot of dv/dr versus pore size determined by the Barrett-
Joyner-Halenda (BJH) method shows that the pores (inset of
Fig. 6A) are in the mesoporous range (5-10 nm) and is attrib-
uted to the interspaces of the constituent particles. It is obvious
that the surface area of magnetite powders decreased with
increase in size while increasing the precipitation temperature
(Table 3). The particle size (Dss) measured by nitrogen adsorp-
tion is somewhat larger than the size estimated from TEM
analysis (Fig. 1). This discrepancy can possibly be explained by
agglomeration of smaller particles to form larger ones, thereby
effectively reducing the collective surface area. The problem of
agglomeration in dried NPs was particularly aggravated by the
possible magnetic interactions and strong hydrogen bonding
among them. The thermogram of magnetite (T90) shows a total
weight loss of ~3.8% in two stages on heating the powder
sample to 1000 °C. The first drop in the TG pattern at ~100 °C is
attributed to the physisorbed water remotion. The rate of loss
increased till ~500 °C and it could be attributed to the removal
of multi-layers of water of hydration from the surface of the
nanoparticles as well as dehydration of iron oxyhydroxide
(FeOOH) formed by ambient moisture. A small weight gain of
~0.4%, observed in the temperature range 685-860 °C is due to
oxidation of magnetite to y-Fe,O3, though the experiment was
conducted with continuous nitrogen purge. It is obvious that
the thermal behavior of synthetic magnetite depends on the
formation temperature, which affects the particle size. The finer
magnetite crystals (e.g., 10-20 nm) rapidly undergo transition to
maghemite at ~150 °C; whereas the larger magnetite particles
are more thermally stable and do not start the transition to
maghemite until about 315 °C.?

The mean hydrodynamic diameter (Z-average) is based on
the intensity of scattered photons from the colloidal particles in
suspension. The Z-average size measured by dynamic light
scattering of T60, is 36.2 nm with a polydispersity index (PDI) of
0.417 (Fig. S5t) though the Dygy for T60 is only 10.84 nm. The
PCS size is approximately 3 times larger than the physical size
measured by TEM could be due to presence of one-shell
hexagonal close-pack clusters of a total of maximum 13 parti-
cles with average hydrodynamic diameter of ~3 X Drgy which
is 32.5 nm, close to 36.2 nm. The zeta potential is the electrical
potential measured at the shear plane, and represents the
portion of the charge that can exert electrostatic attraction and
repulsion forces on other particles. The T60 sample exhibit
values in the range +44.1 to —43.9 mV for the NP dispersion in
the pH range 2.8 to 12. The resulting aqueous dispersions were

This journal is © The Royal Society of Chemistry 2014
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(A) Volume N, adsorbed versus relative pressure of FesO4 nanocrystals at 77 K for the powder samples (a) T90 and (b) T33. Inset shows the

plot of pore size distribution derived from the BJH analysis. (B) Thermal analysis curves (a) TG and (b) differential thermal analysis representing the
effects of thermal treatment on T90 in pure nitrogen atmosphere.

Table 3 Surface area, total pore volume, pore diameter and size of as synthesized magnetite in different conditions

BJH pore distribution desorption

Surface area

Pore volume

Pore diameter

Total pore volume

BET surface

Sample (m*¢g™ (em® g™ (nm) (em® g™ area (m”> g™ %) Size, Dgs (nm)
T90 51.252 0.106 9.531 0.1197 67.974 17.04

T75 75.917 0.145 6.782 0.1586 90.52 12.79

T60 89.601 0.174 5.141 0.1889 105.245 11.005

T45 85.438 0.165 6.720 0.1836 108.474 10.68

T33 106.230 0.195 6.729 0.2113 123.616 9.37

stable in basic conditions, with the point of zero charge (pHpyc)
at pH ~6.45 which is close to already reported data.®* The cor-
responding surface reactions may be expressed as

+ H

H
Fe(ILIII)OH,* < ——— Fe(ILIII)OH —————— Fe(ILI)O"

The resulting aqueous dispersions were stable in basic
conditions. In acidic pH, the dominating surface species is
tentatively Fe(n,m)OH,", implying positive zeta potentials. With
increasing pH, the { decreases and Fe(i,m1)OH becomes domi-
nating species around pHpzc. At alkaline pH, the surface species
Fe(i,m)O ™ is mainly responsible for the negative £.%°

Conclusions

Monodisperse magnetite nanoparticles with size in the range
6-13 nm were successfully synthesised by ammonia precipi-
tation technique in the temperature range 33-90 °C. The X-
ray diffraction and the Rietveld refinement confirm the
inverse spinel structure of cubic phase of magnetite as
dominating phase. The activation energy for the growth of
nanocrystallites during relatively higher temperature of
precipitation was estimated to be ~6.15 k] mol~ " which is
responsible for initiating the complex process of nucleation
and growth by diffusion. W-H technique indicated crystal
dimensions within Drgy-2.5 nm as the shell of amorphous
layer has not contributed to the X-ray diffraction. The lattice
strains calculated were relatively high and in the range 5.5-

This journal is © The Royal Society of Chemistry 2014

8.9 x 10 with very small variations for samples T33 to T90.
The magnetic sizes (Dpyag) derived from the Langevin
computations were smaller than the physical sizes from TEM
analysis due to the supposedly presence of a magnetically
“dead” layer of atoms over maghemite shell at the surface.
Hence, precipitation method produced monodispersed
magnetite nanocrystals with magnetite-maghemite core-
shell structures suitable for biological applications.
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Introduction

Colloidal properties of water dispersible magnetite
nanoparticles by photon correlation spectroscopy

Srividhya J. lyengar,® Mathew Joy,? Titir Maity,” Jnananjan Chakraborty,®
Ravinder K. Kotnala® and Swapankumar Ghosh*?

We report the development of ultra-stable aqueous colloidal dispersion of magnetite nanocrystals
produced by aqueous ‘coprecipitation method'. Magnetic nanofluids were prepared by dispersing the
FesO4 NPs in water medium in the presence of tetramethylammonium hydroxide (TMAH). The
synthesized nanocrystals were characterized by XRD, TG-DTA, XPS and TEM for evaluating the phase,
crystal structure and morphology. FTIR spectroscopy was used to shed light onto the nature of the
interactions between TMAH and FezO4 NPs. The TMAH peptized nanofluids was clear translucent
colloidal dispersion found to contain spheroidal nanoparticles of average size 13 nm with very narrow
size distribution similar to TEM size. High-resolution microscopy indicated that all the NPs are indeed
single crystals with truncated octahedral shape. Lattice fringes belonging to predominant (111), (220) and
(311) planes could be identified. The M values estimated are 64.68 and 57.92 emu g~ ! at room
temperature for NPs before and after peptization respectively and they are superparamagnetic. The key
colloidal properties such as charge, hydrodynamic size, photon counts, dispersion stability and surface
chemistry have been analyzed and compared with a dispersion of aqueous precipitated magnetite. The
TMA suspensions are stable over a year without any loss due to precipitation. Photon scattering
experiments have indicated the presence of very small NP clusters of 28 nm in aqueous suspensions.
The lower extent of agglomeration in TMA promotes the one-shell clusters of primary nanoparticles,
a fact which can forecast the stability of the ferrofluid. The change in surface charge of the magnetic
fluid from —44 to +49 mV while varying the pH indicated the PZC at pH 5.98. The dynamic processes
were investigated during the photon scattering experiment against time, temperature and concentration.
The stability of the ferrofluid against time, temperature and concentration indicates the great potentials
in biotechnology, selective catalysis and other industrial applications.

magnetism once the field is removed.> Fe;O, is the only FDA
approved magnetic materials for use in humans since iron

Magnetite (Fe;0,4) nanoparticles (MNPs) in the form of powder
or slurry have been attracting increasing interest worldwide for
their size and shape-dependent novel magnetic, optical, and
other unique properties." Another interesting property that
arises from finite size and surface effects is the existence of
superparamagnetism at room temperatures, magnetizing
strongly under an applied field, but retaining no permanent
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oxide NPs are generally well-tolerated in vivo.> Magnetite
suspensions are increasingly used in medical applications, such
as tissue engineering scaffolds,* targeting delivery and imaging
(MRI).® In the future, patients are more likely to be exposed to
pharmaceutical products containing such particles.® The main
constituent of magnetite particles is ferroso-ferric oxide (FeO
and Fe,0;) responsible for high saturation magnetization value.
Magnetite as well as other nanoparticles (NPs) is usually stabi-
lized using fatty acids or polymeric dispersants.”® Ferrofluids
are smart colloidal dispersions of small single-domain mag-
netitic particles suspended in a continuous base fluid whose
rheological behaviour can be controlled by means of a magnetic
field.® The dispersions should satisfy the conditions of narrow
size distribution and high stability without aggregation. Stable
dispersions of MNPs have been prepared using various disper-
sion media such as water, hydrocarbons, diesters, alcohols,
ketones, and amines.” Due to their interesting stimulus-
responsive properties, ferrofluids have been employed in

RSC Adv., 2016, 6, 14393-14402 | 14393
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various applications, such as magneto-optical wavelength
filters,'* high-density information storage," to control fluids in
space,” nonlinear optical materials,** optical grating," and
defect sensors.'® Recently, exploration of novel uses of magnetic
particles in the separations area has increased significantly."”
Among various dispersions, aqueous ferrofluids have been used
in biomedical as well as industrial applications. For such
applications as either MNPs or their clusters (MNPCs), the
constituent particles must be highly magnetic, biocompatible
and fully dispersible in biological media without aggregation
with minimal surface passivation.'® Brownian motion of the
NPs which improves with reduced particle size fortifies the
stability of a magnetic fluid forming the colloidal system
avoiding agglomeration and precipitation. To control the
colloidal stability of ferrofluids, the steric or electrostatic (due to
the electric double layer) repulsive forces must be more than the
van der Waals, and magnetic dipolar attractive interactions.’
The classical approach applied in Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory is a way to forecast the net interaction
energy implicating van der Waals, steric, and electrostatic
forces in dilute dispersions.'” However, the magnetic properties
will be nonexistent in particles less than 2 nm." Nevertheless,
in the case of larger particles, agglomeration is a problem, as
magnetic interactions are predominant. MNPs of diameter ~10
nm will have enough thermal energy which prevents sedimen-
tation in a gravitational field.?

However, it is more difficult to maintain the stability of
MNPC dispersions because thermal energy does not prevent
coagulation produced by the van der Waals forces that induce
strong short-range isotropic interactions,® and the inter-particle
magnetic dipolar attraction from single domain magnetic
NPs.* Besides aggregations, MNPs are vulnerable to air oxida-
tion.> The presence of aggregates and their sizes may affect
a number of properties, such as the MRI signal of iron oxide
NPs.”* In order to prevent air oxidation and aggregation, the
critical requirement is therefore to surface-engineer the NPs
with biocompatible surfactants, polymers, and inorganic
materials that provide repulsive forces large enough to counter
the attractive ones in the collision processes.'®* Nevertheless,
the production, stocking, and delivery costs of MNP powders are
high because of environment issues. Therefore, the develop-
ment of magnetite powder dispersion having superior stability
as well as good biocompatibility is desirable.

It is a common observation that monodispersed NPs as evi-
denced by electron microscopy techniques often show poly-
dispersity in aqueous suspensions due to clustering. The least
hydrodynamic sizes reported so far are 4-8 times the TEM sizes
for magnetite NPs, surface functionalized with PEG,>* citrate,*
dehydroascorbic acid (vitamin-C),>* diethylene glycol and N-
methyldiethanolamine,” and PEG-1000 and PVP K-30.>°
Majority of these reports used photon scattering technique just
to derive size data for comparison as a part of routine charac-
terization. Brougham et al. have carried out detailed investiga-
tion on the growth of magnetite NP clusters by competitive
desorption of surfactant in apolar solvents.””** Commercial
ferrofluids e.g., Nanomags®-D-spio, FluidMAG-DX are also re-
ported to form aggregates of variable size averaging at ~100 nm
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though the crystallite size is 8.4 nm and are classified under
“cluster type” and “multi domain cores” as a result of equili-
brating magnetic, gravitational and electrostatic forces.” The
uniformity of MNP aggregates in aqueous suspensions helps
tune the heating efficiency in hyperthermia applications. In
MRYI, the dispersions in the relaxivity profile are modulated by
the presence of MNP clusters of different sizes, thus making the
efficacy of MNP based contrast agents magnetic field depen-
dent. However, to the best of our knowledge there is no detailed
study on the colloidal stability of aqueous suspensions of
magnetite NPs and the effect of its concentration temperature
and ageing time on clustering which is extremely important for
predicting its application.

In this article, we report the preparation of an ultrastable
aqueous colloidal suspension of magnetite, peptized by TMAH.
The magnetite powders have also characterized for its crystal-
linity, phase, surface area, chemical composition, thermal
analysis and magnetic properties. The key colloidal properties
such as charge, hydrodynamic size, photon counts, dispersion
stability and surface chemistry have been analyzed and
compared with a dispersion of aqueous precipitated magnetite.
The stability and the coagulation kinetics of the ferrofluids have
been studied against the slurry concentration, temperature as
well as time by photon correlation spectroscopy (PCS). We
demonstrated, for the first time, the simple way one can control
the uniformity of magnetic one-shell clusters in aqueous solu-
tion. The zeta ({) potential of magnetite ferrofluids was exam-
ined as a function of pH. The enhanced stability of peptized
magnetite suspension has been correlated to the zeta potential
and other colloidal properties, this places understanding of the
colloidal behavior on a strong physical basis and shows path-
ways for achieving such ultrastable stability even in aqueous
suspensions.

Experimental

Materials

Fe(u) chloride (98%) and Fe(m) chloride (97%), and 25% tetra-
methylammonium hydroxide aqueous solution were supplied
by Sigma Aldrich Chemicals. Methanol (GR), sodium chloride
and 25% ammonia were procured from Merck, India. All
chemicals in this study were used without further purification.
All the syntheses, washings and dilutions were carried out with
Millipore water with resistivity 18.2 MQ cm@25 °C. Ultrapure
nitrogen gas (99.999%) was used for purging of water to remove
dissolved oxygen.

Preparation

To fabricate magnetite nanocrystals for a batch of ~1 g, 4.5
mmol portion of FeCl,-4H,0 and 9 mmol FeCl;-6H,0 (such
that Fe**/Fe** = 2) were dissolved in 300 ml physiological saline
which was previously deaerated by purging nitrogen gas for 30
min in a 500 ml three-neck round bottom flask. The above
reaction mixture was heated to 80 °C over a hot plate magnetic
stirrer while continuous stirring. The clear off-yellow colored
solution turned into turbid muddy orange after ~30 min

This journal is © The Royal Society of Chemistry 2016
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indicating the hydrolysis of ferrous and ferric chlorides to cor-
responding hydroxides. The reactor was cooled naturally to 45
°C and was kept constant. About 7 ml NH; solution was added
to the reactor while vigorous stirring. The off-yellow colored
suspension immediately turned black indicating the formation
of magnetite crystals. The temperature of the reactor was kept
constant at 45 °C with stirring for further ~30 min to allow
crystal growth. At this point the net Fe®" concentration was 100
mM. The resultant pH of the reaction mixture was ~11. The
suspension was then cooled naturally to ambient temperature.
The settled black solid was collected by magnetic decantation
and washed repeatedly with water until free from impurities.
The wet precipitate was dried at 60 °C in a vacuum oven and
preserved in a desiccator for further characterization. The above
ammonia precipitated magnetite sample was labeled as ‘AM’.
The above procedure was repeated to produce 1 g wet AM for the
subsequent functionalization steps.

Peptizing with TMAH to get homogeneous suspensions

About 4 ml of commercial 25% TMAH solution was added to the
wet AM and peptized homogeneously. The magnetite specimen
functionalized with TMAH was labeled as TMA. The TMA
powder was re-dispersed in deaerated water and the resultant
product was a stable nanofluid without any precipitation over
a year. A TMA fluid of ~20% solid content was placed in a vial,
and was subsequently subjected to a static magnetic field of
several hundred Gauss. The particles remained dispersed in the
fluid even in the presence of the external field indicating the
formation of a stable colloidal dispersion.

Instrumental

The average size, morphology and the crystal structure of
magnetite NPs were ascertained by the high resolution trans-
mission electron microscopy (HR-TEM) using a FEI Tecnai 30
G? $-Twin HR-TEM operated at 300 kV equipped with a Gatan
CCD camera. The mean size and its distribution was calculated
using probability density equation based on a log-normal
function. The chemical composition was determined on
several crystal grains by means of energy dispersive spectrom-
etry (EDS) by using an EDAX spectrometer equipped with high-
angle annular dark-field detector with beam scanning capability
(Fischione Instruments, Inc., USA) with TIA analysis software.
The powder XRD patterns were recorded with Bruker D8
Advanced diffractometer equipped with source Cu Ko, radia-
tion (2 = 1.5406 A) 20 range of 10-80° with a step size of 0.05° 2
and a scan speed of 4° min~". The X-ray diffractograms exhibit
classical line broadening associated with a fine crystal system.
Debye-Scherrer expression (eqn (1)) was used on the (311) X-ray
peak to deduce the crystallite size.

0.94
Dxrp = Bryc0s 0 1)

Magnetic measurements of powder specimens were made
using vibrating sample magnetometer (VSM), Lakeshore 7305,
US at 300 K to determine the specific saturation magnetization.
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Crystal dimensions can also be estimated from the magnetiza-
tion curves based on the theory of superparamagnetism as
proposed by Bean and co-workers.*** To fit the magnetization
curves, we assume that individual grains are single crystals
without mutual interaction and each particle has an inner
single-domain core with the spontaneous magnetization. The
magnetization of N number of ideal non-interaction super-
paramagnetic nanoparticles, each with identical magnetic
moment u, at constant temperature 7 in magnetic field H is
given by Langevin function eqn (2),

:(8%)

€ 5 +] . kBT

@)
kgT

e -1

where kg and Nu are the Boltzmann constant and saturation
magnetization (M) of the magnetite specimen.

The magnetization curves was fitted using a nonlinear-least
squares routine to obtain two parameters: the log-mean single
particle moment, u, and the saturation magnetization, M. The
“magnetic size”, Dy, Obtained is significantly smaller than the
physical size obtained from TEM measurements. X-ray photo-
electron spectroscopy (XPS) measurement of TMA coated
magnetite nanocrystals was carried out on an XPS system (PHI
5000 Versa Probe II, ULVAC-PHI, INC., USA) using a mono-
chromatic Al Ka X-ray source (1486.6 eV). The XPS data was
deconvoluted with XPSPEAK 4.1 software which produced
stable and almost superimposable baselines, confirming the
stability of the fits and helping to validate the interpretation.

The colloidal stability and the mean hydrodynamic size of
the dispersed MNPCs were measured at 25 °C by PCS. The
surface charge was estimated by measuring the zeta potential of
their dispersion in water using a laser-Doppler velocimetry
technique. The instrument uses a 4 mW He-Ne laser wave-
length of 632.6 nm and a scattering angle of 273° using a Zeta-
sizer Nano-ZS (Malvern Instruments, Malvern, UK). The TMA
ferrofluid of different concentrations were exposed to the
temperatures in the range 25-65 °C and the hydrodynamic sizes
of TMA suspension were recorded at the interval of 10 °C. The
results were obtained with theoretical refractive index of
magnetite 2.42.* The correlograms resulted hydrodynamic size
as intensity distribution by cumulants analysis method. This
analysis also yields the polydispersity index (PDI) values, below
0.3 of which are indicative of unimodal size distribution with
smaller values demonstrating increasing monodispersity. The
zeta potential of the MNPCs was calculated from the mobility
measurements, using the Smoluchowski formula. The pH of the
dispersion was adjusted either with aqueous 10> M NaOH or
H,S0,. The pH of well dispersed magnetite fluids was checked
just before the zeta potential measurements.

FTIR spectra on magnetite samples were taken at room
temperature on a Perkin-Elmer Spectrum 100 spectrophotom-
eter in the 400-4000 cm ™" range with average of 50 scans. The
powders specimens were pressed into small discs using spec-
troscopically pure KBr (Sigma-Aldrich, =99%) matrix with
sample to KBr ratio ~1 : 100 to evaluate the structural aspects

M(H) = Nu (2)
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of magnetite. The thermogravimetric (TG) data was used to
investigate the thermal decomposition and associated struc-
tural changes in the synthesized nanocrystals using a Simulta-
neous Thermal Analyzer (STA-6000, Perkin-Elmer, US) under
ultrapure nitrogen purge. The thermograms were collected
using a heating ramp of 10 °C min~" in the 30-1000 °C
temperature range. The specific surface area and pore size
distribution of the magnetite powders were calculated from the
N, adsorption data following the Brunauer-Emmett-Teller
(BET) technique at 77 K using a surface area analyzer (TriStar II
3020 Version 3.02). Surface area (SA) analyses were conducted
on powder samples after degassing them at 200 °C for 3 h.
Particle size (Dggr) was also calculated from the BET surface
area (Ssa) using eqn with an assumption that all the particles
are spherical and unclustered using p = 5.18 g cm ° for
magnetite.”

Results and discussion

The synthesized iron oxide powders were typically black in color
and were strongly attracted by the NdFeB bar magnet indicating
the possible formation of magnetite crystals as the dominant
phase in the reaction product. The TMA suspension kept their
colloidal characteristics over a year with no visible sedimenta-
tion. Contrarily, the AM based ferrofluid sedimented completely
after ~1 h, evidencing the larger and/or aggregated nature of
AM particles. Fig. 1 shows the video frames of a thick slurry of
TMA in presence of a strong bar magnet. The black slurry on
~50 times dilution turned in to a translucent wine-red solution
(panel B).

Selected bright-field TEM images of low and higher magni-
fications of few representative of the magnetite crystals
precipitated in physiological saline before and after surface
functionalization with TMAH are shown in Fig. 2 (for more TEM
images please see Fig. S1 in the ESI{).

The size distribution is calculated from the careful inspec-
tion on micrographs containing few hundreds of NPs. Dygys is
consistent with the average crystallites size (Dxrp) calculated by
the Debye-Scherrer equation. The large individual as aggre-
gated grains with sizes in the range 8-15 nm with an average of
11.6 £ 1.9 nm was observed in AM. The TMA ferrofluid has
more uniformly distributed sized NPs in the 8.5 to 11 nm range
with average 10.3 £ 0.8 nm of narrow size distribution. This was
actually expected, as TMAH acts as a surface-active agent
favoring the dispersion of NPs. The mean size of the particles/
aggregates is larger in the case of AM sample. Apparently the

A 520 G Magnet

——
—

Ferrofluid

Fig.1 (A) Frames from a video of a ~20 wt% TMA-based ferrofluid in
a 15 ml glass vial being manipulated with a ~500 G strength bar
magnet, and (B) dilute suspension of TMA in water.
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Fig. 2 TEM images of AM (B, D and F) and peptized TMA (A, C and E)
suspensions at low and higher magnifications. Inset in A and B are the
histogram representing size distribution.

particles have less interaction among them in TMA than that in
AM at room temperature, which will be further investigated by
the magnetization and light scattering measurements in later
sections (Fig. 4 and 7).

Representative HR-TEM images of selected magnetite spec-
imens with different projections and its electron diffractions are
provided in Fig. 3. Careful examination of the HR images
indicates that all the NPs are indeed single crystals and fringes
belonging to predominant (111), (220) and (311) planes with
corresponding d-spacings 0.48, 0.29 and 0.25 nm could be
identified. Fourier filtering was used to extract the lattice fringe
information. Selected area electron diffraction (SAED) patterns
of bare and coated magnetite given in Fig. 3D show clear Debye-
Scherrer rings for (220), (311), (400), (422), (511) and (440)
planes with corresponding interplanar spacings 0.2967, 0.2532,
0.2099, 0.1715, 0.1616 and 0.1485 nm respectively matching the
XRD pattern of cubic inverse spinel magnetite (JCPDS card no.
19-0629). In addition, the bright diffraction spot in the rings
indicate that the NPs are well crystallized. The EDS spectra of
AM and TMA specimens taken during TEM analyses (Fig. S2 in
ESIT) show the presence of Fe and O in the samples which also

This journal is © The Royal Society of Chemistry 2016



Paper

€ (220)
£.0.29 nm

Fig. 3 (A-C) High resolution TEM images of TMA magnetite nano-
crystals showing different crystal facets (311), (111) and (220) of cubic
magnetite and their fast Fourier transforms are shown as inset. (D)
Electron diffraction pattern of (a) bare AM and (b) TMA matched with
X-ray diffraction pattern with their (hk() planes marked.

confirms that the NPs have no detectable impurities: the signal
corresponding to C and Cu was due to the carbon film over the
copper TEM grid and as well as C from TMAH (panel B in
Fig. S21).

Fig. 4 shows the XRD and magnetization curves fitted with
Langevin function at 300 K for the as synthesized AM as well as
TMA. The diffraction patterns for all the powder samples are
almost identical with the presence of characteristic finger-print
reflections of magnetite. The peaks are identified as Fe;0, with
cubic fluorite structure (JCPDS 19-0629) having space group
(227) shown as vertical drop lines. However, the peaks were
significantly broader due to small crystallite size and associated
lattice strain. The Dxyp are calculated to be 8.67 and 10.69 nm
for AM and TMA respectively.

The magnetization curves indicate a superparamagnetic
behavior for both the studied specimens, as evidenced by both
zero coercivity and zero remanence on the magnetization loop.
Due to the asymptotic increase of magnetization for high fields
(see Fig. 4), the M value can be measured from the fitting of the M
vs. 1/H curves, extrapolating the magnetization value to 1/H = 0.
The saturation magnetization for AM and TMA are 64.68 and 57.92
emu g~ ' of sample respectively. The M, value of TMA is ~90% of
that of AM and is due to (i) lowering the proportion of magnetite by
the presence of nonmagnetic organic molecules along with (ii) the
smaller particle sizes (Fig. 2). The calculated values of M;, indi-
vidual magnetic moment, magnetic size of the NPs and fit results
from Langevin function are presented in Table 1.

The mean diameter of the superparamagnetic TMA particles
can therefore be estimated to be ~9.02 nm, which is smaller

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (A) XRD patterns of synthetic magnetite crystals. The vertical
drop lines are the theoretical Bragg positions for inverse spinel
magnetite phase following JCPDS card no. 19-0629. (B) Magnetization
versus applied magnetic field profiles with typical Langevin fits repre-
sented by solid red lines with the magnetization data as a function of 1/
H for (@) AM and (b) TMA are shown in the inset.

than the average physical size of ~10.3 nm (magnetic core +
non-magnetic outer shell) as determined from TEM measure-
ments. XPS spectrum of TMA powder shown in Fig. 5 was used
to study the valence states of Fe in the as-prepared NPs after
functionalization. The XPS wide spectrum shows the peaks
attributed to the core levels of O (A), Fe (A), Fe 2p and 3p, O 1s, C
1s where the Fe 2p electron core level is characterized by 2p4,
and 2p;), series peaks. Fe 2pz, and Fe 2p,,, double peaks
correspond to the binding energies of 709 and 722 eV respec-
tively (Fig. 5B). The double peaks in high resolution Fe 2p scan
are broadened due to the appearance of Fe** (2ps/,) and Fe*
(2p1/2) in magnetite which is in agreement with the reported
literature.**

The relative peak areas of Fe>* and Fe*' in the high resolu-
tion 2p scan were calculated as 0.33 : 0.61, close to that of the
stoichiometric Fe;O,, which could also be shown as FeO-Fe,O;.
The predominant peak at 528.3 eV is attributed to O 1s,* which
can be deconvoluted to the binding energies of 528.3 and 529.6
eV belonging to the lattice oxygen in Fe;O,4. The lower intensity
of the C 1s peaks compared to that of Fe and O proves that the
organic layer around MNPs is substantially thinner. The asym-
metric C 1s peak is deconvoluted into three peaks at 284.6,
285.5 and 290 eV (see inset Fig. 5A). The main peak at 284.6 eV is
assigned to C-H bonds in methyl group,* and the second peak
centred at 285.5 eV can be attributed to C-N bonds.?” The first
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Table 1 The detailed analysis from the Langevin fit of the magnetite samples

Sample Exp M; (emu g ') Cal M, (emu g™ ") u (emu per NP) R? Standard error Dypag (nm)
AM 64.68 65.14 1.28 x 107'° 0.9989 +1.87 8.98
TMA 57.92 58.30 1.16 x 107 *° 0.9988 +1.74 9.02
S0k o surface. The amount of residual TMAH in the dried TMA NPs
] A was too little, so that the N 1s signal obtained by the XPS
50k 4 detector was very weak and almost absent.
1 The variations in the zeta potential of uncoated and TMA
3 40K+ peptized magnetite as a function of the pH and their phase plots
i 30k-. are shown in Fig. 6 and S3 in ESL.{ The zeta potential is the
g ] electrical potential measured at the shear plane, and represents
E 20k+ the portion of the charge that can exert electrostatic attraction
10k_’ and repulsion forces on neighboring particles in suspension.
| The magnitude of the {-potential is proportional to the amount
0 . . . . . 3 of charge on the NPs surface. The {-potential values of AM and
1000 800 600 400 200 0 TMA suspensions at their natural pH and the suspension
Binding energy (eV) stability are shown in Table 2. Our experiments were performed
at the natural pH of the AM suspension where no electrostatic
Fe 2 repulsion is expected. Bare magnetite nanoparticle surfaces are
2.5k “ slightly positively charged (pH 6.7) and the small electrostatic
repulsive forces among the particles is not able to prevent
2.0k particle-particle contact and consequent clustering as was
5 indicated by the zeta potential of 4.9 mV (Table 2). TMA
f; 15K suspension peptized with strong organic base TMAH shows very
2 high zeta potential of —44 mV in spite of dilution (~1 : 5) and
ﬁ exhibited ultra stability over 1 year without any apparent
1.0k 4 precipitation. The "N(CHj3), cations of TMAH interact electro-
statically with the OH groups attached to the bare magnetic NPs
500.04 surface.
735 720 705 This surface structure creates electrostatic interparticle
Binding energy (eV) repulsion that can overcome the coagulation forces of magnetic
[
4«4 C
3k

Intensity (a.u.)
R

-
=
1

5% 530 525 520
Binding energy (eV)

Fig. 5 (A) Survey spectrum and high resolution XPS, (B) Fe 2p, and (C)
O 1s spectra of TMA sample. The solid red line over a raw data is
a typical fit by XPS software.

two peaks of C 1s belonging to TMA attached electrostatically to
the surface hydroxyls and the third very weak peak at 289 eV is
ascribed to trace amount of CO, adsorbed onto the fine NPs

14398 | RSC Adv., 2016, 6, 14393-14402

-potential (mV)

l

Fig.6 Variationsin the zeta potentials of (a) TMA and (b) AM magnetite
suspended in Millipore water as a function of the fluid pH.

Table 2 Zeta potential of magnetite dispersion at their natural pH and
its suspension stability

Sample Zeta (mV) pH Stability
AM +4.9 6.7 1h
TMA —44 11.75 >1 year

This journal is © The Royal Society of Chemistry 2016
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interaction and van der Waals attraction forces among NPs in
water. Zeta potentials of the NPs are pH dependent and was
observed to flip on both sides of the isoelectric point from
positive surface charge (+ve zeta potential) in acidic pH to
negatively charged surfaces as reflected in the negative zeta
potential at basic pH. As pointed out in Fig. 6, the point of zero
charge (PZC) slightly moved from 5.88 for unmodified NPs to
higher pH values 5.98. Pristine magnetite NP dispersion
exhibited {-values in the range of +40.3 to —39.8 mV in the 2 to
13.1 pH range. Adsorption of [(CH;),N]" ions tend to increase
the negative charge of the magnetite further to —44.2 mV at
alkaline pH and increases positive charge to 48.7 mV in the
acidic range. The TMA coated magnetite was extremely stable in
both acidic and alkaline pH except for the pH close to their PZC
between 5 and 7. The higher clustering tendency of NPs in AM
can be explained by the bigger particle sizes and as a result
higher crystallinity (Fig. 4A). In larger particles of well-
crystallized magnetite, the bulk properties supersede surface
properties, and they are expected to magnetically attract more
strongly each other.*®

Moreover, the role of the ionic strength on the particle size
also is largely dependent on the nature of the electrolyte. The
smallest cations being the best screening ions, their influence
on the surface charge is highest. Therefore, the TMA ferrofluid
was stable above the pH > 7 and below pH < 5. The phase plot
obtained with TMA sample is excellent in quality in all the pH
ranges and flipped from negative to positive zeta while varying
the pH from 13 to 2 shown in Fig. 6.

The hydrodynamic diameter (Z-average size, Z,,) and the
corresponding correlation function against time are depicted in
Fig. 7. Few snap shots of PCS plots from the machine for TMA
slurry at various temperatures 25, 35, 45, 65 °C are shown in
Fig. S4.7 The overall yield of Fe;O, into aqueous dispersed
MNPs was >95% for TMA. The Z,, size was estimated by running
the experiment in dynamic auto-mode using Zetasizer Nano ZS
in which the machine optimizes all machine parameters to
derive the best and reproducible size data. Aqueous dispersion
of AM showed NPs in 33-825 nm size range with Z,, size of 129
nm with PDI 0.358 indicating polydisperse nature of the
distribution. The calculated number distribution, N,, is 43 nm.
This is further consolidated by the poor fit to the correlation
function (panel A in Fig. 7). The signal correlation due to the
random thermal motion of NPs reduced to ~0.74 after 100 us in
TMA where as the correlation of the signal takes a long time to
decay and remained almost unchanged at ~1.0 at the same
point of time (100 ps) in case of AM containing slow moving
larger particles. The Z,, size for TMA is 28 nm with the presence
of particles in the 8.7-91 nm size range which is ~2.5 times
larger than Drgy size of 10.3 nm (Fig. 2). The Dpgg of ~28 nm
could be due to tetrahedrally arranged close-packed clusters of
a total of maximum 4 particles with average hydrodynamic
diameter of ~2.5 x Drgy = 26 nm which is very close to 28 nm.
The algorithm in the Malvern size measurement software
converts the intensity of photon signal to size by cumulants
analysis. Photon scattering techniques rely on the fact that the
intensity of scattered light increases by about a million times if
the size of particles responsible for photon scattering increases

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Hydrodynamic size (Z,,) of (A) pure as well as (B) peptized
synthetic magnetite. The correlation function of the same is plotted
against time. (C) Raw correlation data of the (a) pure and (b) coated
magnetite.

by one order of magnitude.*® In other words, TMA suspension
contains more than 99% 13 nm particles with <0.01% of 28 nm
clusters. The PDI (0.228) indicates the complete absence of any
larger aggregates as supported by good fit to the correlation data
also.

To understand the clustering kinetics, hydrodynamic size,
PDI, mean photon count in TMA slurry was recorded as
a function of NP concentration, temperature and time and is
provided in Fig. 8 and S5.7 The measurement has been carried
out under static mode when, ideally, the number of photons
scattered is proportional to the Z,, of the scattering NPs. When
the concentration of NPs was 25 mM (neat) as well as its 1: 1
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Fig. 8 (A) Z,, size and the colloidal stability as a function of temper-
ature for MNPs suspension examined at various concentrations, the
mean particle size (dotted line) plotted against mean count rate (solid
line) with different concentrations neat (square box), 1: 1 (triangle),
1: 5 (star) dilutions. (B) Z,, and PDI of magnetite dispersion plotted as
function of time. Insets are the corresponding TMA suspensions used
in the experiments.

dilution, the dispersion exhibited the smallest reproducible Z,,
size of ca. 28 nm which confirmed the excellent colloidal
stability of TMA where as its N,, (13 nm), calculated from the
intensity distribution, is close to the primary particle size as
observed from TEM (10.3 nm). The Z,, size increased from 28 to
46 nm when NP concentration was decreased from an initial 25
mM to 4.2 mM with a concomitant decrease in the mean photon
count rate from 450 to 260 kcps. However, the TMA suspension
was always stable irrespective of MNPCs concentrations in
water.

When temperature for 25 mM slurry was increased from 25
to 45 °C, the hydrodynamic size 28.3 nm grew to 32.3 nm and
decreased down to 27.3 nm when the temperature was further
increased from 45° to 65 °C. The increase in size and mean
photon counts till 45 °C may be due to the transformation of
cluster structure from initial tetrahedral (2.5 X Drygy) to one-
shell hexagonal cose-packed (3 x Drgy) and back to the tetra-
hedral at ~65 °C. In the process, the count rate changed by
~22% from initial of 450 keps in 25 mM suspension. No
obvious change in the Z,, size (~28 nm) was observed with
ageing time extended even upto 12 months (panel B).

We observed that the ferrofluids are stable on ageing at room
temperature over a year even after the temperature treatment,
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with no evidence of flocculation or settling and there was no
change in the hydrodynamic size. These results show that
monodispersed nanoscale magnetite crystals have been syn-
thesised in aqueous medium which retained its magnetic
properties, with very good water dispersibility. This makes them
suitable as a candidate for biomedical applications.

The FTIR and the thermal analysis patterns of magnetite
specimens are presented in Fig. 9. The two most intense IR
absorption bands in the 630-550 cm ™' range is attributed to the
lattice vibrations of Fe-O bonds in tetrahedral and octahedral
sites and must have been resulted from the split of the v, band
at ~570 cm ™ '. The band at ~447 cm™ " is due to the octahedral
Fe only and corresponds to the », band of Fe-O of bulk
magnetite. FTIR spectra also confirm the presence of fcc
magnetite in the materials as was previously confirmed from
the TEM and XRD data (Fig. 2 and 4) also. The intensity
reduction in TMA with respect to that of AM is probably due to
the presence of tetramethylammonium ions on the Fe;O, NP
surface. The presence of O-H stretching vibration at ~3415
em™" and O-H deformed vibration (bending modes) at 1622
cm ! are attributed to the presence of coordinated OH groups
or water molecules with the unsaturated surface Fe atoms.*

C-O stretching vibrations of CO3_ anion at 1401 cm ™' (v3) in
both the samples are due to atmospheric CO,.** Small absorp-
tion bands at 2918 and 2847 cm ™" are due to the »,4(C-H) and
vs(-CH3) vibrations of tetramethyl group in TMA sample. The
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Fig. 9 (A) FTIR spectra, and (B) thermogravimetric and DTA profiles of

(a) pure and (b) TMA magnetite. Inset in B is the first derivative of TG
spectrum of TMA.
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very small hump at ~2918 cm ™' in AM might have come from
some remaining oil impurities from the rust-protecting oil
applied to the IR mould. The presence of which was confirmed
by XPS also.

The TG profiles of AM and TMA show a total weight loss of
3.15 and 4.22% respectively with similar patterns of three-step
decomposition in the temperature range 30-995 °C. The peak
centred at ~130 °C is responsible for the removal of molecular
water confined in the pores and or chemisorbed on the crystal
lattice. The next exothermic peak at ~213 °C for the removal of
crystalline water and unwashed chlorides from the material
followed by the last peak for a huge loss nearly 4% at ~310 °C is
due to burning of carbon products from the decomposition of
tetramethyl ammonium group attached to the nanocrystals
surfaces in the case of TMA sample. The weight loss increased
till ~565 °C and it could be attributed to the removal of multi-
layers of water of hydration from the surface of the NPs as well
as dehydration of iron oxyhydroxide (FeOOH) formed in the
ambient moisture. A small weight gain of ~0.2% was observed
after 640 °C for AM and 0.21% after 668 °C onwards for TMA
sample which is due to oxidation of magnetite to y-Fe,O;,
though the experiment was conducted under continuous
nitrogen purge. The TMAH content in TMA magnetite can easily
be calculated as 1.1%. When this is applied to the M, value of
AM, one can expect a value of 63.97 emu g~ for TMA instead of
actual 57.92 emu g~ '. We now conclude that nearly 9% reduc-
tion in the M; value of TMA is due to its reduced crystal
dimension of 10.3 nm compared to that (11.6 nm) in AM in
addition to ~1% reduction due to the nonmagnetic chemical
surrounding in TMA.

The pore structure and the BET surface area of the pure and
peptized samples were investigated by nitrogen isothermal
adsorption and is shown in Fig. 10. The isothermal gas
adsorption-desorption exhibits a type IV profile according to
the IUPAC nomenclature of mesoporous materials where the
lower curve represents the adsorption of N, gas on the surfaces
of the NPs, while the upper curve represents the progressive
withdrawal; desorption of the adsorbed N,.**** Surface area was
estimated from the desorption branch of the isothermal gas-
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Fig. 10 Nitrogen isotherms and their pore size distribution profiles for
magnetite nanocrystals (a) before and (b) after peptization with TMA.
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Table 3 Crystal sizes obtained from different techniques TEM, XRD,
magnetization curve, PCS and BET on magnetites

Sample Drgy (NM)  Dyxpp (NM)  Dyiag (NM)  Dpcs (nm)  Dggr (nm)
AM 11.6 8.7 8.98 43 11.4
TMA 10.3 10.7 9.02 13 10.9
adsorption isotherm which indicated that there is no

apparent changes in the pore structure on peptization.

The BET surface area of 106 m”> g~ " in TMA with a pore
volume of 0.3051 cm® g™, is comparable to that of AM (102 m>
g~ ', pore volume 0.3426 cm® g !). From the isothermal gas
desorption, based on the BJH method, a mononodal pore size
distribution of around ~12 nm was estimated in both the
magnetites. The BET SA in TMA (106 m”> g~ ') can be equated to
Dggr of 10.9 nm which is slightly larger than the Drgy (10.3 nm)
probably because of presence of surface coatings.> 102 m>g ™' in
AM gives rise to a Dggr size of 11.4 nm which very close to the
Drgy 0f 11.6 nm. Probably the creation of SA due to the presence
of interparticulate pores just counterbalanced the loss in SA due
to clustering.

The magnetite nanocrystal dimensions, determined by TEM,
XRD, Langevin fitting magnetization curve, PCS and BET tech-
niques are summarized in Table 3. A very close observation is
that the dry nanoparticles characterized by BET, TEM, XRD,
magnetization curve, proven the mesoporous single crystalline
uniform size distributed, superparamagnetic behavior of
magnetite characteristic belongs to FCC inverse spinel crystal
system. Size measurement based on the light scattering method
is one of the most important techniques by which one can have
in the in situ information on the state, clustering and extent of
hydration of NPS in suspensions where there are many counter
acting forces intercating. The situation becomes more compli-
cated when NPs are dispersed in water. The temperature,
concentration and time dependent kinetics of growth of
hydrodynamic size confirmed their stability of TMA suspension
in this study.

Conclusions

The nanocrystalline magnetite, used in highly stable TMA
nanofluid, have been synthesised by ammonia coprecipitation
in physiological saline. HRTEM, SAED and XRD confirmed the
magnetite phase belonging to FCC inverse spinel and had a BET
SA of 106 m”> g~ *. The reduced M value of 58 emu g~ ' in TMA
specimen is due to its reduced crystal dimension along with
small contribution of the presence of non-magnetic TMAH. TG-
DTA, EDAX, as well as XPS and FTIR spectra confirmed the
presence of surface coordinated tetramethyl group in TMA. TG-
DTA as well as EDAX also confirmed the successful coating of
tetramethyl ammonium hydroxide on nanoparticles in TMA.
The reduced My value in TMA specimen is more due to its
reduced crystal dimension along with small contribution of the
presence of non-magnetic TMAH. The size of the magnetite one-
shell nanoclusters was controlled within 28.3-32.3 nm range in
a wide temperature range. The novelty of this work is that this is
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an successful attempt to correlate the stability of ultra-stable
colloidal suspension of the superparamagnetic NPs against
time and temperature by simple photon correlation spectros-
copy in conjuction with colloid surface properties. The mono-
dispersity of these MNPs containing aqueous ferrofluid have no
effect on heating which has great potential in hyperthermia and
may find suitable in various biomedical and industrial
applications.
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Fabrication of magnetite nanocrystals in alcohol/
water mixed solvents: catalytic and colloid property
evaluationt
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In this work, FezO4 nanocrystals have been synthesized by homogeneous precipitation in different alcohol/
water (1 : 1) solvent mixtures at two different temperatures to elucidate the role of the dielectric constant (¢)
of the reaction medium. The effects of different solvents on the catalytic activity of precipitated NPs in
carbon combustion were examined. HRTEM images, SAED and XRD confirmed that the nanocrystals are
of pure fcc inverse spinel FezO,4 phase with narrow size distribution, and the crystals are completely
dispersible in water. The morphological features of the nanocrystals, such as their surface termination
and shape of the FesO4 NPs, were analyzed by HR-TEM. As ¢ decreases, the crystal size decreases for
mono-ol systems compared to ~13 nm size in water, whereas ethylene glycol/water yields finer ~8.2
nm crystals although it has the highest ¢ among the mono-/poly-ols. A soot combustion study
demonstrates that the catalytic activity is mainly due to the available surface area along with the
exposure of active crystallographic facets. A study of the colloids by light scattering shows that the
alcohol mediated process produces 16 to 33 nm MNP clusters composed of 2 to 3 particles in highly
stable agueous magnetic fluids. The relatively high temperature process favors higher crystallinity and
particle size with reduced colloidal stability in the aqueous phase. The nanocrystalline powders and the
dispersed colloids have excellent potential applications in biotechnology and selective catalysis and also

www.rsc.org/advances as ferrofluids.

Introduction

Magnetite (Fe;O,; ferrosoferric oxide) is a well known magnetic
material with high saturation magnetization. Ferromagnetic
spinels are converted to superparamagnetic particles by
reducing the crystal size to the nanoscale." Nanofabricated
Fe;0, exhibits unique and tunable fundamental size- and
shape-dependent magnetic, optical, and other properties.>*
Magnetic materials are used in magneto-optical switches,
sensors, modulators, optical circulators, and optical isolators*
and as magnetic adsorbents for anionic dye removal from waste
water.® Magnetic nanofluids or ferrofluids are colloidal
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dispersions of single domain magnetic nanoparticles (MNPs) in
a base fluid; they form a class of smart materials whose flow
properties are adjustable via an external magnetic field.® The
interparticle interactions which contribute to the aqueous
colloidal stability can be expressed as a form of extended Der-
jaguin-Landau-Verwey-Overbeek (DLVO) theory.” In order to
realize NPs with high levels of colloidal stability, there are two
approaches: (1) high electrostatic repulsions among NPs, and
(2) steric stabilization introduced by proper surface ligands.
Bare MNPs synthesized in water are prone to aggregation
because of (1) van der Waals and magnetic dipole-dipole
attractive interactions,® (2) less electrostatic repulsion between
the nanoparticles, and (3) a tendency to reduce the high free
energy associated with the huge surface area to volume ratio in
small nanocrystals. These interactions result in precipitation
when gravitational forces overcome the thermal motion of the
NPs. Moreover, water-based magnetic fluids are unique for their
complex stabilization mechanisms and structural coordination
under different conditions, as opposed to magnetic fluids,
which utilize organic polar carriers.® It is essential to control
both the primary particle size and agglomerate size of magnetic
particles to obtain an optimum product.’ Stable aqueous fer-
rofluids have been successfully used in biomedical applications
such as contrast agents for electromagnetic tomography (MRI)
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and hydraulic fracture diagnostics for imaging the brain and
central nervous system, drug/gene-delivery platforms, tissue
engineering, magnetically controllable catheters, and biosen-
sors.> Major attention has also been directed toward the devel-
opment of MNPs as sustainable nanocatalysts for specific
chemical transformations having both economic and environ-
mental significance, such as deodorizing catalysts,"* oxide
catalysts in solid propellants,” catalysts for exhaust gases of
internal combustion engines™ and degradation of organic
pollutants in waste water;'* the MNPs can easily be separated
from the reaction mixture by an external magnetic field.

Magnetite nanocrystals can easily be synthesized by aqueous
precipitation methods,? although they have the disadvantage of
agglomeration of fine particles, which imposes a major chal-
lenge to the realization of the full potential of nanocrystalline
powders. In the precipitation process, low dielectric constant
solvents, e.g. alcohols, can alter the nucleation kinetics, which
results in a reduction of the size and distribution of the
resulting particles.”*” Mono- or polyol alcohols in water—
alcohol mixed solvent also act as surfactants and suppress the
growth of nanocrystals during alkali precipitation of metal
oxide nanocrystals.”®*® Guo and Xiao reported that the crystal-
lite size and the crystallinity of the particles decreased with
increasing IPA addition in hydrothermal reactions.” Ghosh
et al. demonstrated that the radius (r) of nanocrystals produced
in a precipitation reaction decreases with decreasing ¢ of the
alcohol-water mixed solvent'®* following eqn (1):

1 kT

p
InC
r 2m7n +

pziz_e?
Brtmryeey(ry +r_)

1)

where ¢, is the permittivity in a vacuum, r, and r_ are the radii of
the charged z, and z_ ions, respectively, and e represents the
charge of an electron (1.602 x 10~ *° C). The solubility can be
modulated by varying the composition of the solvent mixture.
The formation (precipitation) of particles is strongly dependent
upon the supersaturation of the solute, following classical
nucleation theory. Supersaturation can be achieved by lowering
the temperature, solvent evaporation, pH change, chemical
reactions, alteration in solvent composition, etc. and is defined
as the ratio of solute concentration (C) and saturation concen-
tration; m is the molecular weight of the solute and v is the
interfacial energy between the solute and solution phases.

The effect of solvent can change the particle morphology;
this effect is especially pronounced at higher concentrations of
Fe-precursors (>0.5 M).?> Chowdhury et al. evaluated the effect
of alcohol-water mixed solvents with alcohols such as butanol,
propanol, ethanol and methanol on p-FeOOH nanorods under
hydrothermal conditions.> Cheng et al. reported a morphology
evolution from compact microsphere-like single crystals to
mesoporous hollow nanospheres by a polyol process.” Zhang
et al. synthesized 15 to 300 nm magnetite crystals with con-
trollably variable morphologies, including nanospheres to
nano-octahedra/nano-hexaprisms in ethylene glycol-water
mixed solvent.”* Wang et al. fabricated well-defined micrometer
sized magnetite crystals with star-shaped hexapods, octahe-
drons, concave octahedrons, and octahedral frameworks in
IPA-water by a solvothermal approach.'® Magnetite NPs with

60846 | RSC Adv., 2016, 6, 60845-60855

Paper

controlled morphologies such as core-shell structures and 1-D
nanochains have also been reported by thermal decomposition
in nonaqueous solvents.”**” Estelrich et al. reported high
molecular weight (2 to 10 kDa) PEG coated magnetite ferrofluids
with dipole-cation binding between the ether group of PEG and
the positively charged NP core with suspension stability over
two years."” Metal oxides become charged by the adsorption of
hydrogen (H") or hydroxyl ions (OH ") in aqueous suspensions,
while remaining neutral at a specific pH called the point of zero
charge (PZC).*® Particles tend to aggregate as the electric
potential approaches zero, known as the isoelectric point (IEP),
under neutral conditions when there is no repulsion between
the particles. It is well-known that under different colloidal
conditions with potentials of either >20 mV or <—20 mV,
particles repel each other (disruption of particle aggregation).
The stability of the nanofluids and the clustering can easily be
predicted from the zeta potential measurements. To avoid
undesirable errors from using mathematical equations or the
Henry formula to relate electrophoretic mobility to the { (zeta)
potential of NPs, the surface charges of suspended particles are
reported in terms of the {-potential.*® Although the precipita-
tion of metal oxides, e.g., TiO,, ZrO,, CeO,, and SiO,, in alcohol/
water mixed solvents has already been reported,”**>*" there is no
systematic study on the effect of solvents with variable dielectric
constants and precipitation temperatures on magnetic nano-
crystals; to the best of our knowledge, there is no study on the
effect of solvents/precipitation temperatures on the catalytic
and colloidal properties/stability of aqueous suspensions of
magnetite NPs.

Herein, we report the effect of various alcohols with different
polarities on the size, colloidal stability, reactivity, and other
related properties of magnetite nanocrystals by ammonia
precipitation. Six alcohols have been employed with decreasing
¢ value in the order of ethylene glycol (EG) > diethylene glycol
(DEG) > ethanol (EA) > n-propanol (nPA) > isopropanol (IPA) >
polyethylene glycol (PEG). Mixed solvents of 1 : 1 water-alcohol
produced small Fe;O4 NPs in the size range of 8 to 13 nm. The
powders as well as the nanofluids have been characterized
thoroughly by various techniques. The crystal structure and
magnetic properties of the resulting colloidal particles have
been investigated by X-ray diffraction (XRD), transmission
electron microscopy (TEM), thermal analysis (TG-DTA), and
vibrating sample magnetometry (VSM). The hydrodynamic size
as well as the zeta potential was evaluated by photon correlation
spectroscopy (PCS). To evaluate the colloidal stability, extensive
zeta potential measurements have been carried out. The cata-
Iytic activity of the crystals investigated by diesel soot combus-
tion have been explained in terms of the texture coefficients of
different crystal planes, sizes and BET surface areas. This study
lays a strong foundation to relate this activity on a physical basis
for future nanomaterial development.

Experimental
Materials

For the synthesis of pure and surface functionalized magnetite
nanocrystals, the chemicals used, Fe(u) chloride (98%) and

This journal is © The Royal Society of Chemistry 2016
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Fe(u) chloride (97%), were supplied by Sigma Aldrich. Absolute
EA (99.9%), and nPA (AR) were purchased from S.D. FINE-
CHEM Ltd, India. EG (guaranteed reagent, GR), DEG (for
synthesis), PEG-400, acetone (GR), IPA (GR), methanol (GR), and
25% ammonia were procured from Merck, India. The chemicals
for the syntheses were used as received without any purification.
All the syntheses, washings and dilutions were carried out with
Millipore water with resistivity 18.2 MQ cm@25 °C after purging
with ultrapure nitrogen gas (99.999% purity) to remove dis-
solved oxygen from the water.

Preparation

To fabricate the magnetite nanocrystals, an 8.4 mmol portion of
FeCl,-4H,0 and 16.8 mmol FeCl;-6H,0 (such that Fe*"/Fe*" =
2) were dissolved in 35 ml 1:1 water-alcohol mixed solvent
deaerated by purging with nitrogen gas for 30 min in a 100 ml
three-neck round bottom flask. Several alcohols, ca. EA, nPA,
IPA, EG, DEG and PEG-400, were used in this study. The reac-
tion mixture was heated to 80 °C with a hot-plate magnetic
stirrer and was maintained at this temperature for ~30 min
with continuous stirring and nitrogen purging in a closed setup.
Subsequently, the reactor was cooled naturally to 40 °C and was
kept constant at this temperature. About 15 ml NH; solution
was added to the homogeneous mixture in one portion when
the reaction mixture turned black (pH ~ 11). Vigorous stirring
and the temperature (40 °C) were maintained for 30 more min;
the mixture was then allowed to cool to ambient temperature. At
this point, the net Fe>* concentration was 168 mM. The settled
black precipitate was subjected to repeated alternating
magnetic decantation and washing with water to remove
impurities; the final washing step was performed with meth-
anol to break down hard agglomerates. The fine powder form of
magnetite was obtained by drying the resulting black slurry in
a vacuum oven at 60 °C and preserving it in a desiccator for
further characterization; the samples are labeled with the cor-
responding alcohol abbreviations. Magnetite precipitated in
water at 40 °C is designated as WA. The magnetite was also
precipitated at 80 °C to study the effect of temperature and was
labeled with the alcohol abbreviation followed by a number (the
precipitation temperature), e.g., EG80 stands for magnetite in
ethylene glycol-water solvent at 80 °C.

Instrumental

Transmission electron microscopy, including selected area
electron diffraction (SAED) analysis, was used to ascertain the
particle shape, size and crystal structure of the synthesized
materials using a FEI Tecnai 30 G S-Twin high resolution HR-
TEM operated at 300 kV. The TEM grids were prepared by drop-
casting (~15 pul) the nanopowder dispersions onto 400 mesh
amorphous-carbon coated copper grids and allowing the
solvent to evaporate. The elemental composition of the mate-
rials was determined using an EDAX spectrometer (Fischione
Instruments, Inc., USA). The crystalline phase and crystal
dimensions of the material were determined from the powder
XRD patterns recorded with a Bruker D8 Advanced diffractom-
eter using CuKo, radiation (2 = 1.5406 A) in the 10° to 80° 26
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range with a step size of 0.05° 26 and a scan speed of 4° min .
The crystallite size of the powder materials was determined
using the Debye-Scherrer expression,'® given in eqn (2):
0.94

D = 2
XRD B4 cOs 0 2)

Standard Harris analysis was performed on the X-ray data of
the magnetite powders to estimate the preferred orientation of
specific crystal planes and is expressed as the texture coefficient,
C(hkl).> Magnetic measurements of the powder specimens were
made using VSM (Lakeshore 7305, US) at 300 K.

The specific surface area, pore volume and pore size distri-
bution of the magnetite powders were determined from the N,
adsorption data following the Brunauer-Emmett-Teller (BET)
method at 77 K using Quantachrome NovaWin Instruments
(version 10.01) after degassing the powders at 200 °C for 3 h.
The particle size (Dggr) was also calculated from the BET surface
area (Ssa) using equation with an assumption that all the
particles are spherical and unclustered, where p = 5.18 g cm >
for magnetite.?

The average particle size of the NP suspensions and the size
distribution, charge and colloidal stability of the synthesized
magnetite based aqueous nanofluids were determined by the
light scattering technique using a Zetasizer Nano-ZS (Malvern
Instruments, Malvern, UK). The instrument uses a 4 mW He-Ne
laser (A = 632.6 nm) to illuminate the sample and measures the
time dependent fluctuation in the intensity of light scattered
from particles in suspension at a fixed scattering angle of 173°.
This technique measures the Brownian motion of the NPs in
suspension and relates their correlation time to the particle size
using the Stokes-Einstein equation:

kT

3tnD (3)

Dypcs =
where Dpcs is the hydrodynamic diameter of the NPs, k is
Boltzmann's constant, T is the absolute temperature (K), 7 is the
viscosity (mPa s) and D represents the translational diffusion
coefficient (m? s !). About 10 mg of magnetite powder was
dispersed in 10 ml Millipore water by subjecting it to ultra-
sonication for ~20 min. The size data and the polydispersity
index (PDI) were obtained from the correlograms by the
cumulant analysis method. A second-order cumulant analysis
was performed. The hydrodynamic diameter (Z,,) was deter-
mined from the first cumulant and the PDI was determined
from the second cumulant divided by the square of the first
cumulant.®® The surface charge was estimated by measuring the
zeta potential converted from the electrophoretic mobility of the
dispersion in water at 25 °C using the Smoluchowski formula
using Malvern Zetasizer Software v. 7.11. In order to determine
the PZC, the pH of the dispersion was adjusted either with
aqueous 10> M NaOH or H,SO,. The pH of the well dispersed
magnetite fluids was checked just before each {-potential
measurement.

Thermogravimetry (TG) and differential thermal analysis
(DTA) was used to investigate the thermal reactions in the
synthesized nanocrystals using a Simultaneous Thermal
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Analyzer (STA 449 C, NETZSCH, Perkin-Elmer, US) under
ultrapure nitrogen purge. The heating ramp was 10 °C min™" in
the 50 to 1000 °C temperature range. The reactivity of magnetite
NPs in catalysing the combustion of carbon was investigated by
controlled combustion of a 4 mg mixture of Fe;O, catalyst,
carbon soot (collected by burning diesel), and a-alumina under
dry air atmosphere. The measurements were carried out by
applying a sample with a ramp of 10 °C min~ " in the 50 to 700
°C range. Standard a-alumina was used as a reference. The
sample for soot oxidation was prepared by mixing and grinding
carbon, powdered Fe;O, and alumina (average particle size
~450 nm, Condea Chemie, Germany) in a weight ratio of
1:4:5 in an agate mortar. The inert alumina powder was
added to prevent any thermal runaways.

Results and discussion

Magnetic nanocrystals were synthesized by the ammonia
precipitation technique in different alcohol-water mixed
solvents at 40 and 80 °C. All the as-synthesized iron oxide
powders were typically black in color, indicating the formation
of magnetite crystals as the dominant phase. Selected bright-
field TEM images, size distribution histograms depicting the
mean size and its distribution, and SAED patterns of some
representative magnetite specimens prepared in water as well as
different alcohol-water solvents are shown in Fig. 1. Magnetite
formation follows a crystallization pathway involving
nanometer-sized intermediate primary particles that fuse to
form the crystalline iron oxide phase, which further grows to
spheroidal particles ~10 nm in size as the reaction continues.**

Average sizes were determined from the inspection of
multiple TEM images of 100 to 120 particles, and these data are
presented in Table 1. Relatively large spheroidal particles of ca.
~12.6 £ 1.9 nm were produced in water (panel A). When the
reaction medium was changed to mixed solvents with mono- or
poly-ol alcohols with appreciably lower dielectric constants,
more or less polyhedral shaped smaller particles with average
sizes in the 8.28 to 10.4 nm range with solvents in the order EG <
DEG < nPA = IPA < PEG < EA < WA were obtained. In alcohol-
water solvents, the electrostatic attraction between initially
precipitated primary particles is relatively low due to the lower
dielectric constant of the solution. The possibility that the
primary particles will agglomerate and grow is thus drastically
reduced. Therefore, monodisperse NPs with narrow size distri-
bution can be easily obtained. In mixed solvents with poly-ols,
e.g., EG, DEG and PEG, no such trend was observed. Although
the 1:1 EG-water mix has the highest dielectric constant
(58.95) among the solvents used in this work, next to water, it
produced the smallest particles, with average sizes of 8.28 +
1.22 nm. This is probably due to the presence of di-ol functional
groups in this alcohol. High molecular weight poly-ols, e.g., PEG
and DEG (please see Fig. S3 in the ESI}), with high binding
affinities to primary NPs act as surfactants and hinder the
growth of particles by steric effects. From the TEM micrographs,
it is difficult to comment on the degree of agglomeration among
the NPs synthesized from different alcohols. The standard
deviation (o) of the size was a minimum of ~1.3 nm for the NPs
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Fig.1 TEM images of magnetite nanocrystals synthesized at 40 °C in
(A) water and different mixed solvents with (B) EA, (C) nPA, (D) IPA (E)
EG, (F) DEG and (G) PEG. The size distribution histograms of the cor-
responding nanocrystals for all the specimens are presented as insets
to the TEM images. (H) SAED patterns of (a) DEG and its matching X-ray
diffractogram with the (hkl) planes marked, (b) EG, (c) nPA, and (d) PEG.

from both EG (size 8.28 nm) and PEG (10.2 nm), followed by
1.53 nm in DEG (9.46 nm), whereas the ¢ values for the NPs
from water (12.6 nm) and EA (10.26 nm) were 1.9 nm and 1.67
nm, respectively. Therefore, it is appropriate to conclude here
that we are able to control the polydispersity by controlling the
solvent characteristics. The size variation in the magnetite
crystals synthesized in different solvents suggests the strong
dependence of the crystal growth on the dielectric constant of
the precipitating medium. The SAED patterns of DEG, EG, nPA,
and PEG, given in Fig. 1H, show clear Debye-Scherrer rings for
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Table 1 Physical size, crystallite size and surface areal size of
magnetite synthesized from mixed solvents with different dielectric
constants at different temperatures

Sample/e  Dppy@40 °C Dxgp@40 °C D@40 °C Dypp@80 °C
(ref. 33) (nm) + SD (nm) (nm) (nm)
WA/80.2 12.6 £ 1.9 9.87 11.92 12.45
EA/52.4 10.26 £ 1.67 9.72 10.33 11.12
nPA/50.25 9.93 £ 145 9.69 13.71 11.86
IPA/50.05 10.03 £ 1.48 9.59 10.31 12.03
EG/58.95 8.28 £1.22 745 6.34 9.81
DEG/55.95 9.46 + 1.53 8.31 8.96 10.69
PEG/46.3 10.2 £ 1.34 9.37 10.11 11.64

(ref. 34)

the (220), (311), (400), (422), (511) and (440) planes with corre-
sponding interplanar spacings of 0.2967, 0.2532, 0.2099, 0.1715,
0.1616 and 0.1485 nm, respectively, matching the XRD pattern
of DEG (JCPDS card no. 19-0629). In addition, the bright
diffraction rings indicate that the NPs are well crystallized. The
clustering observed in the TEM micrographs (Fig. 1) is attrib-
uted partly to drying artifacts on the TEM grid. The most
important contributor to the formation of clusters is the inter-
facial and magnetic interactions among the NPs and the
tendency to decrease the high surface free energy by clustering.
The effect of the induction of surface hydration and the electric
double layer over the MNP surface due to the mono/poly-ol
mediated process on the state of clustering/growth of NPs is
investigated by PCS in a later section.

Representative HR-TEM images of selected magnetite spec-
imens with different projections are provided in Fig. 2. Fourier
filtering was used to extract the lattice fringe information. The
crystals resemble elongated hexagons (panel A), beveled cubes
(2D) and two-dimensional projected contours.* Various pro-
jected shapes can result when the NP is viewed along different
crystallographic directions.** Although the particles shown in
Fig. 2 are different in shape, all of them are enclosed with three
low-energy {100}, {110} and {111} surfaces. Careful examination
of the HR images indicates that all the NPs are indeed single
crystals; fringes belonging to predominant (111), (220), (311)
and (400) planes with corresponding d-spacings of 0.4852,
0.2967, 0.2532 and 0.2099 nm could be identified. Point defects
due to missing atoms or local deformation are observed on the
nanocrystal surfaces in some instances; these are marked by
arrowheads in Fig. 2C. The NPs have no apparent porosity, with
well-defined crystalline structures. The NPs synthesized at 80 °C
in respective media grew to larger sizes (see Fig. S1 in ESI{).

The elemental compositions of the Fe;O, specimens were
determined by EDAX. The peaks characteristic of O and Fe
atoms were observed in the EDAX spectra, along with signals
from C and Cu; the latter two belong to the carbon coated
copper TEM grid (inset of Fig. S1 in the ESIY).

The X-ray profiles of the magnetic products synthesized from
mixed solvents with different ‘¢’ values and temperatures and
their calculated texture coefficients are shown in Fig. 3 and S2 of
the ESL.T The diffraction patterns for all the powder samples
show peaks for magnetite. The position and relative intensity of
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Fig. 2 HR-TEM images of magnetite nanocrystals fabricated in (A)
DEG withits fast Fourier transform, (B) EG, (C) PEG, and (D) nPA (inset is
another magnified crystal). The corresponding polyol structures are
also shown as insets in their respective figures. Point defects in the
nanocrystals are marked with black arrowheads in (C).

all diffraction peaks matched well with the characteristic finger-
print reflections of standard Fe;O, with cubic fluorite structure
(JCPDS 19-0629) having the space group Fd3m (227). The crys-
tallite size was estimated using the width of the (311) reflection,
employing the Debye-Scherrer equation (eqn (2)). The crystal
sizes are in the 7 to 10 nm range, and the results are shown in
Table 1. The X-ray peaks in the EG/water system are much
broader than those in the other solvents. This is obviously
because the smallest particles are produced in the EG/water
system. In many cases, Dxgp < Drgm, @S Dxgp calculated
employing the Scherrer equation ignores the broadening of the
diffraction peaks due to microstrain in the lattice. X-ray often
disregards the amorphous layer on the magnetite NP surface.>

The crystallinity indices (CI), as obtained from the XRD
patterns of the nanocrystals precipitated at 40 and 80 °C, are in
the ~78 to 95% range, indicating reasonably high crystallinity
(Table S17). The CI for WA is 91%; it decreased to ~79% in EG
and increased to 95% in the same solvent when the precipita-
tion temperature was increased to 80 °C (Table S1f). The
average crystallite size grows and the crystallinity improves with
increasing reaction temperature in spite of the decrease in ¢ of
the reaction medium at higher temperatures.

Standard Harris analysis of the XRD patterns confirmed that
the nanocrystals synthesized from alcohol media have pro-
portionately higher active crystal facets compared to the nano-
crystals synthesized from pure aqueous media. The texture
coefficient data indicates that aqueous media produced
magnetite crystals with minimum exposed active (220) facets.
Preferentially grown active {110} and {100} planes with texture
coefficient values in the range of 1.1 to 1.3 were obtained in all
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the alcohol solvents, with the highest being ~1.3 in EG, DEG
and PEG, by inhibiting the growth of the (311) and (511) crystal
facets. We now note that aqueous precipitated magnetite in the
presence of PEG shows well developed and predominant {100}
surfaces (T¢ 1.163), as reported earlier.*> Hence, this study
opens a ‘conceptual’ possibility of producing nanocrystals in
alcohol-water medium with predominant active facets, which
may improve the physicochemical properties of the material
and allow superior performance.

Fe;04 nanocrystals are ‘soft’ magnetic materials in the sense
that they quickly switch magnetization direction once the
external magnetic field is reversed. This fact is experimentally
shown using VSM in Fig. 4. It is evident that all the specimens
showed ferromagnetic behavior at room temperature (~300 K),
with the hysteresis loops showing saturation magnetization (Ms),
remanent magnetization (Mg) and coercivity (H¢); a comparison
of the specimens with bulk Fe;0, is given in Table 2.*°

The saturation magnetizations achieved are ~66, 68, and 69
emu g ' in EA, IPA, and nPA respectively, and the Mg values for
the remaining samples were clustered at ~60 emu g ' of
sample.

The Mg values obtained are slightly lower than the reported
value for bulk magnetite®* but are sufficient for biomedical
applications. This decrease from the bulk value was already
reported to be the result of spin canting due to spin frustration
and lattice strain in small particles manifested at the surface of
the particles, which prevents the co-linear spin arrangement on
the A and B sub-lattices of the spinel magnetite (AB,0,) struc-
ture.**** This effect would become dominant with decreasing
particle size.
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Table 2 Detailed VSM analysis of magnetite at 300 K

Sample/e M (emu g ) Mg (emu g™ H¢ (Oe)
Bulk 84 115-150
WA/80.2 57.1 0.74 3.95
EA/52.4 65.82 13.0 188.2
nPA/50.25 68.79 14.1 187.2
IPA/50.05 67.62 14.2 180.3
DEG/55.95 61.89 12.4 195.5
PEG/46.3 60.33 12.5 197.2
EG/58.95 57.12 12.2 191.5

All the Fe;O, specimens have significant coercivity (H,
reversed field required to reduce M, to zero) in the range of 187 to
197 Oe and remnant magnetizations in the range of ~12 to 14
emu g ' (inset of Fig. 4) except the pure magnetite produced in
water, which shows a negligible coercive field (3.95 Oe) and My
value (0.74 emu g~ ) as well as a smaller Mg value (57 emu g™ ).
The reported coercive field for bulk magnetite is 115 to 150 Oe. In
general, the enhancement in coercivity and reduction in Mg could
be due to an increased magnetite interparticle distance
concomitant with a weaker dipolar interaction and other surface
effects, which can be pronounced under certain conditions in the
nano-regime.*>** An alternative explanation for the increase of the
coercivity of the NPs produced in alcohols with different polari-
ties is the stronger obstacles when the domains of magnetite
attempt to turn under an applied field.** When the magnetite NPs
are limited and entrenched in the leftover alcohol/glycol, they can
be considered as pinned. Since the hysteresis loops of the
samples are sensitive to crystal size, they are useful for magnetic
grain sizing of natural samples.** High Hc in iron oxides is largely
governed by magnetocrystallinity, shape, and magnetostrictive
(stress-induced) anisotropy along with the polycrystallinity (multi-
domain nature) factor, which further depends on the local
magnetic anisotropy and the ferromagnetic exchange energy. The
ferromagnetic exchange interaction is reported to determine the
magnetic behavior of the smaller crystals.®

High Hc due to polycrystallinity is ruled out in our study, as
the crystallite sizes calculated from the X-ray peak broadening
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(Scherrer equation) are equal to or smaller than the physical
sizes obtained from the TEM measurements (Table 2).
Furthermore, we have already established from the HR-TEM
images (Fig. 2) that the NPs synthesized from all the solvents
are single crystals. Compared to mono-ol solvent systems, the
particles from poly-ol systems are relatively smaller, and as the
particle size decreases, the remanance decreases, indicating
“single domain” behavior in the MNPs.

The BET adsorption-desorption isotherms for all the speci-
mens showed hysteresis loops of type IV by Brunauer's classi-
fication, with an apparent hysteresis loop in the range of 0 to
0.89 P/P,, indicating the presence of mesopores (data not
shown). The pores in the materials are in the mesoporous range
(3.6 to 9.5 nm) and are interparticulate in nature. The magnetite
products show relatively high surface areas (84 to 183 m* g™ %),
as expected from their small particle sizes. The magnetite
synthesized from alcohol mediated precipitation shows
a higher surface area (114 to 183 m”> g~ ') compared to the
aqueous product (84 m> g~ ). The size (Dggr) estimated from the
nitrogen adsorption-desorption isotherms is somewhat larger
than the size estimated from TEM (Table 1) for all except the
crystals derived from EG, DEG and PEG solvents. Therefore, the
particle size and surface area of MNPs can be tuned by changing
the dielectric constant of the reaction medium by selecting
different alcohols.

The crystalline non-agglomerated dispersible NPs of
magnetite obtained by alcohol mediated syntheses are attrac-
tive because they are readily dispersible in water using a low
energy ultrasonic bath and are able to form transparent
colloidal suspensions under ambient conditions. The hydro-
dynamic size, zeta potential, suspension stability, and optical
images of the aqueous suspensions of magnetite nanocrystals
(particle concentration 4.3 mM, slightly acidic pH) are illus-
trated in Fig. 5. The number average size (N,,) of 16 to 33 nm of
the 40 and 80 °C precipitated powders, with the exception of the
water and IPA/water systems, is ~2 to 3 times larger than those
of the primary particles as observed by TEM (see Fig. 5A and
Table S2%). This is possibly due to tetrahedral or hexagonal
close-packed assemblies of ~10 nm particles in the suspension.
The N,, is reliable as the PDI values are below 0.3, in most cases,
which is indicative of narrow and monodisperse size distribu-
tion.*® These aqueous magnetite fluids may find use in various
in vivo biomedical applications. The colloidal stability of the
NPs is closely related to their surface chemistry. The average ¢-
values are in the 20.3 to 43 mV range, among which IPA has the
least zeta potential and EG has the highest (43 mV) for poly-ol
mixed solvent, followed by EA (40.9 mV), which is the highest
among the mono-ol solvents (Fig. 5B and Table S21). The
alcohol moieties show slightly acidic behavior when Fe;O,
crystals (IEP at pH ~ 6.7) are suspended in them, and the
suspension exhibits positive zeta potential due to the positive
surface charge over the nanocrystal surfaces. The particle
surfaces are positively charged and the strong repulsive forces
(electrostatic) among the particles counteract the attractive
forces due to magnetic interaction and van der Waals attractive
forces and prevent consequent clustering, although the
measurements were carried out at their natural pH values (6 to
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7) where no electrostatic repulsion is expected. The consequent
strong electrostatic repulsive forces can be elucidated by
analyzing the energy barrier for aggregation between two
approaching particles based on DLVO theory,” which can be
described as:

Axka

o=

+ 2meay? (4)
where « is the particle diameter, ¢ is the dielectric constant of
the solution, and ¢ is the surface potential. The effective
Hamaker constant A and the Debye-Hiickel parameter x remain
constants in our experimental conditions. Therefore, it is
evident that the energy barrier V, largely depends on the
dielectric constant of the medium.

It is interesting to note that the products obtained at 40 °C
are easily dispersible, and their colloidal stabilities are much
higher than those produced at 80 °C (Fig. 5). This is due to the
strong positive surface charge as indicated by the high zeta
potential at their natural pH values of ~6.4 to 6.9 being close to
PZC (see Fig. S7 in the ESIt). The narrow size distribution and
the corresponding normalized single exponential decay of the
self-correlation coefficient for all MNP clusters produced at 40
°C support their monodisperse nature, especially for the polyol
based MNPs (Fig. S41). The EG, DEG, PEG, EA, and nPA
dispersions were found to have narrow size distributions, which
implies good stability, whereas relatively less stable dispersions
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produced broader distributions due to aggregation (in the case
of WA and IPA). PEG dispersion (Dygy 10.2 nm) is very stable
without any precipitation, even after 6 months of storage.
Meanwhile, the IPA slurry, with slightly smaller Dy, size (10.03
nm) and higher CI and PDI as well as the lowest {-potential next
to water, precipitates completely in 5 days. This suggests that an
additional mechanism, ie., steric effects, in addition to the
electrostatic stabilization process (indicated by the {-value of
~38 mV) is introduced by the PEG chains.?® Similar phenomena
were observed with EG and DEG; however, the suspensions were
stable for 7 and 18 weeks, respectively, due to the poorer
stabilizing efficiency of mono and di-ethylene glycol compared
to that of PEG, and their Z,, sizes are slightly larger (Table S27).
The EA colloids did not sediment over 61 weeks, probably
because of the electrostatic (higher {-potential of ~40 mV) and
steric effects, and this interaction was supported by FTIR
(Fig. S31). The PCS size along with the correlation fits and zeta
potential data of one of the representative specimens (EA) are
given in Fig. 6. A Z,, size of ~25 nm with a relatively low PDI
value of 0.252 is extracted from the good cumulant fit to the
auto-correlation function of the intensity fluctuations of scat-
tered photons. The phase plot of this sample is excellent (panel
B in Fig. 6).

Magnetite particles with interfacial and even magnetic
interactions (due to their small remanence) are also reported to
support the clustering process,* which contributes to the
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Fig. 6 (A) Hydrodynamic size plot along with the correlation data and
(B) zeta potential graph with its phase plot for the EA dispersion in
water. The inset is the color gradient formed after incubation of EG for
44 days.
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formation of fractal aggregates* with large sediment volumes.
With time, when the loose aggregates reach a critical size, the
thermal motion cannot hold them in suspension, causing
initiation of the sedimentation process. As time elapses, large
aggregates drag smaller particles with them and create
a significant depletion of nanometer-sized magnetites in the
supernatant,” forming a color gradient with a clear colorless
fluid zone at the top and a gradual increase in color intensity to
the bottom. This phenomenon was observed in all the mono-
and poly-ol mediated nanocrystal slurries (optical photographs
for EG are shown in the inset of Fig. 6B). As expected, the
aqueous suspensions of bare MNPs (WA80 and WA) produced
in water medium have the least positive surface charges of 4.9
and 15 mV, respectively, with highly polydisperse natures (PDI >
0.5), and do not show any colloidal stability (precipitated within
a couple of hours of suspension). -OH," ions exist on the
surface of the bare NPs at pH ~ 7 in the vicinity of the isoelectric
point of synthetic magnetite, and the suspension is normally
not stable.*® Higher stability of the bare MNP suspension may
also be achieved at pH > 10, when { almost reaches a plateau in
the { versus pH profile (Fig. S71).”° This once again supports the
fact that the higher {-potential in a nanofluid confers greater
colloidal stability. The zero charges on the surface of WA, nPA,
PEG and EA magnetite were found to be at pH 6.9, 6.46, 6.47 and
6.4, respectively. Although the natural pH of glycol/alcohol
mediated MNPs varies slightly from that of the water medi-
ated NPs, the behaviors of their zeta curves are almost the same
as the conditions vary from acidic to basic (Fig. S77). This leads
to the confirmation that the magnetite MNP surface properties
are unaltered, irrespective of the synthetic media.

The increase in particle size with increasing dielectric
constant of the precipitating solvent is due to enhanced hydrogen
bonding. The roles of the increased precipitation temperature
and dielectric constant of the solvents are: (1) the crystallinity and
particle size of MNPs increase and the colloidal stability in the
aqueous phase decreases; (2) the increased precipitation
temperature decreases the density of the surface adsorbed alco-
holic moieties, resulting in poorer suspension stability.

Glycol medium produced MNPs with narrow size distribu-
tion, as observed from Drgyy, which may have helped to produce
a stable suspension comparable to those in mono-ol media and
pure water at 40 °C. The EG dispersion is almost transparent
and remains homogeneous, without any visible precipitation or
creaming.

Fig. 7 shows the temperature dependent hydrodynamic
properties of the PEG based colloid. The hydrodynamic size of
33.3 nm grew to 38.2 nm at 20 to 35 °C, remained almost
constant up to 45 °C, and then decreased back to 33.1 nm when
the temperature was further increased to 65 °C; however,
interestingly, the N,, (number average) of ~18 nm remains the
same. As expected, the concomitant change in mean count with
Z,, may be due to the change in the aggregate sizes. The
increase in size and mean photon counts up to 45 °C may be due
to a slight transformation of the cluster structure from the
initial hexagonal shape (3 X Drgy) to one-shell octahedral close-
packed (4 x Dygy) and back to hexagonal at ~65 °C. The poly-ol
(PEG, DEG and EG) mediated MNC based colloids are stable, do
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Fig. 7 Temperature dependent PEG agglomerate size in suspension
by photon correlation spectroscopic studies. An optical image of the
PEG suspension is shown in the inset.

not grow, and precipitate (all data not presented here) over 6-24
weeks as a function of temperature (up to 65 °C). However, these
colloids exhibited gradual size growth by 15 to 25% on dilution
(up to x 10) due to partial desorption of the chemisorbed poly-
ols; hence, they are activated with respect to interaction with
other NPs or NPCs."

As anticipated, the DLS data indicated a slight increase in the
hydrodynamic size of the particles, with a steadily decreasing
count rate for PEG immediately after dilution. A good linear
relationship (R*> = 0.9983) was observed between the count rate
and the NPs concentration in the range of 10 to 1.25 mM (Fig. S57).

The presence of organic layers on the surface of the NPs was
further confirmed by TG-DTA. The thermogravimetry patterns
of magnetite specimens synthesized from mixed solvents are
presented in Fig. 8. All the TG profiles show very similar
patterns, with three-step decomposition in the temperature
range of 50 to 1000 °C.

The aqueous precipitated magnetite presents a simple two
stage thermal decomposition at ~225 and 330 °C consisting of
a total loss of ~6%, whereas the total losses are ~11.8,13.9, and
16.7% for PEG, DEG and EG respectively at temperatures
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Fig. 8 Thermal analysis patterns of magnetite powders synthesized at
40 °C fromal: 1 combination of water with different solvents: (a) WA,
(b) nPA, (c) EA, (d) IPA, (e) PEG, (f) DEG and (g) EG; DTG of the repre-
sentative specimen DEG.
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>800 °C. The peak centered at ~120 °C is responsible for the
removal of structural water from the lattice, followed by an
exothermic peak at ~250 °C for the removal of unwashed salt
from the material along with alcohols attached to the surfaces of
the nanocrystals. The last peak for a small loss at ~670 °C is due
to the combustion of carbon/graphitic products from the
decomposition of poly-ols. The weight loss is greater for EG
compared to other poly-ols, due to the smaller NPs having higher
surface areas available to the adsorbed poly-ol moieties. The TG
patterns of nPA, EA and IPA have similar losses of ~8.5%.

The catalytic activity of the Fe;0, powders was evaluated by
measuring the peak combustion temperature (Tp) and the total
heat evolved (AH) during the Fe;O, catalyzed combustion of
carbonaceous diesel soot in excess O,; this is shown in Fig. 9.
The catalytic activity of magnetite precipitated in solvent
mixtures with different dielectric constants is correlated with
the BET surface area and active crystal facets. The poly-ol
mediated products (PEG, DEG and EG) showed better activity
due to their relatively smaller sizes with abundant active (220)
and (400) crystal facets. The figure shows that the catalytic
activity, in terms of the total heat evolved from the carbon soot
combustion, varies from a minimum of 7.6 k] g~ for WA to
a maximum of 12.0 kJ g~* for DEG. The T are, as expected,
inversely related with the total heat evolved; the extremes are
485.2 and 438.6 °C for WA and PEG, respectively.

The energies evolved during soot burning were relatively
lower at ~9 k] g~ for the mono-ol based products, e.g., IPA, nPA
and EA, possibly due to the lower T¢ values for the active (220)
and (400) planes (~1.2 and 1.1, respectively). In comparison to
the Tp of WA, the values decreased by 39.8 and 31.7 °C in nPA
and EA, respectively, whereas the 7T remained almost
unchanged at 481 °C in IPA. Thus, we conclude that the activity
of a magnetite material is attributable mainly to the energetics
of the reaction on the exposed (220) and (400) crystal facets in
addition to the available surfaces.

Conclusions

Magnetite nanocrystals have been synthesized via homoge-
neous precipitation in solvents in media with decreasing ‘¢’
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using 1 : 1 EA, nPA, IPA, EG, DEG and PEG with water at 40 and
80 °C. The presence of alcohol/glycol content (by TG-DTA and
FTIR) and the precipitation temperature are vital for the control
of the agglomeration, suspension stability, size and crystallinity
of the magnetite. IPA magnetite is relatively crystalline (CI
~89%), next to water, with the highest magnetization of ~68
emu g~ . The crystals observed from HRTEM have a mixture of
multi-faceted polyhedral shapes, all of which contain abundant
undercoordinated atoms located on their edges and corners,
serving as extra active sites for the chemical reaction. The PEG,
DEG and EG powders showed better catalytic activity due to
smaller particles with abundant active (220) and (400) crystal
facets. Nanofluids with greater aqueous stability were obtained
from relatively lower precipitation temperatures at 40 °C.
Furthermore, the monodispersed transparent colloidal
suspension of PEG showed stability over a period of 6 months.
The hydrodynamic diameter was <20 nm with the temperature
trend up to 65 °C. These MNPs and stable colloids open up
opportunities for improving existing biomedical/industrial
applications and designing novel technologies in the future.
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