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Abstract 

Nanotechnology is developing as an industry, with nanoparticles being used in an increasing 
range of products. It is important to keep the potential industry production in mind when 
synthesising nanoparticles in the laboratory. Continuous flow reactors are preferred in industry 
as they have benefits in efficiency, cost and improved safety over traditional batch methods 
used to synthesise nanoparticles. Furthermore, it is important to consider the environmental 
impact of the synthesis, avoiding toxic compounds and reducing the energy requirements of the 
methods of development. 

In this work a new type of chemical reactor, the vortex fluidic device (VFD) was investigated for 
its applicability to the continuous flow production of nanoparticles.  The VFD is a dynamic thin 
film reactor that uses a rapidly rotating 10 mm diameter glass tube to produce a turbulent thin 
film where nanoparticle synthesis can occur. The control of nanoparticle synthesis was 
investigated through the modification of the machine parameters of rotation speed and angle 
of device to the horizontal.  Angle is a new parameter that is not present in other similar devices, 
the spinning disc processor (SDP) and the rotating tube processor (RTP).  

A UV/Vis spectrometer was attached to the VFD for online monitoring. To calibrate the 
spectrometer the film thickness at various rotation speeds and angles was measured. It was 
found that the film thickness changed with rotation speed and angle in accordance with the 
centripetal and gravitational forces. The segregation index of the VFD was measured using an 
Iodate-Iodine chemical probe. The measured segregation index was ≈ 0.15 for all rotation speeds 
and angles other than 0o, for which the segregation index was closer to 0.1. The segregation 
index corresponds to a mixing time of ≈ 0.1 seconds, which is much slower than the SDP and 
similar to the mixing time of a vigorously mixed stirred tank. 

To test the ability of the VFD to control the synthesis of nanoparticles two precipitation reactions 
were trialled: superparamagnetic magnetite nanoparticles (Fe3O4); and anisotropic fluorescent 
lanthanoid phosphate (LnPO4) nanorods. To facilitate the outflow of these nanoparticles from 
the VFD two molecular weights of polyvinylpyrrolidone (PVP) were used 40 000 gmol-1 (PVP40) 
and 360 000 gmol-1 (PVP360) 

Nanoparticles of Fe3O4 were synthesised by co-precipitating a solution of Fe3+/Fe2+ in a 2:1 ratio 
with an aerosol of 28% ammonia inside the VFD. Magnetite nanoparticles with an average size 
≈10 nm were synthesised at all rotation speeds, both PVP molecular weights, and at both 0o and 
45o angle of operation for PVP360. The mean size of particles produced by batch methods was 
only slightly larger at 11-12 nm. However, particles produced on the VFD had superior magnetic 
properties. Superparamagnetism was observed in particles produced at a 45o angle at 7000 rpm 
with a PVP360 coating . This was due to the wrapping of the particles in the polymer on the VFD 
to create magnetically isolated particles. 

Nanorods of LnPO4 were synthesised by co-precipitating a mixed solution containing lanthanum, 
cerium and terbium lanthanoid ions and sodium hydrogen phosphate in the VFD. Lanthanoid 
phosphate nanorods and radial aggregates of nanorods (called “dandelions”) were synthesised 
with controllable aggregation states on the VFD with the use of the PVP polymer. Batch methods 
produced only short LnPO4 nanorods. However, on the VFD, dandelion aggregates were 
produced at moderate speeds but broke apart at 9000 rpm. I propose that the high shear on the 
VFD first promotes then disrupts the production of the dandelions. PVP40 was found to wrap 
the LnPO4 rods restricting their width, while with PVP360 the molecules wrap both the width 
and length of the rods restricting their size in both dimensions.  

Magnetic nanoparticles coated with non-toxic p-phosphonate calix-n-arene (PCalix[n]) were 
applied to the removal of nitrate and phosphate from waste water. In batch synthesis PCalix[4], 
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[5] and [6] produced faceted particles and PCalix[8] produced only spherical particles. High 
concentrations of PCalix[n] resulted in the formation of amorphous nanoparticles while at low 
concentrations spherical particles were produced for all PCalix[n]. Faceted particles were 
produced by the oxidation of the surface of the nanoparticles by the PCalix[n] leading to a 
rearrangement of the surface atoms to a densely packed faceted surface. Nanoparticles were 
then successfully used to treat waste water. A sample of 1 gL-1 of PCalix[n] coated magnetite 
was able to remove 46-63% of nitrate and 43-48% of phosphate. Spherical PCalix[8] coated 
magnetite particles were the most successful at removing both contaminants. 

Overall there are two major findings: The size, morphology and properties of synthesised 
nanoparticles was controlled more by the capping agents used than variation of angle and 
rotation speed of VFD. However, the wrapping of polymer capping agents was greatly affected 
by angle and rotation speed of the VFD and the wrapping controlled the size, morophology 
and properties of synthesised nanoparticles. 
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Equation 3.5:  

𝐼𝑑𝑒𝑎𝑙 𝑠𝑙𝑜𝑝𝑒: 
𝑅𝑖𝑠𝑒

𝑅𝑢𝑛
=

𝑔 sin(𝜃)

𝑅𝜔2
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Equation 3.6:  

𝐹𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =  𝑐 +  
𝐴

𝜔2
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Chapter 4 

Equation 4.3.1  

𝑇𝐵  =  
𝐾𝑉

23𝑘𝑏
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Chapter 1: Nanotechnology and Nanoparticles 

1.1 Introduction 

As the world’s problems seem to get bigger and bigger we try to solve them by making 
technology smaller and smaller. We create more functionality in less space, more transistors on 
a microchip, and more active sites per volume on catalyst particles. Now our solutions have 
reached the nanosize and developed into the science of nanotechnology.  

The idea of nanotechnology is routinely linked to the famous Richard Feynman lecture “there is 
plenty of room at the bottom”1 and the word itself was popularised by futurist K. Eric Drexler.2  
Nanotechnology as a science rather than science fiction began with the discovery of the 
buckminsterfullerene in 1985 by H. W Kroto et al.3 and soon after the carbon nanotube in 1991.4 
These conductive carbon allotropes inspire the dream of using nano size building blocks to build 
devices.  

Nanotechnology is the study of materials with small dimensions, typically between 1 and 100 
nm. Particles under 100 nm have so few atoms that the properties deviate from the bulk 
properties and then become dependent on the numbers of atoms rather than just the material. 
Novel properties not seen for larger particles develop. For example, magnetic materials lose 
their magnetism and metals lose their conductivity.5 Furthermore, the band gap of 
semiconducting materials can change and unreactive metals can become catalysts. These 
properties allow nanoparticles to be used for applications as varied as medicine6, biosensing7, 
catalysis8 and electronics.9 

1.2 General Properties of Nanoparticles 

In the following sections four important novel properties of nanoparticles are explained: surface 
plasmon resonance; quantum confinement; superparamagnetism; and nanocatalysis. 

1.2.1 Surface plasmon resonance 

Metal nanoparticles can directly interact with light.10  Electromagnetic radiation interacts with 
electrons in the conduction band of metal nanoparticles by pushing them away from the ionic 
metal cores. Electrostatic forces then pull the electrons back, resulting in a surface plasmon 
resonance (SPR) oscillation that absorbs light.10 For most metals this absorption is weak, broad 
and in the ultra violet region of the spectrum11. However, for gold, silver and copper it is very 
strong and in the visible region.7 The SPR absorption wavelength depends on the amount and 
distribution of electrons within the material.7 The size, shape structure and dielectric properties 
of the nano-material as well as the surrounding medium all affect the observed SPR absorption 
wavelength.12 

1.2.2 Quantum confinement 

Semiconductor materials have an energy gap between their conduction and valence bands. 
Some semiconductors  are fluorescent; they can  absorb light energy then re-emit  it at an  
energy similar to the band gap.13 However, once semiconductors become nanosized they act 
more like molecules with a series of discrete orbitals rather than a band.14 Transitions now occur 
between discrete orbital energy levels at a single wavelength, producing more intense 
fluorescence.14 The energy level of the orbitals decreases as more atoms are added to the 
particle until it reaches a minimum level and re-establishes the band structure.13 The minimum 
level is in the order of the Bohr exciton radius for the material. Fluorescence is therefore 
tuneable with particle size.14 For materials such as cadmium selenide this allows for a rainbow 
of fluorescence across the visible spectrum.15 These particles are commonly called quantum 
dots.14 
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1.2.3 Superparamagnetism  

Within ferromagnetic materials such as iron, nickel and cobalt, each atom has an individual 
magnetic moment.16 Magnetic materials have areas of aligned magnetic fields called domains.16 
To reduce internal energy these domains align in random directions such that the overall 
magnetism of the material is still zero.16 However, between domains there are areas of high 
energy called domain walls where adjacent magnetic dipoles must point in opposite directions.16 
Below a critical size the energy lost to the formation of domain walls becomes higher than the 
energy gained by forming multiple domains.17 Particles of this size are said to be single domain.17 
With further reduction in nanoparticle size,  sufficient thermal energy is available to flip the 
magnetic dipoles of the component atoms and a state of superparamagnetism occurs.18 
Superparamagnetic nanoparticles are not able to hold an internal magnetic field but will respond 
quickly to any external magnetic field.19 

1.2.4 Nanocatalysis 

Many of the new properties that arise at small sizes are due to the surface interactions.20 As a 
material gets divided into smaller parts, the ratio of the surface atoms to interior atoms gets 
larger.21 This increase in proportion means that the properties of the surface atoms become 
more important to the total properties of the material. The higher surface area allows for higher 
reactivity and catalytic activity. The smaller size also produces a higher portion of atoms with 
lower co-ordination numbers at edges, corners and in defects.22 Particles carefully produced 
with particular crystal faces, or shapes with more of a crystal face, can increase the catalytic 
efficiency.23 The surface properties of nanoparticles can also interact negatively with other 
properties. This is seen in the magnetic behaviour where magnetic anisotropy due to the surface 
reduces the overall magnetism of nanoparticles.24 Dangling bonds and surface charges on 
quantum dots also reduce the fluorescence efficiency.25  

The above are examples of the new size and shape dependent properties found in 
nanomaterials. The correlation of size and shape to the properties requires careful control of 
particle growth for nanoparticle samples to have consistent properties.  

1.3 Synthesis of nanoparticles 

Understanding the processes of nucleation and growth of nanoparticles is critical to finding the 
right strategies to produce nanoparticles of the desired size and shape. When synthesising 
nanoparticles there are both thermodynamic and kinetic considerations. Thermodynamic 
processes underpin the major strategies for the production of nanoparticles26 while kinetic 
control plays an important role in the production of anisotropic particles.27 

1.3.1 Nucleation of nanoparticles 

Classic homogeneous nucleation theory describes how a solid is formed from solution.26 Once a 
species reaches its maximum solubility in a solvent it does not immediately precipitate; a certain 
degree of supersaturation is required before a solid is formed.28 This is due to the energy cost 
associated with the formation of a new solid/liquid interface.28 This process is described 
mathematically in Equation 1.1 and visually in Figure 1.1 A.28 

Equation 1.1:  

𝛥𝐺 =  − 
4

3
𝜋𝑟3  ∗  𝛥𝐺𝑣  +  4𝜋𝑟2𝛾 

The Gibbs free energy of solidification (ΔGV ) is related to the volume r3 term of the particle while 
the surface energy (γ) is related to only the surface r2 relation. The surface term dominates at 
small sizes until a critical radius r* when it becomes favourable to form particles.29 The critical 
radius determines the smallest  particle that will be stable.29 To produce very small particles this 
has to be controlled.30 High supersaturation and therefore a strong Gibbs free energy drive for 
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solid phase formation30 and  a lowering of the surface energy of the particle with additives to 
solution are two strategies for producing small particles.29 

The Gibbs free energy of solidification (ΔGV ) is the driving force for solidification of particles 
from solution.26 Examples of driving forces for nucleation are: lowering temperature below the 
melting point; a reduction in solubility; pH change; or a chemical reaction rapidly forming an 
insoluble product.26 Particles with the smallest critical radius are formed when the driving force 
is at its strongest.30 Accordingly, the nucleation rate must be kept as high as possible so that 
nucleation occurs almost all at once close to the point of highest driving force.30 

The surface energy, γ, of the synthesised material is determined by the material and chemical 
environment of synthesis. The crystal phase, particle shape, particle size, temperature, ligand 
type, and concentration all contribute to the surface energy.31, 32 It has often been observed that 
metastable or thermodynamically unstable phases form first in fast precipitation processes.29 
This is due to the lower surface energy or kinetic favourability of many metastable phases.29 The 
surface energy of a nanoparticle can also be reduced by binding the dangling bonds on the 
surface with capping agents or surfactant molecules.31  

 

Figure 1.1: A: Gibbs free energy change with nanoparticle size during nucleation. The energy 
drive to form a new nanoparticle (ΔGv) in opposition to the energy lost to the formation of a new 
surface interface (γ) results in there being a critical stable nanoparticle size (r*). Adapted from 
N. T. K. Thanh (2014)28 B: The concentration of precursors near the surface of the nanoparticle 
(Cs) is depleted as they are incorporated into the growing nanoparticle. Growth stops when Cs is 
equal to the overall solution concentration of precursors. Adapted from N. T. K. Thanh (2014)28 
(C). C: Ostwald ripening is the process where by smaller nanoparticles become unstable and 
redissolve, ultimately resulting in more growth for larger still stable nanoparticles. D: 
Aggregative growth is the process of collision, aggregation and coalescence of smaller particles 
into larger more stable ones. 

 

1.3.2 Growth of nanoparticles  

Once the concentration in solution drops below the minimum supersaturation concentration 
nucleation stops and growth processes dominate. There are a number of growth mechanisms 
but the two most important for solution based methods of growing  nanoparticles are diffusional 
growth28 and orientated attachment.33  Diffusional growth is the rate limiting step for 
nanoparticle formation in solution when the concentration of reactants is low.26 The precursor 
species of the nanoparticle forms in solution then must diffuse to the surface where it is quickly 
added to the particle. Diffusional growth is self-limiting: growth rate of particles decreases as 
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the concentration decreases until the reaction is complete. A simple model for diffusion limited 
growth rate is shown in Equation 1.2 and visually represented in Figure 1.1 B.28  

Equation 1.2:  

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑔𝑟𝑜𝑤𝑡ℎ =  
𝐷𝑉𝑚

𝑟
(𝐶 − 𝐶𝑠) 

where C is the precursor concentration in solution, r is the radius of the nanoparticle and Vm is 
the molar volume of the particle .The diffusion coefficient (D) is related to the permeability of 
the precursor and the viscosity and temperature of the solution. Cs is the precursor 
concentration at the surface of the particle which can be determined by the Gibbs-Thomson 
relation (Equation 1.3).34 

Equation 1.3:   

𝐺𝑖𝑏𝑏𝑠 − 𝑇ℎ𝑜𝑚𝑠𝑜𝑛 𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛: 𝐶𝑠 =  𝐶∞𝑒
[
2𝛾𝑉𝑚
𝑟𝑅𝑇

]
 

Where 𝐶∞ is the equilibrium concentration, (the concentration at the surface when the growth 
of the particle stops. r is the radius and Vm is the molar volume of the particle. R is the universal 
gas constant and T is the temperature in Kelvin. During diffusional growth smaller particles grow 
faster than larger particles. Diffusional growth naturally promotes uniformly sized particles. 

The size of particles can be minimised by having a high number of nuclei form at the beginning 
of the process.30 The burst of nucleation reduces the concentration of precursors remaining in 
solution and there is less available for further growth.30  However, this produces an environment 
where there is a low drive for classic nanoparticle growth and where no new nucleation or 
generation of new precursors is occurring. Growth instead proceeds by the processes of Ostwald 
ripening28 or aggregative growth/oriented attachment.33  

Ostwald ripening is the phenomenon whereby smaller particles redissolve in favour of larger 
particles (Figure 1.1 C). This process is driven by a reduction in the surface energy of the smaller 
particles and their higher solubilities.28 With a low level of supersaturation the critical size for a 
stable nucleus is increased causing the smallest particles to redissolve and then diffuse to grow 
onto larger particles in accordance with Lifshitz–Slyozov–Wagner (LSW) theory.35 This process is 
most evident when the solubility of the material in the solvent is high and as such is most 
important in high temperature methods.34  

Aggregation is the growth of nanoparticles by collisions of smaller nanoparticles. This growth 
occurs through a process of aggregation and coalescence (Figure 1.1 D).33 The collisions of 
particles to form new larger nanoparticles reduces the overall surface energy.36 This occurs 
discontinuously with particles growing in a step-wise fashion approximating the addition of 
monomers into a polymer.37 Oriented attachment is a form of aggregative growth that occurs 
specifically on favoured crystal faces allowing for the production of anisotropic particles.38 The 
process of “twinning” is an aggregative process where small nuclei collide to produce overall 
strained structures.39 However, aggregation occurs such to maximise the amount of 
energetically favoured surfaces.40 The twinned seeds process has been important for the 
production of gold nanorods.41 It is favoured when the nucleation rate is high, thus producing 
many small particles, but the growth rate is low, and preventing them becoming larger more 
stable particles. 

1.3.3 Size and size distribution control 

Separating nucleation and growth is key to  creating a monodispersed distribution of 
nanoparticle sizes.30 If nucleation and growth occur simultaneously then some particles will be 
formed later in the process with less total concentration of precursors resulting in a slower 
growth than particles produced earlier in the reaction. 42 It is important then that there is a sharp 
nucleation event followed by the concentration quickly dropping  below the critical 
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supersaturation required for nucleation.42 Separation of nucleation and growth is so important 
that some synthesis methods will physically separate the steps, transferring nuclei to a new 
vessel for growth.12  

The choice of reactants can control the production of nanoparticles. Fast reactions allow for 
sharp nucleation events.42 However, they can produce large amounts of nanoparticle precursors 
that can lead to a less controlled and likely aggregative growth step. Slower generation of 
precursors allows for diffusion controlled growth43 but runs the risk of nucleation occurring 
throughout the process. 

The Ostwald ripening process can either sharpen or widen a particle distribution.28 In a solution 
with a wide distribution after nucleation ripening can eliminate smaller nuclei in favour of larger 
nuclei to sharpen the distribution. However, if there was already a monodispersed particle 
distribution, soon after nucleation Ostwald ripening will grow the larger particles at the expense 
of smaller particles that are still fairly close in size resulting in a widening of the distribution.28, 

34 Often Ostwald ripening is undesirable for particles produced by sharp nucleation events but 
it is favoured for slower reactions.28  

Aggregative growth can create bimodal or multimodal distributions as it proceeds in a stepwise 
fashion.33 Aggregative growth can improve particle distributions by producing particles with 
similar surface energies out of any sized original nuclei. This means that aggregative growth is 
also independent of the initial nucleation conditions but is more of a consequence of the 
physical and chemical environment during the growth steps.44 This allows for control over a 
particle distribution beyond the initial nucleation conditions.  

The addition of capping agents into the process to interact with the surface of the nanoparticles 
is a common strategy to help to control the production of nanoparticles.45 Thiols, amines, 
phosphates and carboxylic acids are examples of the types of capping molecules used to stabilise 
nanoparticles with a smaller critical size. Capping agents are discussed further in section 1.3.6. 
Capping agents affect particle growth by changing the effectiveness of diffusion46 and 
aggregation.47 The use of repulsive coatings can keep apart nuclei and prevent aggregation. The 
capping agents can also block the surface, preventing precursor access to the nanoparticle 
surface until it produces a complete coating and prevents any further growth.15 46 Capping 
agents can allow the use of fast reactions to create rapid nucleation but still reduce the growth 
to a more controlled diffusional growth speed.  

1.3.4 Shape control 

When controlling the shape of nanoparticles there are thermodynamic and kinetic factors to 
consider. Thermodynamic control occurs by modifying the surface energy of the different facets 
of the nanoparticle.27 Kinetic control occurs  by  carefully controlling the rate of synthesis at 
specific facets.27, 45, 48  

The surface energies of different crystalline faces are different. Once a particle has formed above 
the critical size, it becomes much more energetically costly to rearrange its structure.27 This 
marks the point of the formation of a seed particle.27For face centred cubic (FCC) materials the 
[111] crystal face is the most energetically stable and is favoured.49 However, production of a 
particle of only [111] faces creates an octahedral or tetrahedral shape that has a much higher 
surface area than a cube or sphere of the same volume.27 As a result, they form a truncated 
octahedron with both [111] and [110] faces that approximates a sphere, which minimises the 
total surface energy of the particle.49 A comparison of the two theoretical seeds is shown in 
Figure 1.2. Thermodynamically, from this seed a spherical or cubic nanoparticle will be formed.  
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Figure 1.2: Octahedral [111] faced seeds maximise the amount of the most thermodynamically 
stable crystal face for face centred cubic materials (FCC) materials. However, at small 
nanoparticle sizes truncated octahedral seeds are the most stable as they more closely 
approximate a sphere the lowest energy shape. Adapted from Z. L. Wang (2000)49 

To produce anisotropic nanoparticles, facets with differing growth rates are required.49 This can 
occur naturally, as is the case for hexagonal lanthanoid phosphates, where it is easier to grow 
the crystal in one particular direction over another.50 Differences in growth rate between facets 
are most pronounced at high nanoparticle growth rates.51  

Capping agents selectively change the surface energy of facets to promote or inhibit their 
growth over other facets.31 The most high-profile example of this is the production of gold 
nanorods. Single crystal gold nanorods are produced by the binding of bromide selectively to 
[100] facets of gold.52 This results in the stabilisation of a normally high energy face, growth in 
other crystal directions and the production of gold nanorods (Figure 1.3). Stabilisation of the 
[100] face has also been seen for other metal nanoparticles with the use of polyvinylpyrrolidone 
(PVP) as an additional capping agent.53 Solvents, precursors, reducing agents and impurities in 
reagents can all change the relative surface energies of facets and give rise to anisotropic 
particles.48 

The process of orientated attachment can also cause anisotropic particle growth. Orientated 
attachment can produce rod-like structures where small particles chain to produce rods by end 
to end attachment.54 It can be described in a way similar to polymer formation with the binding 
of nanoparticles to specific active crystal faces sequentially.37 It is possible to control the 
morphology of the final product by controlling how the particles attach .55 Orientated 
attachment can have effects on anisotropic particles even if it is not the main process causing 
the anisotropy. An example of this is an alternative method of gold nanorod production.56 In this 
method nucleation and growth are separated. The nucleated tetrahedral seeds aggregate to 
maximise the [111] face into larger penta-twinned seeds.57 These seeds are then transferred to 
a gold nanorod growth solution where the [100] face is stabilised and rod growth occurs (Figure 
1.3).12 These seeds are described as “symmetry broken” FCC metal seeds allowing for anisotropic 
growth.56  
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Figure 1.3: A comparison between two different methods of producing gold nanorods. The 
addition of a [100] stabilising capping agent before the formation of seeds produces seeds with 
larger [100] faces than [111] faces. During growth the [100] face grows slower than the now 
relatively unstable [111] face producing a single crystal rod. Producing seeds in the absence of 
the [100] stabilising capping agent can cause them to aggregate to maximise the most stable 
[111] crystal face. When these penta-twinned seeds are then placed in a growth solution 
containing [100] stabilising capping agent a [100] face forms and the rods grow rapidly along 
the [111] twined face of the particle. Images adapted from C. J. Orendorff (2006). 58 

1.2.5 Templating 

The size and shape of nanoparticles can be controlled by spatially confining the growing 
nanoparticles within a template or coating them around a template. There are two categories 
of templates: hard and soft. Hard templates59, 60 are often porous materials such as zeolites61, 62, 
mesoporous silica63, 64, carbon materials65, 66 or polymer membranes.67 Nanoparticles are 
nucleated and grown within the pores either chemically or electrochemically but are ultimately 
confined by the pore structure. Soft templating is the use of self-assemblies of organic molecules 
such as biological molecules68-70, surfactants71, 72 and co-block polymers.73 Micellar synthesis 
methods produce nanoparticles confined within a surfactant micelle in a mix of hydrophobic and 
hydrophilic solvents.74, 75 The maximum nanoparticle particle size is limited by the size of the 
micelle, which is controlled by the ratio of solvents and the surfactant. The micelles can be non-
spherical and allow for shape control as well as size control.56 Biologically produced molecules 
and macromolecules such as viruses, proteins and DNA have very specific shapes, sizes and a 
precise positioning of functional groups due to their biological uses.76 They can also be tailored 
in function with biotechnological tools for the controlled templating of nanoparticles.77 

1.3.6 Capping agents. 

Surfactants, small molecule ligands, polymers and other surface coatings, collectively known as 
capping agents, have implications in nucleation, growth and long term stability of nanoparticles. 
Capping agents typically have functional groups that form complexes with the precursors or with 
the surface of the nanoparticle. Examples include carboxylic acids, thiols, amines and 
phosphates. Further examples of these are shown in the context of magnetite nanoparticles in 
section 1.4.5 
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The high surface energy of nanoparticles results in a strong drive for nanoparticles to aggregate 
and form larger particles.78 Coatings prevent aggregation in at least one of two ways.79 The first 
way is to produce a physical barrier to aggregation. A steric coating can be produced using bulky, 
large molecules, often polymers that sterically prevent aggregation.80, 81 The second way is by 
electrostatic forces. Coatings that prevent aggregation do so by creating a high charge at the 
surface of the particles.82 The effectiveness of  electrostatic coating depends on the pH83 and 
ionic strength84, 85 of the solution and must be tailored for the applications of the nanoparticles. 
Typically coatings that can achieve both steric and electrostatic stabilisation are used.82 In this 
work two capping agents feature prominently: phosphonate calixarenes and 
polyvinylpyrrolidone (PVP). 

Phosphonated calixarenes (PCalix[n]) are cyclic oligomers of (4-hydroxy-3-methylenephenyl) 
phosphonate, so named for their cup  morphology  as shown in Figure 1.4.86 Typically they are 
found in ring sizes of n = 4, 5, 6 and 8.87 The ring size of n = 4 is the most comformationally limited 
with the cup shape stabilised by hydrogen bonding on the lower rim hydroxyls. However, larger 
ring sizes, 6 and 8, can be found in a variety of conformations in addition to the cup shapes, such 
as alternating or double cup conformations.87 The top and bottom rims of the calixarenes can 
be chemically modified in a large variety of ways, allowing for a tailoring of properties.88-90 In the 
case of PCalix[n] the top rim is functionalised with a phosphonate86, allowing for excellent water 
solubility87 and for potential for the binding of metal ions.91, 92 Phosphonated calixarenes have  
been used for applications such as surfactants88, 93, capping nanoparticles91, 94, capping carbon 
nanomaterials95-97 and in drug delivery. 98 

 

Figure 1.4: A: The structure of phosphonated calixarenes (PCalix[n]), functionalised with 
phosphonate groups on the top rim. B: The three dimensional cup shaped structure of PCalix[4] 
stabilised by the hydrogen bonding on the bottom rim. 

Polyvinylpyrrolidone (PVP) is a very water soluble non-toxic polymer consisting of nitrogen 
containing pyrrolidone monomers.99 PVP is extensively used in consumer goods, food and 
medicine. It is also commonly used as a nanoparticle capping agent100, notably for the 
production of noble metal rods.48, 101 The tertiary amide functional group of the polymer can 
form complexes with metal ions and bonds strongly to nanoparticle surfaces.102, 103 

1.4 Magnetite nanoparticles 

Magnetite is a mixed iron oxide of Fe(II) and Fe(III) with an overall formula of Fe3O4.104 It has the 
greatest magnetism of all naturally occurring minerals.104 It also has an inverse spinel structure 
with a FCC unit cell, consisting of half tetrahedrally co-ordinated Fe3+ and half octahedrally co-
ordinated Fe3+ and Fe2+, as shown in Figure 1.5.105 Magnetite is typically a black solid, 
distinguishing it from brown maghemite (γFe2O3) that has very similar properties. Magnetite is 
not particularly stable in ambient conditions, being easily oxidised to maghemite.104 
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Figure 1.5: The inverse spinel structure of magnetite, face centred cube unit cell, consisting of 
half tetrahedrally co-ordinated Fe3+ and half octahedrally co-ordinated Fe3+ and Fe2+. Adapted 
from F. Martin (2007).105 

The surfaces of nanoparticles are critically important to their properties.106 The surface of 
magnetite acts as a Lewis acid, bonding to molecules containing lone pairs of electrons.106 The 
magnetite surface binds water molecules that then disassociate producing hydroxyl groups on 
the surface.106 These groups are pH sensitive creating net positive or negative charges on the 
surface depending on pH. The isoelectric point, where there is no net charge, is around pH 6.5-
6.8.106 Above the isoelectric point there are more Fe-O- groups and below this point there are 
more Fe-OH2+ groups on the surface.106 

1.4.1 Magnetic properties of magnetite nanoparticles.  

Magnetite is a ferrimagnetic material.16 It is not a ferromagnetic material such as iron or nickel 
as some of its component ions are magnetically aligned against the net magnetisation.16 It is also 
not antiferromagnetic as the magnetisation is not completely cancelled out.16 This is due to the 
2:1 mixture of Fe3+ and Fe2+ within magnetite.107  

The measurement of the response to internal magnetism of a particle to an applied field is called 
a magnetic hysteresis curve (Figure 1.6).108 The applied field is increased until the internal field 
reaches magnetic saturation (Ms) then is reversed in polarity to see both the response to 
increasing and decreasing of an applied magnetic field. The difference between the up and down 
sweeps of the applied magnetic field is called coercitivity.108 This reveals how well the magnetic 
material retains an applied field.108 Similarly, any magnetic field still present at zero applied 
magnetic field is called the remanence.108 The hysteresis curve of superparamagnetic 
nanoparticles is a typical reversibly S shaped curve with nominal remanence and coercively.109 
The Ms for bulk magnetite is 92 emu/g.110 However, the Ms measured for superparamagnetic 
nanoparticles are typically much lower,  ranging from 1 to 80 emu/g depending on the particle 
size111 and the method used to make the nanoparticles.112 Strain and defects on the surface can 
misalign magnetic dipoles of atoms near the surface, lowering the value of Ms.24  
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Figure 1.6: An example of a hysteresis curve, the measurement of magnetisation (M) of the 
material with changes in the applied field (H).  Important magnetic measurements are labelled: 
The magnetisation saturation (Ms) maximum magnetisation of the material, remanence (Mr) 
magnetism at 0 applied field and coercitivity (Hc) the difference between the 0 magnetisation 
for the up and down sweeps of the applied field.108 

The zero field cooled (ZFC) curve measures the temperature dependence for the alignment of 
magnetic dipoles to an applied magnetic field and compares this to a field cooled curve control. 
An example is displayed in Figure 1.7.109 This can be used to show superparamagnetic behaviour. 
Failure of the two cooled curves to meet suggests there are multi domain particles with internal 
domain walls.109 The maximum of the ZFC is called the blocking temperature (TB) and it measures 
the point at which thermal energy is equal to the energy to align the magnetic dipoles.109 Below 
this temperature magnetic dipoles are blocked from flipping orientation. In single domain 
particles this can be related to the volume of the particles, and therefore their magnetic size, by 
Equation 1.4.109 

Equation 1.4  

𝑇𝐵  =  
𝐾𝑉

23𝑘𝐵
 

K is the magnetic anisotropy constant. V is particle volume, 23 is a constant for the measurement 
time of the SQuID and kB is the Boltzmann constant. 

The magnetic anisotropy for nanoparticles is larger than the bulk value for magnetite and 
typically increases with decreasing particle size.113 This is caused by magnetic disorder on the 
surface of the nanoparticles and as the nanoparticles become smaller the contribution of the 
surface anisotropy becomes more significant to the total anisotropy of the nanoparticles.24 
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Figure 1.7: An example of a superparamagnetic zero field cooled curve (ZFC), the variation of 
magnetisation (M) with temperature, compared with a control field cooled curve (FC).  
Representations of the states of the domains at different temperatures are featured around 
the curve. The blocking temperature (TB) is temperature of maximum magnetisation of the ZFC 
curve corresponding to the thermal energy required to align all the domains with an applied 
field.109  

1.4.2 Applications of magnetite nanoparticles 

Magnetite is both highly magnetic and non-toxic, which has led to extensive use in the 
biomedical field.74, 114, 115 The small size of nanoparticles allows them to travel through the body 
more easily than larger particles.116 There are three areas in which magnetite is used in medicine. 
The first is bio-imaging by magnetic resonance imaging (MRI).  Magnetite has a high magnetism 
and a low relaxation time, allowing for it to be used as contrast in MRI.117 Second is its use in 
hyperthermia treatment of cancer.118 The use of magnetic field heating on magnetite 
concentrated inside cancer cells can lead to the cancer cells to be killed. Third is magnetic drug 
delivery; where magnetite nanoparticles are attached to drugs and a magnet is used to direct 
the drug to a target location.72 

The non-toxic properties of magnetite also allow for its use in water purification and magnetic 
separation techniques. Magnetite nanoparticles have been shown to remove heavy metals such 
as arsenic119 and chromium120 as well as phosphates121 from water. Magnetic nanoparticles can 
also be used to tag biomolecules or cells, then can easily be collected with the use of a 
magnet.122, 123 

Nanosized magnetite is also under investigation as a catalyst.124-126 This application creates a 
tension between the need to prevent aggregation through the addition of capping agents and 
need to allow access to the surface of the nanoparticles for catalysis to occur. Magnetite 
nanoparticles can also be used as carriers for rare and expensive catalysts that then can be 
magnetically collected and reused.127, 128 

Energy storage and battery technology has been a recent application for magnetite 
nanoparticles. Magnetite has a high theoretical energy storage capacity (∼924 mA h g−1), is low 
cost, non-toxic, well studied and readily available.129 However it has a low conductivity and 
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expands and contracts greatly during use.129  The problem of low conductivity has led to the 
production of carbon nanomaterial iron composites130 or in combination with metal 
nanoparticles.131 

Electronics and memory storage technologies are common applications for superparamagnetic 
nanoparticles.132 However magnetite is not used as there are =more specialised materials such 
as FePt133 and CoPt3

134 that are typically used for these applications.   

1.4.3 Synthesis of magnetite nanoparticles 

There is a multitude of methods for producing magnetite nanoparticles. Five commonly used 
methods are summarised in Table 1.1: Basic co-precipitation, oxidative co-precipitation, micellar 
methods, hydrothermal methods and thermal decomposition. Each has advantages and 
disadvantages which make some methods better for some applications than others. 

Table 1.1: Advantages and disadvantages of common synthesis methods for magnetite 
nanoparticles 

Method Advantages Disadvantages 
Example 

References 

Basic 
Co-precipitation 

 Simple 

 Low cost 

 High yield 

 Low reaction times 

 Aqueous 

 Low temperature 

 Scalable 

 Complicated 
mechanism 

 Difficult to control 

 pH important 

 Wide size distribution 

 Low crystallinity 

117, 135-139 

Oxidative 
Co-precipitation 

 Low cost 

 High yield 

 Aqueous 

 Easier to control  

 Slower reaction kinetics 

 Long reaction times 

 Elevated temperatures 

 More by-products 

 Larger sized 
nanoparticles 

 Wide size distribution 

140-144 

Micellar Co-
precipitation 

 Well controlled size 

 Tuneable size 

 Low temperature 

 Low yield 

 Low crystallinity 

 Organic solvents 

 Difficult to scale up 

72, 145-148 

Hydrothermal 
 Well controlled size 

 Tuneable reaction 
conditions 

 High temperature 

 High pressure 

 Long reaction times 

 Difficult to scale up 

149-153 

High 
temperature 

decomposition 

 Well controlled size 

 High crystallinity 

 Tuneable reaction 
conditions 

 High temperatures 

 Organic solvents 

 Low yield 

154-160 

1.4.4 Mechanism of growth in basic co-precipitation 

Co-precipitation is a simple and efficient method of synthesis for magnetite nanoparticles.114 It 
produces no toxic by-products, uses water as a solvent and can be produced at temperatures 
under 100 oC.114 This makes it a good candidate for scaling up to industrial production. However, 
while the method is simple the mechanism of magnetite production is not.161  
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The rise in pH to initiate the reaction must be rapid to produce the best nanoparticles.161 As the 
base solution and iron solution come into contact there are two different mechanisms that 
occur, one when iron is added to base and the other when base is added to iron, these processes 
are summarised in Figure 1.8.162 When small amounts of base hit a region rich in iron it forms 
akaganeite (β- Fe3+O (OH, Cl).162 As the base continues to diffuse this becomes goethite (α-Fe3+O 
(OH)) then hematite (α-Fe2O3) and maghemite (γ-Fe2O3), which becomes magnetite (Fe3O4) in 
the presence of Fe2+ and base.162 However, when iron comes into contact with a high base 
concentration it becomes ferrous hydroxide (Fe(OH)2) which as the mixing of the solutions 
lowers the base concentration becomes lepidocrocite (γ-Fe3+O (OH)) and eventually maghemite 
(γ-Fe2O3), which is converted to magnetite by the presence of Fe2+ ions.162 Cyro TEM has been 
used to closely investigate the early stages of magnetite precipitation.161 Baumgartner et al.161 
suggest that magnetite crystallises from a ferrihydrate gel, an amphorous precursor of geotthite, 
hematite and maghemite. When the ferrihydrate gel comes into contact with Fe2+ it produces 2 
nm clusters that then aggregate and rearrange into crystalline particles.161 This is in contrast 
with a layer by layer surface growth of nanoparticles from solution seen in other magnetite 
synthesis methods. The above mechanisms of growth are difficult to control and lead to larger 
particle size distributions than the other methods of magnetite synthesis listed in Table 1.1. 

 

Figure 1.8: Chemical and structural changes of iron oxide produced by aqueous co-precipitation 
during mixing of iron rich and base rich parts of the solution. Adapted from T. Ahn (2012)162 

Extensive work has been done on improving the control of particle growth using the co-
precipitation method. The initial concentrations of base and iron, and good mixing is essential 
for the formation of magnetite without side products.163 Careful control of pH can also help 
produce the desired product164, 165 and spectator ions such as chlorides, sulphates etc. have been 
shown to play an active role in controlling the synthesis.74 Another major source of control over 
co-precipitation is the use of chelating molecules that bind strongly with iron ions.114 Slowing 
the early stages of the reaction until the desired mixture of base and iron is complete can help 
to create a more controlled particle size distribution. Chelating molecules can also help to 
control the growth of particles. This is particularly true when using polymers with functional 
groups known to bind to iron ions and iron surfaces. 

1.4.5 Surface capping of magnetite nanoparticles 

Charges on the surface of the nanoparticles can act to prevent aggregation as like charges repel. 
Unfortunately, magnetite has an unusually high surface energy of 100 mNm-1 that drives 
aggregation.78 In addition, any magnetic field the particles contain can also enhance 
aggregation.79 Very high or very low pH is required to produce stable naked magnetite 
nanoparticle solutions.166 This requirement makes them unsuitable for biomedical or natural 
waterway applications without capping agents. 
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Capping agents used to stabilise magnetite nanoparticles are extensive and varied.74, 114 Table 
1.2 gives examples of common capping agents and groups of capping agents applied to 
magnetite nanoparticles, detailing some advantageous and disadvantageous properties of these 
capping agents.74, 114 

Table 1.2: Advantages and disadvantages of some classes of capping agent for magnetite 
nanoparticles. 

Capping agent Advantages Disadvantages 
Example 

References 

Ionic Surfactants 
 Highly charged surface 

 Well suspended 

 Increased crystallinity 

 pH dependent 

 Not suitable for 
biomedical applications 

167-171 

Carboxylates 
 Binds strongly 

 Readily available 

 Low cost 

 Low  crystallinity 

 Many are toxic 
139, 156, 172-175 

Phosphates 
 Non-toxic 

 Binds strongly 
 Low crystallinity 118, 176-178 

Amines 
 Chelates iron ions 

 Aids further modification 

 Can act as base 

 Weak surface bonds. 179-184 

Polyethyleneglycol 
(PEG) 

 High boiling point liquid 

 Can be used as solvent 

 Non-toxic 

 Hypoallergenic 

 Binds weakly 

 Prevents aggregation 
      only sterically 

185-189 

Polyvinylalcohol 
(PVA) 

 Non-toxic 

 Prevents oxidation 
 Low crystallinity 135, 190-193 

Polyvinylpyrrolidone 
(PVP) 

 Very water soluble 

 Non-toxic 
 No advantage over other 
      polymers 

159, 194, 195 

Polycarboxylates 
 

 Bond very strongly 

 High magnetic saturation 

 Non-toxic 

 High viscosity 

 Can cause aggregation 
196-199 

Carbohydrates 

 Large variety 

 Multiple functional groups 

 Natural products 

 Common waste products 

 Chemically modifiable 

 Non-toxic. 

 Sensitive to reaction and 
      application conditions. 

 Not all are water soluble. 

200-204 

Co-block polymers 
 Infinitely tuneable 

 Combined properties 

 Expensive 

 Difficult to Synthesise 
205-209 

Silica coat 
 Protects the surface 

 Hypoallergenic 

 Does not control  
       particle growth 

 Blocks surface  

210-214 
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1.5 Lanthanoid phosphate nanorods 

Lanthanoid phosphates (LnPO4) are a diverse group of ionic materials prized for their 
fluorescence and high temperature stability. The rhadbophane hexagonal structure for large 
radii lanthanum ions naturally forms rod shaped particles.50 The production of rod-shaped 
particles is of particular interest as nanowires and functional units in electronic or optoelectronic 
devices.215 

The cause of the formation of rod-shaped particle is the formation of linear co-ordinated chains 
of alternating lanthanoid ions and phosphate ions that create the long axis of the rods.215 Growth 
along the long axis of the rods is much more thermodynamically favoured along these chains 
than between them.215 Growth along the rod requires only one co-ordination with one 
lanthanoid atom while co-ordination between the chains requires co-ordination with two 
lanthanoid atoms.216 The crystal structure of hexagonal LnPO4 is shown in Figure 1.9.215  

 

Figure 1.9: The unit cell of the crystal structure of rhadbophane hexagonal LnPO4 viewed along 
the a, b and c axis. The rod structure grows faster along the c axis than the a or b axis.216 

Nanosized tuneable fluorescent materials have been of great interest in the last few decades.217 
However, the fluorescence mechanisms of nanosized lanthanoid materials is very different to 
the quantum confinement of quantum dots.218 The fluorescence of lanthanoids is not affected 
by nanoparticle size but rather the doping system of the material.218 Lanthanoid fluorescent 
nanoparticles absorb a lot of light at their excitation wavelength (high absorbance co-efficient),  
efficiently convert absorbed light into emitted fluorescence (high quantum yield), spend a 
relatively long time in an excited state before emission (long excitation lifetimes) and produce 
multiple sharp symmetric emission peaks.218  
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1.5.1 Applications of lanthanoid phosphate nanorods 

The LaPO4:Ce:Tb lanthanoid phosphate doping system explored in this thesis is commercially 
used as a green phosphor in lamps.219 The production of nanosized fluorescent material has 
potential applications in transparent display technologies.220 

This material has applications in biomedical imaging221, 222 and bio assays218 as it is both 
fluorescent and  inherently non-toxic.222 Fluorescent microscopy is an important tool for 
understanding biological processes dynamically and non-destructively.223 The high absorbance 
coefficient and high quantum yield of lanthanoid phosphate allows for efficient conversation of 
incident photons into fluorescence emission.224, 225 This allows for high resolution fluorescence 
microscopy with low background noise.226 Multiple sharp and symmetric emission peaks and the 
long fluorescent lifetimes allow for improved signal to noise ratios. 218 This also allows for the 
measurement of multiple non overlapping fluorescent tags for rapid measurement of multiple 
effects within dynamic biological systems.218 The long fluorescent lifetime of the material also 
makes it ideal for fluorescence transfer energy transfer (FRET) and fluorescent lifetime advanced 
imaging techniques.227  

1.5.2 Fluorescence properties of lanthanoid phosphate nanorods 

LaPO4 alone is only weakly fluorescent but it is able to undergo energy transfer to a Tb dopant.228 
Excited electrons originally from the  4f orbitals of the lanthanum atoms travel to nearby Tb 
dopants, where they lose energy through a process of cross relaxation falling back to the ground 
state and simultaneously exciting the electrons of Tb atom.229 The relaxation of exited electrons 
in Tb to the multiple 4f orbitals release photons in the characteristic multiple emission peak of 
Tb.229 The transitions between these orbitals produce very sharp wavelength specific peaks at 
the allowed energies for the transitions.229 The addition of cerium to the fluorescence system 
improves the quantum yield as the energy transfer from cerium to terbium is more efficient than 
from lanthanum to terbium.228 A diagram of the fluorescence process between cerium and 
terbium is displayed in Figure 1.10.229  
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Figure 1.10: The processes of fluorescence in lanthanoid phosphate doped with cerium (Ce) and 
terbium (Tb). The lanthanoid phosphate band gap (Eg) is about 8 eV. The highest occupied 
orbitals for Ce are 4f2 F7/2 and F5/2, electrons can be excited from here into the 5d orbitals 
where one of two processes can happen. The electron can relax through the 5d orbitals 
eventually dropping back to 4f2 orbitals releasing a Ce emission. Alternatively the electron can 
be ionised into the conduction band before moving towards a closely associated Tb atom. Here 
it undergoes cross relaxation energy transfer with 4f electrons of Tb, exciting them. These 
electrons relax back to the 4f orbitals of Tb to give the characteristic multiple peaked Tb 
emission. Adapted from V. Pankratov (2010).229 

1.5.3 Synthesis of lanthanoid phosphate nanorods 

The synthesis of lanthanoid phosphates is typically done using hydrothermal high pressure 
techniques.215 Simple co-precipitation224 and high temperature organic solvent reactions225 have 
also been used. There have been a number of recent innovations in their production including 
the use of microwave energy for quick efficient heating230, ionic liquids as solvents229 and the 
use of continuous flow processors231 these techniques are summarised in Table 1.3. 

 

 

 

 

 

 

 

 



18 
 

Table 1.3: Comparison of methods of synthesis of lanthanoid phosphate nanorods  

Method Advantages Disadvantages 
Example 

References 

Co-precipitation 

 Simple 

 Low cost 

 High yield 

 Low reaction times 

 Aqueous 

 Low temperature 

 Safe 

 Scalable 

 Poor fluorescence 

 Poor crystallinity 

 Formation of “shuttle 
like particles” 

 High levels of defects 

 Hexagonal hydrates 
formed 

231-234 

Hydrothermal 
 High crystallinity 

 Tuneable reaction 
conditions 

 High temperature 

 High pressure 

 Long reaction times 

 Difficult to scale up 

50, 230, 235, 236 

High 
temperature 
precipitation 

 High crystallinity 

 Tuneable reaction 
conditions 

 High quantum yield 

 High temperatures 

 Organic solvents 

 Low synthetic yield 

225, 237 

 

1.5.4 Lanthanoid phosphate dandelions 

Combining nanosized building blocks into larger structures is one of the important processes in 
the development of nanodevices. This can be achieved through processes of self-assembly to 
produce complex third dimensional nano-structures. Recently it has been observed that 
lanthanoid nanorods can form three-dimensional aggregates, variously named urchin-like238, 
radial aggregates239, koosh balls224 and in this work called dandelions. These structures have very 
large surface to volume ratios. Similar structures made of other materials have been used gas 
sensing240, absorption technologies241, energy storage242 pseudo-capacitors and photochemical 
devices.243 

There have been some mechanisms suggested for the production of these structures. The 
structures have been seen only in aqueous co-precipitation methods. Quian et al.239 produced 
radial aggregates in their very slow precipitation method and noted that they broke apart easily. 
Pusztai et al.244 investigated their appearance in a rapidly precipitated lanthanoid phosphate 
sample produced with phosphoric acid. The dandelion structures were only formed at low pH. 
The dandelion structures can also be produced with the use of linker molecules and other 
nanoparticles. Han et al.238 and Fang et al.224 combined CdSe and magnetite nanoparticles 
respectively with lanthanoid phosphate rods to produce larger structures. Their structures were 
linked by mercaptohexanoic acid and p-sulfonato-calix[6]arene calixarene respectively. These 
small molecules acted as the glue to hold the self-assembled structure together. 
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Chapter 2: Process Intensification Technologies 

2.1 Introduction to process intensification technologies 
In Chapter 1 the chemical control of nanoparticle growth was introduced. In this chapter the 
challenges in producing nanoparticles in industry will be discussed. The choice of reactor and 
reactor design influences the size and size distribution of nanoparticles. Within this chapter, 
the use of continuous flow high shear reactors in nanoparticle production in particular will be 
highlighted. It will also be described how the principles of green chemistry and process 
intensification are important when designing new industrial processes for producing 
nanoparticles. 

2.2 Principles of green nanotechnology 

Green chemistry is not a new chemical science but a new way to approach chemical challenges 
that keeps sustainability in mind.1 Green chemistry principles are best applied at the design of 
the chemical processes rather than at later stages. Advances in green chemistry can lead to 
safer, cleaner and more energy efficient industry. The green chemistry principles have been 
translated into the 6 design principles of green nanotechnology.2 The general principles of green 
nanotechnology are to:  

1. Design safer nanomaterials 
2. Design for reduced impact on the environment 
3. Design for waste reduction 
4. Design for process safety 
5. Design to be energy  efficient  
6. Design to be materials efficient2 

The study of the toxicity of nanoparticles is ongoing. Size and shape can be critically important 
to the properties of nanoparticles, and nanoparticles of an otherwise inert substance are not 
necessarily safe.3-5 Different surface charge and agglomeration states can interact with the body 
differently.6 This makes it difficult to ascertain whether a nanoparticle is safe. Typically, 
nanoparticles are stabilised by capping agents.7 These capping agents can be potentially toxic or 
environmentally damaging. The toxicity of the capping agent is important when producing 
nanoparticles. 

The toxicity and safety of the nanoparticle feedstocks must be taken into account when 
designing a new process. Potentially hazardous chemicals are often used at the laboratory scale 
as they are used only in very small amounts and their dangers are easy to mitigate. The large 
scale industrial use of hazardous chemicals, however, can cause huge environment damage and 
endanger workers, and safe storage and use can be costly.8 Organic solvents become a problem 
at large scales.9  

The use of renewable or waste feedstocks can be an effective strategy for creating more 
sustainable nanotechnology. Common carbohydrate capping agents such as chitosan, starch, 
gum arabic, and cellulose, among others, can be sourced renewably or from wastes.10 New 
innovative nanoparticle synthesis should look to avoid hazardous feedstocks when considering 
potential industrial applicability of the process. 

The production of wastes, particularly hazardous wastes, can be not only dangerous but also 
very expensive for industry.11 Multiple step processes for the production of nanoparticles can 
produce large amounts of waste.12 One pot synthesis methods reduce waste by combining 
multiple steps in nanoparticle production.13   In addition, post reaction nanoparticle size 
selection can create large amounts of solvent waste. This can be avoided with careful size control 
during a reaction or by using innovative size selection techniques after the reaction is complete. 
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Nanoparticles produced by bottom up processes are naturally material efficient, using the 
minimum amount of substance required for an application.14 To make efficient use of raw 
materials it is important to suppress side-products in nanoparticle formation. This is particularly 
important for shape selective nanoparticle synthesis.2 

Recyclability is an important factor for nanoparticles used in catalysis and adsorptive 
technologies, particularly when precious and rare metals are used in catalysis. The larger size of 
nanoparticles compared with traditional homogeneous molecular catalysts allows for more 
easily recycled catalysts. Nanoparticles can be produced with properties that aid in their 
recovery and recycling. Examples include: magnetism15; a combination of nanoparticles with 
recoverable properties16; and the embedding of nanoparticles inside an easily recovered 
matrix.17 

High to very high temperatures are used in the production of many inorganic nanoparticles.18, 19 
High temperature decomposition methods have consistently produced particles of more 
controlled size than those of other methods.1, 19, 20 High temperatures produce the most 
thermodynamically stable products by bypassing an activation energy and avoiding semi-stable 
states.1 Other factors in the popularity of high temperature synthesis include the ease of 
controlling the separation of nucleation of growth20 and the predictable response to changes in 
chemical parameters.21  

High temperatures are also used in heat treatment and annealing of nanoparticles. High 
temperatures increase the diffusion of inorganic particles allowing for Ostwald ripening 
processes22, 23 and size control. High temperature treatments also allow for surface 
rearrangements, producing particles with higher crystallinity22, 24, 25 and higher uniformity in 
composition.26, 27 

Producing similar chemical environments to that of high temperature decomposition methods 
at lower temperatures is a challenge. Careful optimisation of the amount of heating and where 
that heating is directed within the reaction can produce high quality nanoparticles without the 
need for a large input of energy.28 The use of online monitoring coupled with automation can 
apply heat for only as long as is strictly necessary for the completion of a reaction.29, 30 
Alternatively, energy can be applied to the system without using heat. Techniques such as 
microwave technology31, 32, photochemical reactions33, 34, sonic heating35, 36, innovative reactor 
designs.37, 38 and others can be used.39 These techniques are examples of process intensification. 

2.3 Process intensification  

Process intensification overlaps with green chemistry but it is in a chemical engineering context 
and applied to industry. It seeks to produce smaller, more energy efficient chemical plants 
through the application of technology.40 Miniaturised reactors and heat exchangers, combining 
reaction steps, innovative reactor designs and, more recently, “green” technologies can all be 
considered process intensification.41 Process intensification technologies have implications for 
mixing, heat and mass transfer and speed and selectivity of reactions. The principles of process 
intensification are to:  

1. Maximise the effectiveness of molecular collisions 
2. Ensure all molecules undergo the same processing 
3. Optimise the chemical driving forces and where those forces apply 
4. Optimise the time a process is applied to a reaction.41 

Applying these principles leads to more size efficient equipment, energy and materials efficiency 
and improved safety.40 

Traditionally, fine and pharmaceutical chemical production is done by batch processing where 
reactions occur in large tanks similar to the use of glassware in the laboratory.42 This type of 
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processing is often difficult to scale up for industrial processes. Large vats have different mixing 
and heating conditions than a simple magnetic stirrer used in a laboratory. The tank size and 
shape, mixing method, and impeller design all change the mixing conditions.43 However, even 
well designed mixing systems can have dead spots and uneven mixing.44 Poor mixing can lower 
the yields and selectivity for chemical45, 46 and nanoparticle production.47, 48 The heating 
considerations for a small glass vessel as used in a laboratory are very different than those for a 
large stirred tank used in industry. Stirred tanks due to their size and relatively slow mixing, have 
a broad variation in temperature within the reactor that can lead to a loss of reaction 
selectivity.49 Stirred tanks require large amounts of solvents to keep reactants soluble or 
suspended. This can be expensive, potentially unsafe and lead to waste, which is contrary to 
green chemistry principles.50 The storing of these solvents and reactants in the large amounts 
required for tank-based strategies can also be dangerous. Even if greener and safer solvents, 
such as water, are employed, costs associated with large volumes and waste disposal are of 
concern. 

Industry51 and regulatory bodies52 today prefer continuous production. Reactions can occur in 
reactors into which new reactants are fed continuously and from which the products are 
collected continuously from the outflow. This kind of production is not limited by tank size but 
is limited by the time it takes to flow through the reactor.42 The timing is optimised for the 
particular reaction.  

The simplest way to add continuous flow technology to a traditional method is to constantly 
refill and drain the vat.42 This is called a continuous flow vat reactor (CFVR). However, in a reactor 
designed this way reactants fed in will leave the reactor at a wide distribution of residence 
times.42 For nanoparticle production this makes it difficult to control the growth of nanoparticles 
as individual particles will grow inside the vat at the same rate but leave at different times, 
creating a wide size distribution. To avoid this problem CFVRs are created to be larger than 
necessary so that growth is completed within the vat.42 However, this creates more waste and 
takes up additional space. Additionally, the residence time distribution follows an exponential 
decay style with a long tail whereby some products can stay in the reactor for an extended 
time.42 This is particularly problematic when dealing with solid products as it can lead to fouling 
of the reactor as particles grow large, aggregate and precipitate.53  

Instead of mixing completely within the reactor like the CFVR, a different design of reactor can 
theoretically allow new reactants to flow together, all having the same residence time within 
the reactor. This is called plug flow.42 In real reactors this can only be approximated so that there 
is Gaussian curve around a mean residence time.42  

2.4 Transfer phenomena 

Fundamental to reactor design is the fluid dynamics of energy, mass and momentum transfer. 
When the transfer within a reactor is fast all chemicals are more likely to react under similar 
conditions. While the transfer of energy, mass and momentum are different they are governed 
by similar physical principles and are commonly referred to together as transfer phenomena.54 
They are a consequence of the principles of conservation of energy, matter and momentum 
respectively.54 They act to bring a system to equilibrium. Interactions of molecules transfer 
molecular energy to give a uniform temperature.54 Random movements of molecules away from 
their initial positions equalise overall concentration.54 Stresses on neighbouring molecules to 
align with the overall fluid velocity act to create a uniform velocity of fluid movement.54 

The transfer of heat and mass are described by differential equations with different constants 
to represent the different rates of transfer of these different parameters. Equations 2.1 and 2.2 
are general mass or heat balance equations for unit cross sectional area in a steady state.55 These 
equations show how concentration and temperature would change to reach equilibrium in a 
three dimensional field.54  
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Equations 2.1 and 2.2:  

𝑀𝑎𝑠𝑠 𝐶𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛: 
𝛿𝑐

𝛿𝑡
= 𝐷∇2𝑐 − 𝐯 . ∇c + 𝑅  

𝐻𝑒𝑎𝑡: 
𝛿𝑇

𝛿𝑡
=  𝑇∇2𝛼 + 𝐪 . ∇T + 𝑅 

 
Where T is temperature, c is concentration, t is time, D is the diffusion constant and α is the 
thermal diffusion constant, v is the mass flux vector and q is the heat flux vector. R is a 
constant related to mass or heat generation in the system. ∇ is the del operator, represents 
the three dimensional gradient in the vector co-ordinate system. ∇2 is the Laplace operator 
represents flux density of the gradient flow, can be considered the dot product of del 
operators. 

The transfer of momentum requires a different approach as it is a vector with another vector 
force acting upon it.54 It is described through the stress applied to the fluid by applied forces and 
pressure.54 When dealing with Newtonian incompressible fluids, which is often the case for 
liquids, the change of momentum with time can be described with the form of the Navier-Stokes 
equation shown in Equation 2.3.54 

Equation 2.3:  

𝑁𝑎𝑣𝑖𝑒𝑟 − 𝑆𝑡𝑜𝑘𝑒𝑠 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛: 
𝛿v

𝛿𝑡
+ 𝐯. ∇𝐯 =  𝜌𝑭 −  ∇𝑝 +  𝜇∇2𝐯   

Where v is the velocity vector, t is time, ρ is the density, F is the external force vector, p is the 
average pressure or internal force vector and µ is the viscosity.  

The first two terms in Equation 2.3 are the inertial terms concerned with the movement of the 
fluid, the variation of velocity and convection within the fluid respectively. The next terms are 
the forces acting on the fluid from external and internal forces. The internal force is the pressure 
gradient within the fluid. The pressure gradient and the final term, diffusion, are considered the 
viscous terms or the internal stresses on the fluid. 

Equation 2.3 can be rearranged into a dimensionless form (Equation 2.4) as the inertial and 
viscous terms together each have the same units of kgm-2s-2. This creates a dimensionless 
constant called the Reynold’s number (Re).54  

Equation 2.4:  

𝑅𝑒 =  
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=

𝜌Lv

𝜇
 

Where ρ is the density, µ is the viscosity, v is the average velocity and L is the characteristic 
length of the system being modelled. 

The Reynolds number (Re) is an estimate of the ratio of inertial and the viscous forces of a 
moving fluid. In contrast to the Navier-Stokes equation, Re can be determined from easily 
measured scalar quantities. It has been seen that flows with different values of ρ, µ, L and v but 
similar values of Re have similar rates of momentum transfer and flow behaviour.54 This allows 
for easy comparison of different chemical reactors. 

The Re is of particular interest as it can help determine the onset of turbulence within a system.54 
Turbulent flow is flow where there are irregular changes in velocity and pressure of the fluid 
elements but with the overall fluid moving in one direction.55 This is a state of high momentum 
transfer overall size ranges.55 When there is a state of high momentum transfer there is also a 
high rate of heat and mass transfer phenomena as they share the mechanism of molecular 
collisions.42 Turbulence also dissipates energy so that the speed of the fluid flowing along the 
tube is constant at every part of the reactor, creating the ideal plug flow.42 In continuous flow 
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reactors typically the characteristic length (L) in equation 2.4 is the diameter of the pipe carrying 
the reaction. A state of turbulence is harder to achieve with the miniaturisation of chemical 
reactors as they have very small pipe diameters.56  

2.5 Mixing 

Mixing is a fundamental parameter in continuous reactor design. Mixing increases uniformity in 
concentration, heat and viscosity at the meeting of separate fluids. It is critically important that 
the time it takes the concentrations of the species involved in the reaction to reach approximate 
uniformity (mixing time) is much shorter than the residence time of these species inside the 
reactor.42 Poor mixing will result in different reaction conditions in different parts of the 
reactor.42 Differing reaction conditions can lead to by-products and polydispersity in 
nanoparticle production.28 

Mixing can occur on three size scales: macromixing, mesomixing and micromixing.57 
Macromixing is the convective mixing that occurs through a whole chemical reactor. 
Mesomixing typically occurs near the point of injection of reactants, with the formation of 
turbulent eddies as they meet and mix with the larger system. Micromixing is the microscopic 
processes of mixing that creates a uniform environment for reactants at the molecular level.57 
At the molecular level the only thing that creates uniformity in concentration is diffusion. 
Solution phase nanoparticle growth is diffusion controlled, as explained in chapter one. 
Controlling this diffusion is key for the nanoparticle growth process. Generally, natural diffusion 
is a relatively slow process in laminar flow.42 Even in the smallest microfluidic reactors the mixing 
time is in the order of a second.28 This is much longer than kinetically fast reactions. Mixing time 
is greatly reduced under turbulent flow. 55 

In turbulent flow there are three mixing mechanisms: engulfment, deformation and diffusion.57 
Engulfment is the process where microscopic layers of the two fluids are formed as the fluids 
are mixed.57 Deformation is the stretching of the layers into thinner and thinner sheets. The 
minimum size of the sheets is determined by the viscosity of the liquid and the efficiency of 
transferring the fluid energy to the smaller size scales.57 Diffusion occurs between layers with a 
high surface area for interaction.57 The goal of continuous flow reactor design is to produce the 
highest level of micromixing through the interactions of the thin layers with a high surface area.28  

2.6 Microfluidic devices 

Microfluidic devices are small continuous reactors that process small volumes of fluids in 
microchannels less than 1000 µm. Originally used for analysis, they have now gained popularity 
for industry and laboratory usage.58 They are extensively used for chemical screening where 
many slightly different reactions can all be tested in a short amount of time using very low 
quantities of potentially hard to obtain reactants. They are also very popular in biological testing 
and drug screening.  They have the potential to perform a number of different reaction steps on 
the same small chip, performing separations in situ and being completely automated. This is the 
“lab on a chip” approach, although microfluidic devices are more commonly made out of 
polymer rather than silicon.58 Micro fluidic devices use low volumes, reducing the amount of 
solvents required and making them safer and more material efficient.59 The proximity of the 
reactor walls also helps to control potentially explosive radical reactions60The small size of the 
channels allow for extremely high surface to volume ratios within the reactor. This allows rapid 
heat conduction and produces a constant heating throughout the reactor.59  

Heat exchange in continuous processes is typically controlled by heat exchangers, transferring 
heat between fluids without them actually coming into contact. It is preferred that heat 
exchangers be in a turbulent state to enable better heat transfer.42 However, when heat 
exchangers are made with sub millimetre sized channels the increase in heat conductance more 
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than makes up for the loss of turbulence. This makes microfluidic devices ideal for greatly 
exothermic or endothermic reactions.61 

The small size of the channels in microfluidic devices means that fluids are in laminar flow (as 
the Re is low) and mixing occurs exclusively by diffusion.28 Mixing only by diffusion is very slow 
even in micro sized channels.59To solve this limitation micromixers have been incorporated into 
microfluidic systems. 

2.6.1 Micromixers  

Micromixers are some of the most important devices in a microfluidic system. There are two 
categories of micromixers: passive and active.62, 63 Passive mixers decrease the diffusion time by 
increasing the active surface interactions between fluids. Common passive micromixers are 
listed in Table 2.1.   

Table 2.1: Common passive micromixers 

Passive Micromixer Description Example 
references 

Interdigitated micromixer Formation of smaller layers of reactants by 
passing them through small slits or channels 
then refocusing them.   

64-67 

Split-recombine mixer Microchannels repeatedly split and 
recombine. Various designs. 

68-71 

Multiplate mixers  Alternating patterned plates that change 
from flowing on the edges to flowing through 
the centre of the plate. 

72-74 

T and Y Mixers At least two flows meet head on and then 
flow in a third direction. Engulfing each other 
at high flow rates. 

75-78 

Chaotic Mixer The microchannels are patterned to disrupt 
flow and induce turbulence and back mixing. 

79-82 

 
Active micromixers add energy to the mixing process. Active mixing has been induced 
mechanically83, electromechanically84, with sonic energy85, 86, with electric fields56, 87 or with 
magnetic fields88. While they are typically smaller and better at mixing than passive micromixers 
they can be difficult to make and are energy inefficient.89 

2.6.2 Nanoparticle synthesis in microfluidic devices 

Microfluidic devices achieve a fast mixing speed and high heat transfer that facilitates a well-
controlled nanoparticle synthesis.90 Furthermore, with the residence time corresponding to the 
device length the reaction time can be carefully tuned to a nanoparticle size.90 The production 
of nanoparticles in micromixers has been extensively studied, with quantum dots29, 91-94, gold 
nanoparticles95-97, gold nanorods98-100, iron oxide101, 102, and lanthanoid phosphate103, 104. 

However, there are major limitations for microfluidic devices when producing nanoparticles. 
Any insolubility of reactants and products can result in precipitation and the blockage of the very 
small channels.105 This is a major challenge when these devices are applied to nanoparticle 
production where solid products are produced and aggregation common.  
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2.7 Narrow channel reactor 

The narrow channel reactor is a microfluidic device but despite its name it has a larger channel 
(1-2 mm) than many of these devices.106 By using an intermediate size the problems of blockages 
are reduced and many of the advantages from increased surface area are retained. The use of 
narrow channel reactors is most efficient with biphasic reactions, either immiscible liquids or 
liquid gas reactions. This results in the formation of segmented flow where the diffusion of the 
gas into the liquid occurs via the high surface contact of the gas bubble and the thin film of liquid 
that surrounds it.106 This results in much better mass transfer than batch processes. The bubbles 
of gas prevent the liquid back mixing in the reactor, which is a problem for continuous stirred 
tank reactors.107  The larger size of the channels allows for turbulent mixing at higher Re numbers 
a producing smaller average particle size and increased rate of particle nucleation.108, 109  

2.8 Spinning disc processor 

The formation of thin films under gravity has been known to be important in chemical 
engineering.110 The application of a gravity force creates a thin film, which allows for fast mass 
and heat transfer but also leads to the creation of surface waves and ripples.110 While it is a 
useful technique it is limited in scope by the fixed gravitational force. It can be modified 
downwards with the use of inclined planes110 the gravitational force cannot be greater than the 
natural 9.8 ms-2. More recent work has used rotating surfaces to mechanically drive the 
formation of thin films. 111 

An important reactor of this type is the spinning disc processor (SDP) (Figure 2.1). It consists of 
a metal disc (typically 10 cm in diameter) that can be rotated at high speeds. The reactants are 
fed near the centre of the disc where mixing occurs then are quickly propelled by centrifugal 
force off the disc where they collide with the reactor walls and are collected.42 This style of 
processor allows for new device parameters in addition to  chemical parameters for the 
production of nanoparticles.38 The additional parameters are: rotation speed, flow rate, disc 
diameter and disc surface, temperature of the disc, temperature of the surrounding jacket and 
system pressure.38  

 

Figure 2.1: A schematic diagram of the spinning disc processor (SDP), reproduced with 
permission from Chen (2014).38 

The forces applied to the liquid create a very thin film that is under high shear. The very thin film 
facilitates high heat and mass transfer behaving in a way similar to that of a microfluidic device 
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but without the need for small channels that can be a problem for nanoparticle production.112 
High shear can produce turbulence within the liquid that is not possible to achieve in the small 
pipes of a microfluidic reactor.37 Conditions very close to the ideal plug flow have been 
observed.113  

The very high surface to volume ratio of thin films on the SDP allows it to interact favourably 
with any reactive gases and can do so without need to add bubbles or complications with flow 
that can happen in microfluidics with phase differences.114 The formation of surface waves 
breaks down surface tension and enhances liquid to gas transfer rates.115  

The disc has very short residence times, less than a second, making it only applicable to very fast 
reactions. These very short residence times can also be useful in that the disc can be heated 
above the boiling point of the solvent for the short period of time it is on the disc accelerating 
chemical reactions.116 

The SDP has been applied to a number of applications in chemical117, polymer118, 119 self-
organised systems,114, 120 and exfoliation of graphene.121 The SDP has been found to control the 
size, shape and properties  of the various nanoparticles it has been used to produce: silver122, 
palladium,123 and TiO2.124  

2.8.1 Transfer phenomena on the SDP 

The fluid dynamics of liquids on horizontal rotating surfaces have been studied extensively.125 
The Navier-Stokes equation and the conservation of mass can be used to describe the flow on 
rotating surfaces.126, 127 The Navier-Stokes equation can be simplified for a centrifugal model 
with opposing forces, centrifugal force pushing the liquid across the disc and viscous drag 
holding it back.127 This simplification of the Navier-Stokes equation is called the Nusselt model. 
It can be used to estimate the residence time, film thickness and radial velocity. The film 
thickness varies from 50-500 µm between 200-2000 rpm. The films become thinner the further 
they are from the centre of the disc. 128 

The nature of very thin films provides high heat and mass transfer.112 The small cross section of 
the film provides a short diffusion distance for the transfer processes.112 There are existing 
models which can be used to model the heat transport in thin films. The Nusselt model was 
developed for thin films falling under gravity on condensers and has been applied to the spinning 
disc.125 However, Aoune and Ramshaw found it was clearly not applicable for water but better 
for more viscous liquids.112 The Higbie model is an alternative model for mass transfer but it was 
also found to not model the liquid behaviour on the disc very accurately.112 This implies that 
effects are occurring on the disc that do not occur on conventional reactors. 

The formation of surface waves or surface instabilities is an intriguing result of the use of 
centrifugal forces to form thin films.112 They have also been observed on inclined planes.111 The 
formation of surface waves plays an important role in heat and mass transfer in the films.129 The 
Nusselt model does not take them into account when attempting to model the heat transfer for 
the disc. Waves are one of the properties of the films that are not controlled directly by changing 
parameters but are formed by the interplay between rotation speed, flow rate and importantly 
the disc surface.37, 130 The modification of the disc surface could be used to enhance the 
formation of waves and as such heat transfer.37 A grooved disc produces the best heat transfer 
rates with improvements over a smooth disc.37 A re-entry grooved disc however throws liquid 
off the disc and only enhances mixing at low speed.37 

 

 

2.8.2 Mixing on the SDP 
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Investigations of the effects of rotation speed and flow rate on the mixing of the sample have 
shown that higher flow rates result in good mixing even at low disc speeds while at lower flow 
rates high rotation speeds are required for good mixing.131 The mixing of dynamic thin films can 
be intense enough to induce micromixing faster than the chemical reaction being performed.132, 

133 The mixing times of these thin films is related to the viscosity of the solvent, diffusion 
coefficient and crucially the specific dispersed power of the reactor as shown in Table 2.2.132 For 
the spinning disc the dispersed power of the reactor relates the difference between the 
velocities of the middle and the edge of the disc, which is the amount of shear felt in the reactor 
as shown in Table 2.2.131, 132 Residence time, rotation speed and fluid velocity, which are related 
to the flow rate, determine the mixing time are also shown in Table 2.2.  

Table 2.2: Relevant equations for the hydrodynamics of the spinning disc processor. r is the disc 
radius, ω is the rotation speed, ρ liquid density,  µ is the dynamic viscosity, Q is the flow rate, D 
is the diffusion coefficient and the subscripts 0 and i are the initial and final states respectively.132 

Mixing time (tmic) 𝑡𝑚 = 2 (
𝜇

𝜌휀
) 𝑎𝑟𝑐𝑠𝑖𝑛 (0.05

𝜇

𝜌𝐷
) 

Dispersed power (ε) 
휀 =  

1

2𝑡𝑟𝑒𝑠

{(𝑟2𝜔2 + v2)0 − (𝑟2𝜔2 +  v2)𝑖} 

Average Fluid velocity (v) 

v = (
𝜌𝑄2𝜔2

12𝜋2𝑟𝜇
)

1
3

 

Residence time ( tres) 

𝑡𝑟𝑒𝑠 = (
81𝜋2𝜇

16𝜔2𝑄2)

1
3

(𝑟0

4
3 − 𝑟

𝑖

4
3) 

 

The mixing times on the SDP were tested using the precipitation of barium sulfate and Iodate-
Iodine methods.133 Mixing times were found to be on the order of milliseconds or less. Barium 
sulfate nanoparticles were produced with smaller particle sizes with higher rotation speeds and 
lower mixing times.133 Overall, the SDP has similar mixing speeds as those of modern 
micromixers, with advantages in avoiding blockages and fouling, lower pressure operation and 
with high mass flow.133 

2.9 Rotating tube processer 

The Rotating Tube Processor (RTP) is a tube that is rotated at high speed to create a dynamic 
thin film similar to that of the SDP.38 The RTP uses a high speed rotating drum as a reaction 
surface. The film thickness is controlled by the flow rate,  the height of the lip at the end of the 
drum, and rotation speed.38 The solution leaves the processor as more is added to the other end 
allowing for fine control of the residence time.38 Its nature allows for multi reaction steps to be 
performed at once with reactants added further down the tube, although this is yet to be 
demonstrated. Its advantage over the SDP is its longer and tuneable residence times. This allows 
for its application to slower reactions such as producing gold nanorods100, lanthanoid 
phosphate134 and the controlled precipitation of drug formulations.135, 136 

2.10 The Vortex Fluidic Device 

The Vortex fluidic Device (VFD) is also a dynamic thin film reactor like the RTP and the SDP. The 
VFD consists of a rapidly rotating 10mm glass tube that is open at one end (Figure 2.2). Similar 
to the SDP and RTP, the VFD uses high rotational speeds to produce high shear thin films. 
However, its small size, low volume and ease of cleaning make it much better suited to the 
laboratory. The applications of thin film processors like SDP and RTP in laboratory science are 
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limited by the high volumes of solvents required to keep a continuous thin film over the reactor 
and the high cost of the industrial processors themselves. The VFD is also uniquely suited to 
biological and biochemical work where it is difficult to obtain large amounts of the delicate 
reactants and a sterile reaction environment is important. Laboratory scale continuous flow 
reactors can facilitate the development pathway from laboratory to industry. The smaller scale 
equipment can help reduce waste and energy usage, and improve safety in the laboratory. The 
VFD is discussed in greater detail in the next chapter. 

 

Figure 2.2: A schematic diagram of the vortex fluidic device (VFD) 

2.11 Thesis statement 

The study of nanotechnology involves the synthesis of new materials with tuneable properties 
and wide applications. There have been many chemical techniques developed to create 
nanoparticles of controlled size, shape and surface coating, as highlighted in Chapter 1. The 
development of these techniques over recent years has led to a rapid growth of nanotechnology 
research and access to new tuneable materials.137 These techniques are now starting to be 
applied to industrial production of nanomaterials and products containing nanomaterials.138 
Nanotechnology research that considers the needs of industry at the beginning of the research 
and helps the transition from the laboratory to industry is important. The physical and 
mechanical processes involved in preparing nanoparticles can be as important as the chemical 
reactions involved.138 

In this thesis the new continuous flow reactor, the vortex fluidic device (VFD), is investigated for 
the controlled production of functional nanoparticles. Low cost and environmentally friendly co- 
precipitation reactions, in particular, are investigated. These chemical reactions are very fast 
and difficult to control. The variation of rotation speed and angle of operation on the VFD is 
expected to offer control over these reactions. The VFD will be compared to similar dynamic thin 
film reactors such as the spinning disc processor (SDP), which have been shown to control the 
size, shape and properties of nanoparticles.  
 
Together these studies will use both chemical and mechanical processing to control the growth 
of nanoparticles in aqueous co-precipitation reactions. 
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Chapter 3: The Vortex Fluidic Device 

3.1 Introduction to the vortex fluidic device 

Investigations using the spinning disc processor (SDP) and rotating tube processor (RTP) have shown 
that dynamic thin films processors have advantages over traditional batch processing and other similar 
continuous flow reactors.1 They have  allowed access to new reaction pathways and products.2 The 
Vortex Fluidic Device (VFD) is the latest reactor of this type. Currently it consists of either a 10 or 20 
mm Nuclear Magnetic Resonance (NMR) tube that is spun at 2000-10000 rpm by an electric motor.3 
The research within this thesis was undertaken on the original design of the 10 mm VFD.  

The device has several advantages over its predecessors, the SDP and RTP. For example, it is small, 
low cost, operates with low volumes and is easier to clean and modify. The VFD also opens up 
additional parameters for optimisation of reactions: a variable angle of operation; the capability of 
confined mode of operation; an easily chemically modified surface; alternating motor speed; easy 
online monitoring and an array of modular accessories. 

3.2 The capabilities of the vortex fluidic device 

The most notable feature of the VFD is the use of a variable angle. Adjusting the angle of the VFD 
adjusts the effect of the gravitational force on the liquid in the device. The use of varying angles on 
the VFD combines the advantages of mechanically driven thin films and those produced on inclined 
planes under gravity.4 The effect this additional gravity parameter has on the fluid dynamics of the 
VFD is still being studied. Current research clearly shows that the thin films behave differently at 0o, 
45o and 90o with indications of the formation of layers within the thin films under the effects of 
gravity.5 The differences in the films produce different outcomes for chemical reactions and allow for 
additional controls over products and by-products, and over the ratio of kinetic versus thermodynamic 
product formed.3, 6 

The VFD can be operated in two modes: confined mode, where a finite volume of liquid can be held 
in the tube indefinitely; and continuous flow mode, where solutions are pumped into the bottom of 
the tube and flow out the top. Confined mode has infinite residence time, allowing for long reactions 
to be performed in the presence of shear forces.5 The force of gravity on the confined film allows for 
high shear forces and turbulence without the need for fluid to flow through the system.5  

The continuous flow mode is desirable for industrial applications. Under continuous flow the addition 
of new reactants adds extra viscous drag forces to the solution as the solution whirls along the tube.7 
The residence time of solution in the tube in continuous flow mode in the VFD is a little longer than in 
the RTP, although for both processors it is dependent on the length of the tube and the flow rate. The 
residence time can be tuned from  1 to 15 min by controlling the flow rate3, 7. For the continuous flow 
mode the viscous drag of the of pump flow rate has been found to be more important than the shear 
induced by the gravitational pull depending on the angle.3, 7However, at very low flow rates the 
variation of angle became more important.3  

The effect of surface characteristics of the SDP has been studied extensively, showing different flow 
characteristics depending on the surface used.8 In the VFD the reaction surface is a glass NMR tube 
rather than a stainless steel disc as used on the SDP. The science of the formation of self-assembled 
monolayers on to glass is well studied and straight forward.9, 10 For example, the glass tube can be 
changed from hydrophilic to hydrophobic with a simple coating with a long chained siloxane.6 Glass 
can also be coated with organic molecules10, 11 and potentially catalysts and reactive metals. Physical 
changes such as roughening of the glass or the addition of grooves could be made to the surface of 
the glass tube.  
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The VFD is modular. It allows for the easy customisation and replacement of parts of the device. The 
modularity of the device gives new parameters to optimise reactions. The glass tube is the most easily 
modified, as mentioned above. The tube can also be made out of different materials for particular 
applications. Modification of the device can allow for different diameters of tube, thereby changing 
the fluid dynamics of the device. The same is true for other parts of the device. For example, the Teflon 
collection trough and fittings help prevent contamination and allow for biological applications. The 
number, diameter, length and position of the jet feed tubes can be optimised, provided that they do 
not interfere with the flow of the liquid inside the device. Heating and cooling attachments can help 
control reactions.  

Online monitoring of reactions is an important process intensification technique.12 Being able to track 
the progress of a reaction allows for greater efficiency and reaction optimisation. In the laboratory, 
online monitoring of reactions can allow for a greater understanding of the processes involved in 
chemical or nanoparticle formation.13 The VFD also allows for online monitoring with ultra violet-
visible light (UV-vis) spectroscopy. Unfortunately glass absorbs ultraviolet light (<350 nm), limiting the 
spectroscopy. The use of a quartz tube can avoid this limitation. Investigations using UV-vis 
spectroscopy are detailed later in section 3.4.1.  

3.3 Current applications of the vortex fluidic device 

The VFD has been used for organic synthesis3, 5, 6, graphene exfoliation14, the disruption of self-
assembled structures, the renaturing of denatured proteins15, nanoparticle16 and material synthesis.17 
These applications are discussed in more detail below.  

In terms of synthetic organic reactions, the VFD has been used for Diels-Alder cycloadditions,5 the 
multi-step synthesis of 2,4,6-triarylpyridines,3 and esterification reactions.6 The results indicated that 
the reactions could be performed at lower temperatures than had previously been employed with the 
use of batch reactors.5 The parameters of the VFD could also be used to tune chemical reactivity and 
selectivity within these reactions.3 

Graphene is an exciting new material in electronics and nano devices.18 However, methods for 
separating it from graphite can be small scale or potentially damaging for its  electronic properties.19 
A typical method operates through the oxidation of graphene to graphene oxide,20 separation, then 
reduction to reform graphene.21 The VFD has been used as a novel tool to help exfoliate graphene.14 
The centrifugal force on particles of graphite  inside the reactor pushes them to the side and onto the 
walls of the reactor.14 The high shear forces press the  graphite against the walls of the tubes, causing 
sheets to slip.14  

The confined mode of the VFD allows for long residence times under the effects of high shear. This is 
excellent for manipulating supramolecular bonds. The  manipulating of supramolecular bonds by 
shear has previously been shown on the SDP.22 Cis-platin, a chemotherapy drug, was encapsulated 
using the VFD  inside p-phosphonate calix-5-arene (PCalix[5]) self-assembled capsules for targeted 
drug delivery.23 Encapsulation using the VFD was shown to be 85 % effective even at the low speed of 
1500 rpm.23 This is a large improvement on the encapsulation as only 15 % were encapsulated when 
stirred in batch for the same amount of time.23  

The shear stress environment on the VFD has also been used to correctly refold proteins from 
aggregates.15 An important application of this work is  in the mass production of proteins in bacterial 
bioreactors.24 The high concentrations and lack of post transcription factors can cause these proteins 
to aggregate or misfold into inactive forms.25 Denatured egg white albumin has been correctly 
refolded at 86% efficiency on the VFD.15 

The VFD has also been applied to the synthesis of inorganic materials for example mesoporous silica16 
and calcium carbonate.17 The synthesis of mesoporous silica typically requires elevated temperatures 
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and high pressures. However, using the VFD, mesoporous silica can be produced continuously at 
ambient temperatures under continuous flow.16 Changes in the shear conditions on the VFD altered 
the pore and wall size of the mesoporous silica.16 Silica hydrogels as curcumin delivery systems have 
also been produced on the VFD.26 Formation of the three crystalline polymorphs of calcium carbonate: 
calcite, valerite and aragonite, typically require elevated temperatures27, 28 or added crystal 
modifiers.29 It has been found that changing the parameters of rotation speed and angle on the VFD 
changes the polymorph of calcium carbonate produced.17 When ethylene glycol was added very small 
particles of amorphous calcium carbonate could also be produced.30   

3.4 Experimental design of the micro-mixing investigations on the VFD 

Much of the work thus far performed on the VFD has been synthesis based while the development of 
theory of the behaviour of the VFD is still in the early stages. The following sections detail new work 
into the investigations of the fluidic and mixing behaviour of the VFD. This work represents the first 
study of Micro-mixing in the operation of the VFD. The characterisation of micro-mixing was 
performed with a Iodine-Iodate test, a commonly used micro-mixing test,31 which is explained in more 
detail in section 3.4.3.  

3.4.1 UV-vis spectroscopy on the VFD 

The Iodine-Iodate reaction was monitored using online UV-vis spectroscopy. An Ocean Optics, optic 
fibre UV-vis spectrometer was adapted to monitoring the VFD via the use of an adjustable bracket. 
The UV-vis spectrometer has only two positions. These two positions were referred to as the Bottom 
and Top positions shown in Figure 3.1. The feed tubes of the VFD are opaque stainless steel, and pass 
through the centre of the tube. This presented a problem for using UV-vis spectroscopy during 
continuous flow operation. A small gap was created by holding the feed tubes slightly apart with a 
Teflon spacer allowing light to pass between the feed tubes. The space between the tubes was 
carefully managed so that the feed tubes were not so far apart that they disrupted the flow of the thin 
film at lower rotation speeds.  

 

Figure 3.1: Schematic of the VFD fitted with the UV-vis detector, Side and Top views.  Top and bottom 
detector positions labelled 

This set up was sufficient for qualitative observation and monitoring of reactions with coloured 
products or reactants. Quantitative measurements of the concentrations of the Iodine-Iodate 
reactions coloured products were made using the Beer-Lambert law (Equation 3.1).  
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Equation 3.1:  
𝐵𝑒𝑒𝑟 − 𝐿𝑎𝑚𝑏𝑒𝑟𝑡 𝐿𝑎𝑤: 𝐴 =  휀𝑐𝑙 

The measured absorbance (A) is equal to the absorptivity (ε) of the measured chemical species 
multiplied by the concentration (c) and  path length (l), the distance of reaction medium that light 
passes through. However, for the VFD the path length is not fixed. The path length corresponds to 
twice the film thickness as the light passes twice through the thin film before being detected. Film 
thickness is an important parameter in characterising the VFD. Film thickness is determined by the 
forces acting on the fluids inside the VFD. Parameters such as the rotation speed, angle, flow rate, and 
viscosity of the fluid used all change the film thickness. Through measurement of film thickness and 
path length a general method can be developed for using the UV-vis spectroscopy on the VFD. 

3.4.2 Methodology of the path length & film thickness measurement 

The method to determine the path length used methylene blue, a water soluble and commonly used 
dye, as the test substance.  A fixed concentration (c) of 0.01 mM was used and methylene blue has a 
known absorptivity (ε) of 95000 ml mol-1cm-1 for the measured 664 nm peak.32 The parameters of 
rotation speed and angle were tested at the bottom detector position while flow rate was held at a 
constant 1 ml/min. Angles from 0o to 45o in 15o steps were investigated at speeds of 4500 rpm to 9000 
rpm. This was then performed in triplicate for all measurements. Performing measurements at less 
than 4500 rpm proved difficult as the film at 45o becomes thick enough to touch the feed tubes and 
disrupt the fluid flow. The top detector position was only tested at 7000 rpm. 

As the reactor is used in continuous flow mode there were variations over time of the film thickness, 
explained in further detail in section 3.5. To account for the variations in the film measurement on the 
film thickness, 100 measurements of the film were taken over 10 seconds and the mean was then 
used as the derived value for the film thickness for a given spin speed or angle.  

An additional parameter that was tested was the surface of the glass tube.  The surface of a 10 mm 
glass tube was cleaned with aqua regia overnight and then piranha solution for 5 min.33 A hydrophobic 
self-assembled and condensed monolayer (HPo) on the surface of the tube was produced by treating 
it with 0.5 ml of octadecyltrichorosilane in 9.5 ml toluene.  

3.4.3 The Iodine-Iodate micro-mixing test 

The Iodine-Iodate micro-mixing test used in this work consists of three chemical reactions.31 

 
1.  𝐻2𝐵𝑂3

− +  𝐻+ ⇌  𝐻3𝐵𝑂3  

2.  5𝐼− +  𝐼𝑂3
− + 6𝐻+ ⇌  3𝐼2 +  3𝐻2𝑂 

3.  𝐼− +  𝐼2 ⇌  𝐼3
− 

 
The competing reactions are a borate neutralisation reaction (1.) and an iodate oxidation reaction (2.). 
The neutralisation reaction is very fast, almost instantaneous, while the iodine oxidisation reaction is 
fast but not as fast as the neutralisation reaction. The iodine then further reacts to form the I3

- 
molecule that is measurable by UV-vis spectroscopy (3.). In perfect micro-mixing conditions all the 
acid is neutralised and no iodine is formed. When mixing is less effective there remains time for the 
oxidation reaction to occur.  
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The Iodine-Iodate micro-mixing test has been used to characterise a variety of mixing devices31, 
micromixers34, 35 and the SDP.36, 37 The method is not simple as it requires a careful calibration of the 
relative concentrations of reactants.38 For the best results the second reaction rate should be close to 
the mixing time of the device.38 The reaction rate can be modulated by changing the concentrations 
of the reactants.38 As there are differences in concentration between mixing devices with different 
mixing times, the triiodide concentration results cannot be directly compared. The segregation index 
was calculated using Equation 3.2 from the measured triiodide concentration to produce an easily 
comparable result.31 

Equation 3.2:  

𝑆𝑒𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 =  
4[𝐼3

−](6 [𝐼𝑂3
−] + 6[𝐻2 𝐵𝑂3

−])

6[𝐼𝑂3
−][𝐻+]

 

The segregation index is the ratio of the measured triiodide concentration to the maximum possible 
yield. The maximum possible yield is determined by the initial borate and iodate concentrations. In 
the current work the concentration of iodine was ignored in the calculation as in this case it was orders 
of magnitude lower than the triiodide concentration. The segregation index gives an estimation of the 
separation of the reactants, with a segregation index of 1 being completely separated and 0 being 
perfectly micromixed. This allows for easy comparison of mixing devices.  

The concentrations of reactants used were the same as those used to characterise the SDP (Table 3.1, 
standard ).36 The starting point used was that the VFD would have similar mixing speed to that of the 
SDP.  Other concentrations of reactants over or under saturated the spectroscope making the results 
difficult to interpret. Half the concentration of borate solution saturated the detector while double 
the iodine concentration showed a weak signal increasing the signal noise ratios and making it difficult 
to differentiate between results. 

Table 3.1: Concentrations of initial reactants used in the Iodine-Iodate micro-mixing test  

Concentration  [I-] 

/molL-1 

[IO3
-] 

/molL-1 

[H+] 

/molL-1 

[H2BO3
-] 

/molL-1 

Standard 0.012 0.0023 0.03 0.09 

Double Iodate 0.024 0.0046 0.03 0.09 

Half Borate 0.012 0.0023 0.03 0.045 

 

The Iodine-Iodate tests were performed in a similar fashion to that of the previously described  in 
section 3.4.2, that is over the same range of angles and rotation speeds, in triplicate and averaged 
over 10 seconds. The Beer-Lambert law was then used to determine the I3

- concentration and a ε of 
27500 mol-1cm-1  was used for the 352 nm triiodine absorbance peak.39 The previously calculated path 
length was then used as the path length for the Beer-Lambert law. The segregation index was then 
calculated by the standard previously described method.31 

3.5 Determination of path length & film thickness 

The variation of film thickness (half the path length) with rotation speed and angle of operation of the 
VFD is shown in Figure 3.2.  It can be seen that the film thickness increased with increasing angle and 
decreased with increasing rotation speed. The film thickness trended toward a minimum value as the 
rotation speed was increased. This was more apparent at 0 o where there was very little difference in 
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film thickness at speeds above 7000 rotations per minute (rpm). As the angle was increased the 
difference in path length between rotation speeds became more pronounced. The film thickness at 
7000 rpm at 45 o is 0.3 ± 0.07 mm which is higher than the film thickness measured by Chen et al.14  of 
0.23 mm for 1 ml volume of water in a confined mode. Chen et al.14 used an alternative method of 
colour dyed water and a scaled tube to estimate the film thickness from the internal surface area of 
the tube covered by the water. 

 

Figure 3.2: The variation of film thickness (mm) on the VFD with rotation speed (rpm) and four 
angles (o) of operation as measured by UV-vis spectroscopy of a known concentration of methylene 
blue. In addition the film thickness for a dodecylsilane-coated hydrophobic tube (HPo) 

In order to test the effect of solvent interaction with the surface of the tube a hydrophobic tube was 
tested with the angle set to 45o. As can be seen in Figure 3.2, the film thickness was larger for the 
hydrophobic tube than the uncoated hydrophilic glass tube. The hydrophobic nature of the tube 
coating lowers the friction of the liquid on the glass resulting in less shear than with an uncoated glass 
tube.40 Lowering the shear increases the film thickness.4  

A film thickness measurement was also performed for the Top detector at 45o. When compared to 
the Bot detector the film was much thinner 75 mm up the tube (Figure 3.3). There was also a different 
dependence relationship in film thickness with rotation speed. At 5000 rpm there is a larger 
fluctuation observed between replicates of the measurements so a larger error bar is assigned for this 
rotational speed. . 
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Figure 3.3: Film thickness at the top (75 mm) position as measured by UV-vis spectroscopy of a 
constant concentration of methylene blue. 

The fluctuations observed in the replicate UV-vis spectroscopy data prompted a closer investigation 
of the individual measurements.   Variable absorbance was observed over the 100 measurements 
taken over 10 seconds, this is displayed in Figure 3.4. There was a repeating pattern to these results 
that was particularly evident at the higher speeds, 8000 and 9000 rpm. The lower speeds showed a 
more chaotic change in absorbance over time. The peaks in the spectrum are not the result of the 
mixing pulse of the addition of new liquid into the device. With a flow rate of 1 ml/min there were 
only three drops per ten seconds. At 4500 rpm there are four large peaks that may be due to the 
mixing pulse although they did not occur perfectly regularly. These results suggest that the 
fluctuations in the absorbance spectrum may have led to some measurements being hard to replicate.  
A 10 second average of the absorbance measurements was used in this work to minimise the effect 
of these fluctuations.  
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Figure 3.4: Measurement of absorbance of methylene blue (664nm) in the VFD over ten seconds 
with varied rotation speed. Note that each trace has a different scale. 

3.6 Determination of segregation index 

The segregation index for the VFD did not show a significant change with rotation speed (Figure 3.5). 
However, the results for an angle of 0o differed significantly from the other angles at the majority of 
rotation speeds which converged at a segregation index of approximately 0.15 at 9000 rpm. The 
segregation index for an angle of 15o fluctuated more with rotation speed than other angles of 
operation giving a higher segregation than other angles at 4500 rpm and a lower one at 6000 rpm.  
The segregation index for all speeds and angles was very high when compared to the SDP’s segregation 
index of 0.005 for similar speeds.37 This suggests there are poor mixing times on the VFD that are in 
the order of a seconds or 10ths of seconds.41 That is similar to only the very slowest speeds of the SDP.37 
However, there were difficulties in reproducing the measurements of iodine concentration and 
segregation index resulting in large errors on many of the data points. Measurements of the same 
parameters days and hours apart were often quite different. Attempts were made to isolate the 
source of the difficulties in reproducing the results. Multiple measurements of the same rotation 
speed were performed with the same solution to see if there was degradation of the reaction 
solutions. The rotation speeds were varied with a random order to avoid any sequencing errors. Path 
length was measured immediately before performing a Iodine-Iodate test to avoid any path length 
mismatch. The averaged measurement over 10 seconds method was used to try to mitigate the effect 
to fluctuations in the thin film as seen in Figure 3.4. However, no systematic cause of the variability 
was identified. Ultimately, the errors in the data points make it difficult to come to hard conclusions 
on the micro-mixing of the VFD. 
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Figure 3.5: Variation of the segregation index of the Iodine-Idodate test reaction on the VFD over 
rotation speed and angle (o) of operation. Additionally, the segregation index for a dodecylsilane 
coated hydrophobic tube (HPo). 

3.7 Discussion 

The discussion of the results presented is presented in two sections. The first, 3.7.1, is a discussion of 

the film thickness measurements and their fitting with a 
1

𝑥2 function is compared to existing models 

for fluid behaviour in rotating tubes. The second, 3.7.2, is a discussion of the measured segregation 
index compared to other chemical reactors and mixing devices, and the limitations of the Iodate-
Iodine micro-mixing measurement method as it was used in this work. 

3.7.1 Discussion of the film thickness 

The measurement of the film thickness for a horizontal rotating tube has been studied previously.42, 

43 Equation 3.3 is derived from the residence time and internal area of the cylinder. It is similar to the 
equation used to estimate the  film thickness on the SDP44 

Equation 3.3:  

𝐹𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =  [
22 500

𝜋3 ]

1
4

(
𝑄𝐿𝜐

𝑅2𝜔2
)

1
4
 

Where Q is the flow rate (mlmin-1), ν is the kinematic viscosity (mm2s-1), L is the length R is the radius 
of the tube (mm) and ω is the rotation speed (rpm)  

However, this equation, has been shown to be inaccurate42 as it assumes that the film has a constant 
thickness, whereas the inflow of the fluid on the VFD creates a non-uniform film.42 Modification to 
Equation 3.3, incorporating a lubrication approximation gives a film thickness based on the position 
of a detector.42  
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Equation 3.4:  

𝐹𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =  [
360 000

𝜋3 ]

1

4
(

𝑄𝜐(𝐿−𝑧)

𝑅2𝜔2 )

1

4
  

Where z is the detector position, for this work z = 45 mm.  

This method turned out to be less accurate than the simpler form of Equation 3.3 at predicting the 
measured data. This may be due to it being derived for flow rates several orders of magnitude higher 
than that used for the film thickness measurements on the VFD.   

The film thickness measured and those calculated from Equation 3.3 and Equation 3.4 are shown in 
Figure 3.6. As can be seen in Figure 3.6, Equation 3.3 underestimates at low rotation speeds but greatly 
overestimates at higher speeds. It had a much shallower slope than that of the measured results. Film 
thickness calculated by Equation 3.4 has a much larger value than the measured results. However, the 
slope of the curve is closer to the measured trend with rotation speed.  

 

Figure 3.6: Film thickness change with rotation speed for an angle of operation of 0o. A comparison 
of the measured results and two theoretical models, Equation 3.3 and Equation 3.4. 

The film thickness that was measured at other angles of operation cannot be modelled this way. The 
addition of the force of gravity at an incline to the fluid changes the behaviour of the fluid so that the 
assumptions used to produce Equation 3.3 and 3.4 are no longer valid. A direct calculation of the thin 
film is not currently possible. However, an understanding of the forces involved in the formation of 
the thin film can help explain the change in film thickness with rotation speed and angle. Centripetal 
forces press the fluid into a paraboloid shape while the fluid is also pulled downward by gravity, down 
the inclined plane.  

The centripetal force, F= mRω2, acts perpendicular to the rotating tube while gravity acts in parallel 
through the inclined plane, F= mgsin(θ).45 This causes the film to move from perfectly horizontal with 
close to even thickness over its whole length to a film that is thicker at the bottom. The ideal slope of 
the film thickness over the length of the tube is therefore described in Equation 3.5. 
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Equation 3.5:  

𝐼𝑑𝑒𝑎𝑙 𝑠𝑙𝑜𝑝𝑒: 
𝑅𝑖𝑠𝑒

𝑅𝑢𝑛
=

𝑔 sin(𝜃)

𝑅𝜔2   

The measured film thicknesses from Figure 3.2 were fitted with a 1/x2 model (Equation 3.6) to allow 
for measurements at any rotation speed.  

Equation 3.6:  

𝐹𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =  𝑐 +  
𝐴

𝜔2
 

Where ω is the rotation speed, c is the minimum thickness and A is the rate of film thinning with 
increased rotation speed. As can be seen in Figure 3.7, there was a linear relationship for the rate of 
film thinning with increasing angle of operation. However, the film thickness did not show a 
predictable change with angle and had a large associated error. In the ideal case it would be 
expected that all angles trend towards the same minimum film thickness. An improvement to the fit 
may be achievable if it was possible to run the VFD at higher rotation speeds to get close to the 
minimum thickness.  The hydrophobic tube had a value of c of 0.04 ± 0.02 mm and an A of 5.1 ± 0.04 
X 108 mm o s-2. 

Figure 3.7: 1/ω2 fit for the change of film thickness with rotation speed, a comparison of fitted 
parameters with VFD angle of operation.  

The rate of film thinning with rotation speed at the Top detector (75 mm position) was an order of 
magnitude lower than the measurements at the Bottom detector at 5 ± 0. 2 X 107 mm o s-2. 

The dodecylsilane coated hydrophobic tube would have less surface friction than an uncoated tube.40 
The differences between the film thickness with and without the hydrophobic surface in the tube is 
likely to be due to the differences in the nature of the surfaces. The proposed reason for the 
differences with friction is that with a hydrophobic surface the water is not as easily accelerated by 
the rotating tube, resulting in lower speed for the fluid than the walls. Evidence for this effect comes 
from Britton et al.6 where the critical speed for ester synthesis on the hydrophobic tube was 50 rpm 
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higher than for the uncoated glass tube. If there is a difference in rotational speed between the walls 
and the liquid film hen a decreasing trend in the difference between the coated and uncoated tube 
with rotation speed would be expected as the differences in film thickness between rotational speeds 
become smaller. The average difference between the measurements was 0.03 mm. However, there 
was no clear decreasing trend in the difference with rotation speed for the coated and uncoated tube, 
with the measurements at 4500 rpm and 8000 rpm on Figure 3.2 not following the expected trend. 
The large error in the 4500 rpm measurement for hydrophobic tube and the error for the 8000 rpm 
for the uncoated tube led to an overlap of the film thickness measurements of the coated and 
uncoated tubes that were not statistically different to each other.  

The fluctuations in the path length measurements over ten seconds seen in Figure 3.4 were of interest 
in exploring the behaviour of the thin film. There are a few potential explanations for these results. 
The first and the most probable is that the fluctuations in the spectra reflect the vibrations of the 
attached electric motor and the friction of the tube with the Teflon housing. These vibrations induce 
Faraday waves within in the thin film.6 The second possibility is that the observed fluctuations in UV-
vis spectra are ripples and waves in the thin film due to the intense mixing conditions.46, 47  

The vibrations in the device could change the results by shaking the device and affecting the fluid 
inside by producing resonant Faraday waves.6 Britton et al.6 described the effect of these Faraday 
waves as a direct factor in the production of esters on the VFD but at only very specific resonant 
rotation speeds.6 That work specifically named 4500 and 6000 rpm as resonant rotation speeds but 
not 5000 rpm that was also tested here.6 In Figure 3.4 it can be seen that 5000 rpm does have a higher 
amplitude than the higher speeds. However, the path length measurements for 4500 and 6000 rpm 
have deep troughs not seen in the path length measurements for 5000 rpm. This is further supporting 
evidence for presence of the Faraday waves described by Britton et al.6  However, this does not explain 
fully the features seen at the higher rotation speeds. 

As shown in Figure 3.4, at 8000 and 9000 rpm a regular one second wave was clearly seen in the UV-
vis spectroscopy. Surface waves have been observed on the surface of the SDP and increase in 
frequency with increasing rotation speed.46, 47 However, in contrast to the SDP there does not appear 
to be an increase in the strength or a reduction in wavelength of the waves with rotation speed. It is 
much harder to directly observe these waves visually in a clear tube than on a spinning metal disc.  

A third explanation is that the pulsing of the peristaltic pump moved the metal feed tubes slightly. The 
gap between the tubes was very small and small movements could block light passing through causing 
this apparent wave. The pulsing would be constant at all rotation speeds. Other work has avoided this 
issue by using syringe pumps in place of the peristaltic pumps used in this work. 

3.7.2 Discussion of the Iodine-Iodate micro-mixing test 

The Iodine-Iodate micro-mixing test on the VFD had a segregation index of ≈ 0.15.  Measurements on 
a 100 mm SDP at similar rotation speeds produced segregation values of around 0.005.37 The rotation 
speeds are not equivalent as the larger radius results in higher forces on the SDP. However, even when 
operated at the lowest rotational speeds the SDP has a lower segregation index, approximately 0.08, 
than what was measured for the VFD.37 Y micromixers have segregation indexes on the order of 0.01.48, 

49 However, the segregation index can reach values of 0.1 for low flow rates and short mixing 
distances.48 A Starlam 300 micromixer has segregation indices of 0.01 and lower.35 Fluid flow in a HEV 
static mixer was investigated in depth, returning a segregation index of 0.1, which is similar to that of 
the VFD.50 A HEV is a larger device, 20 mm diameter tube with flow disrupting partial obstructions to 
improve mixing, it is similar in design to a chaotic micromixer.50 In studies of the mixing of stirred tanks 
the segregation index was also found to be 0.1-0.3, depending on the conditions of the reaction.31 The 
VFD shows larger segregation indices than micromixers, but similar segregation indices for larger 
mixing devices with values similar to batch with vigorous stirring.31 
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The mixing on the VFD is much lower than on the SDP despite both being thin film high shear reactors. 
Recent work by Britton et al.7  investigated with a high speed camera the addition of a drop of liquid 
into the VFD. They found that the flow rate was very important for the micro-mixing and shear on the 
VFD.7 For VFD tubes there is a hemisphere at the end of the tube that plays an important role in the 
initial mixing. Fresh solutions added to the VFD are accelerated to the speed of the rotating walls 
inside the hemispheric region at the bottom of the tube, before they join the rest of the solution 
flowing along the walls.7 Solution draining from the hemispherical region before the addition of a new 
drop is key to improving the mixing on the VFD.7 This results in lower flow rates being the most optimal 
for good micro-mixing.7 It has also been observed that only low flow rates allow for the rotation speed 
of the VFD to affect the progress of the chemical reactions.3 The total flow rate of 2 ml/min is an order 
of magnitude above the optimal flow rate. With the higher flow rate a pool of accelerating liquid forms 
above the dynamic thin film and the hemispheric region becomes analogous to the “spin up zone” at 
the centre of the SDP. The spin up zone has been shown to have significantly poorer mixing than the 
thin film spread out over the disc.51 The formation of the pool would be lessened at 0o angle of 
operation as the VFD would act more similarly to the RTP that lacks the spin up zone. While there is a 
slight improvement in mixing at 0o, the formation of a pool of accelerating liquid is likely still forming 
just to a lesser degree. The Iodine-Iodate reaction is a very fast reaction, possibly completed before 
exiting the hemispherical region into the dynamic thin film on the walls of the tube.  

The modifications to the technique that were done to try to isolate the source of the difficulty in 
reproducing the results were not successful. A probable reason for this is that the Iodine-Iodate micro-
mixing test itself is inaccurate without careful calibration.38 The assumption about the mixing time for 
the VFD was that it would be similar to the SDP, and therefore similar concentrations were used for 
the Iodine-Iodate test. This turned out to be incorrect. Different concentrations of reactants have been 
used for other mixing devices with mixing times closer to what was measured for the VFD.50, 52, 53 These 
typically had much lower borate concentrations than was used here and often lower acid 
concentrations as well. Attempts at trying different concentrations were limited and were hampered 
by the limitations of the UV-vis spectroscopy of thin films on the VFD. The spectroscopic method is 
very different to cuvette based methods, on or off-line, using other mixing devices and has to be taken 
into account when choosing the reactant concentrations. Furthermore, the Beer-Lambert law is only 
accurate for the measurement of [𝐼3

−]  for optical densities, absorbance over path length, of 0.1 to 
2.5.38 Because the path lengths used are small, the optical densities are very high in this work and only 
for 00 can the concentration be measured accurately. Reducing the optical density then runs into the 
limitations of the UV-vis detection limits and increases errors through noise. 

Despite the measured segregation index and mixing times that were very high compared to that of 
the SDP,37 the VFD has been shown to improve the yield and selectivity of chemical reactions.3, 6, 54, 55 
These results suggest that better mixing is not the major mode of action by which reaction is improved. 
As mentioned in section 3.6.1, one way the VFD may be affecting chemical reactions is through 
vibrations.6 This is an energy input but not an improvement of mixing. Slower chemical reactions that 
are not complete until they leave the hemispherical region and reach the high shear dynamic thin film 
on the side of the tube have also been improved.16, 17 When carrying out chemical reactions on the 
VFD these other effects must be taken into account. 

3.8 Conclusion 

The path length of the VFD was measured using online UV-vis spectroscopy and showed a 1/ω2 
relationship to rotation speed and linear reduction in decay with angle of operation. Variations over 
time for the thin film were observed during the path length measurements. For the low rotation 
speeds these are consistent with previously observed Faraday waves. For the higher rotation speeds 
it is not clear if it is vibrations, surface waves or the pumping pulses that caused the variations.  
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The segregation index was measured and was found to be ≈ 0.15 which is much higher than seen for 
similar devices. The Iodate-Iodine micro-mixing test requires that the concentrations be calibrated for 
an expected mixing time,38 in this work the deviations from the expected mixing time means that the 
segregation index value is not precise enough to differentiate between the micro-mixing speeds of 
different rotation speeds and angles. The limitations of the UV-vis spectroscopy technique with 
respect to detector limits and the accuracy of the Beer-Lambert law at these concentrations also 
contribute to this.38 

It is difficult to use this segregation index data quantatively with so many limitations of the experiment 
and the high errors in the recorded measurements. However, the key conclusion from this work is that 
changing rotation speed and angle does not greatly affect mixing time as was originally expected. The 
mixing time for the VFD is much slower than fast reactions such as co-precipitation reactions that will 
be used in Chapter 4. 

3.9 Further work 

This work was part of ongoing work in the Raston research group to gain a greater understanding of 
the behaviour of dynamic thin fluids on the VFD and to understand the operating properties of this 
new device.7  In this larger context there is a lot of work still to be done to fully characterise the fluidic 
dynamics and properties of the VFD. 

The segregation index measurement requires a recalibration in light of the lower than expected micro-
mixing. The different flow rates is one of the most important parameters and will require major 
investigation. It may be that the Iodine-Iodate micro-mixing test is not the best technique for probing 
the micro-mixing on the VFD. A different chemical probe or a direct observation of the mixing with a 
dye technique may be more appropriate when dealing with such thin films. 
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Chapter 4: The Synthesis of Functional Nanoparticles 

4.1 Overview 

Chapter 3 focused on the vortex fluidic device and its fluid dynamics. In Chapter 4 we return to a 

focus on the synthesis of functional nanoparticles and the control of their properties through 

chemical and physical means. 

Adapting existing methods of synthesis of functional nanoparticles to continuous production on the 

vortex fluidic device (VFD) is a challenge. When adapting a method for the VFD the advantages and 

limitations of the device had to be taken into account. Furthermore, the principles of green 

nanotechnology and implications for industrial application were an important consideration of this 

work, as discussed in chapter 2. 

Considerations for producing functional nanoparticles on the VFD, economically and sustainably 

include the following:  

1. Precursor solutions need to be stable to allow for storage before inflow onto the VFD. 

2. The VFD requires an inflow of two solutions of similar concentrations or of a gaseous reactant. 

3. The chosen reactions should complete within the VFD in continuous flow. 

4. The method requires a suitable stabiliser that allows the outflow of nanoparticles from the 

VFD. 

5. The method was chosen so that it adheres to green nanotechnology principles. 

The potential of the VFD was assessed for the continuous production of nanoparticles of magnetite 

and lanthanoid phosphate. Aqueous co-precipitation was chosen as the compatible method of 

synthesis of these materials most suited to the VFD. Co-precipitation is simple, allowing for the use 

of up to two inflow solutions and stable aqueous solutions of precursor ions.1 Co-precipitation is 

fast, with reactions typically occurring almost instantly on contact.2 This means there is no issue of 

reaction completion. Aqueous co-precipitation reactions also have space for that improvement as 

other methods typically report better control over size, shape and properties of nanoparticles.3  

Other, similar, continuous flow processors such as the spinning disc processor (SDP) and the rotating 

tube processor (RTP) have been effective in the control of the synthesis of nanoparticles, as 

discussed in Chapter 2.  The aqueous co-precipitation of magnetite on the SDP was performed by 

Chin et al.4 and of lanthanoid phosphate by Fang et al.5, who also produced lanthanoid phosphates 

on the RTP. Their work demonstrates the applicability of these reactions to continuous flow 

synthesis in similar processors. Lanthanoid phosphates are anisotropic particles and showed notable 

differences in morphology when produced on the SDP compared to the RTP.5 The mechanics of 

synthesis of anisotropic nanoparticles can give insight into the reaction environments within a 

continuous flow reactor at different settings.  

Producing a solid product within a continuous flow system presents challenges.6 The product must 

be kept suspended throughout the process to reduce the risk of aggregation and fouling the reactor. 

To achieve stabilised outflow  in this work the non-toxic water soluble polymer polyvinylpyrrolidone 

(PVP) was used at two different average molecular weights, 40 000 gmol-1 and 360 000 gmol-1. It was 

found to be more effective at facilitating the outflow of nanoparticles form the VFD at high 
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concentrations (10% by weight). At such high concentrations it played an important part in the 

control of the size shape and size distribution of the synthesised nanoparticles.  

The tendency for nanoparticles to aggregate7 and the need to use capping agents to prevent this 

aggregation8 represents an opportunity to combine the properties of both the nanoparticle and the 

capping agent. With the principles of green nanotechnology in mind, additional processes can be 

avoided if the nanoparticles are synthesised with the coating required for their application without 

the need for additional processing. The use of phosphonate calix-n-arene (PCalix[n]) as a functional 

coating for magnetite nanoparticles to remove nitrate and phosphate from waste water is one such 

example of combining properties (Section 4.2). PCalix[n] is known to remove nitrate from waste 

water9, while iron oxide nanoparticles have been successfully used for phosphate removal.10-12 

PCalix[n] has also been used to stabilise nanoparticles.13, 14 A combination of properties was used to 

create a multifunctional composite. Similarly, the co-precipitation of magnetite with ammonia and 

PVP (section 4.3) produced a non-toxic hybrid polymer imbedded with nanoparticles. This material 

was applied to the entrapment of biofuel producing algae in co-authored work (Appendix 2).15 

Another example is the addition of the non-toxic water soluble PVP coating to lanthanum phosphate 

nanorods. Lanthanum phosphate when doped with cerium and terbium gives a green fluorescence. 

These nanoparticles are non-toxic and robust making them good candidates for biosensing 

applications. However, they are extremely insoluble in water.16 PVP help keep them stabilised in 

water and available for these biosensing applications. 

The remainder of this chapter is presented in the form of a series of three published articles. The 

article presented in section 4.2 describes the production of p-phosphonate calixarene (PCalix[n]) 

coated magnetite. The  articles presented in sections 4.3 and 4.4 address the adaption of methods of 

producing magnetite (section 4.3) and lanthanoid phosphate (section 4.4) to continuous production 

on the vortex fluidic device (VFD). In Section 4.3 lanthanoid phosphates are referred to as lanthanide 

phosphates as they were published under that name. 
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readily  as they are more strongly affected by small 

electric and magnetic forces.30  

Superparamagnetic magnetite nanoparticles 

have been used in a variety of applications,1 with 

superparamagnetism typically observed in 

magnetite for nanoparticles < 20 nm in diameter.31 

Superparamagnetism is caused by the 

ferromagnetic magnetite domains becoming so 

small that they can no longer hold their magnetic 

alignments. However, once placed into a magnetic 

field, the particles align perfectly. 

Superparamagnetic particles are more stable and 

less likely to form clusters under applied magnetic 

fields than larger particles.32 This is particularly 

important with repeated use in ion adsorption 

technology as aggregation reduces the active 

surface area of the particles.33  

Change in properties with size is a defining 

characteristic of nanoparticles and it requires that 

the particle size distribution is carefully controlled. 

High temperature decomposition methods can 

produce very small monodispersed particles of 

magnetite. However, these methods often require 

further processing to make the nanoparticles water 

soluble and non-toxic for the ensuing applications.34 

Aqueous co-precipitation methods can be simple, 

low cost and environmentally friendly.  

Control over the size distribution of the 

nanoparticles requires careful choice of precursor 

salts, namely the ratios of iron(II) and iron(III), and 

the pH.35 However, aqueous co-precipitation 

methods are limited by difficulties in reproducibility, 

and indeed the mechanism of formation is only now 

beginning to be understood.36, 37, The lack of control 

over the size arises from the tendency of the 

particles to aggregate. This can be overcome by 

using surfactants and polymer stabilisers such as p-

sulfonated calixarenes,38 thereby improving their 

potential use in a variety of applications.  

Magnetite alone has been studied as a potential 

adsorbent material. It is effective for the removal of 

heavy metals12, 39, 40 and heavy metal oxides. Iron 

oxide particles have also been used to adsorb 

orthophosphates12, 41 which, like nitrates, are linked 

to eutrophication. Binding of such ions in an 

aqueous environment is a surface process, being 

more favoured for smaller sized nanoparticles with 

large surface areas and associated improved 

adsorbance and rates of reaction.42  

Importantly the magnetic properties of 

magnetite nanoparticles allow for collecting them 

via a magnetic field for reuse, for both nitrate and 

phosphate uptake. The focus of this research is on 

the synthesis and characterisation of 

superparamagnetic nanoparticles including a 

simple co-precipitation method involving p-

phosphonated calix[n]arenes. In addition, the 

efficacy of this material has been tested for the 

removal of nitrate and phosphates from aqueous 

solutions. 

4.2.2 Results and Discussion 

 All the PCalix[n] ring systems studied herein, n 

= 4, 5, 6 or 8, produced stable solutions at 0.025 

mM, 0.0025 mM and 0.00025 mM calixarene 

concentrations. In the following sections the 

PCalix[n] coated magnetite nanoparticles are 

characterised and their nitrate and phosphate 

adsorption capabilities tested.  

 X-ray powder diffraction confirmed that 

magnetite was produced when PCalix[n] was used 

as a surfactant (Figure 4.2.2). This was 

demonstrated by the strong characteristic peaks 

shown in Figure 4.2.2 at 30.3o, 35.7o, 43.2o, 54o, 

and 57.1o 2θ. These peaks have been previously 

been assigned to the (220), (311), (400), (422) and 

(511) crystal planes, respectively.43 The very broad 

peak between 20 2θ and 30 2θ in Figure 2 does not 

align with literature spectra of magnetite and is 

ascribed to the presence of amorphous material.44  

Figure 4.2.2: XRD powder pattern for magnetite nanoparticles 

synthesised in the presence of 2.5 mM PCalix[4] compared 

with a standard spectrum (JCPS 19-0629).43 

Figure 4.2.3: FTIR of uncoated magnetite (black), magnetite 

coated with PCalix[4] (red) and magnetite coated with 

PCalix[6] (blue), compared to the spectra for PCalix[4] (green) 

and PCalix[6] (pink) 
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As shown in Figure 4.2.2, the characteristic 

XRD peaks are broad which is related to small 

particle sizes according to the Scherer equation.45 

The particle size as estimated by the Scherer 

equation using the intense (311) peak gave an 

average nanoparticle diameter of 10.9 nm.45 This 

suggests that the particles produced via this 

process are well within the size regime necessary 

for superparamagnetism.35 

 As shown in Figure 4.2.3, the FTIR of the 

generated materials show additional characteristic 

bands corresponding to the expected bands for 

PCalix[n], confirming their presence in the bulk 

samples. The spectra of pure PCalix[n] and surface 

bound PCalix[n] are similar, except for two notable 

differences. First, the strong C-O absorption band 

at 1280 cm-1 for free PCalix[n]46 is not evident for 

surface bound PCalix[n]. Second, the broad P-O 

absorption band at 980-880 cm-1 in the unbound 

calixarene shifts to higher wave numbers and was 

split into two peaks at 1040 and 980 cm-1. 42 This is 

consistent with the PCalix[n] being attached to the 

surface.10 

FTIR can also determine how the calixarene 

binds to magnetite. For instance, it has been shown 

that p-sulfonated calixarenes (SCalix[n]) bind to the 

surface of magnetite through the phenolic oxygen 

centres.38 However, in comparison to sulfonate the 

binding of phosphate to iron oxides is much 

stronger47 and hence it is unlikely that the PCalix[n] 

binds in the same way as the SCalix[n].  This is 

further implied by the three bands at 1116, 1040 

and 980 cm-1 which align with literature for 

hydrogen orthophosphate binding to an iron oxide 

surfaces.10, 48, 49 In contrast SCalix[n] has a strong 

1460 cm-1 which shifts to 1400 cm-1, and 

strengthen, when exposed to iron oxide. This was 

not evident for PCalix[n].38 Thus, the shifts in the P-

O band are consistent with binding via the 

phosphate head group of the calixarene rather than 

the lower rim phenolic tail. 

Transition Electron Microscopy (TEM) was used 

to establish the shape and size of the magnetite 

particles. Figure 4.2.4 shows that three basic 

morphologies are present, namely amorphous 

material, facetted particles and spherical particles. 

As depicted in Table 4.2.1 and shown in Figure 

4.2.4a, amorphous material was produced at a 

PCalix[4] concentration of 0.25 mM. Hence, this 

concentration was not tested for the other PCalix[n]. 

The amorphous material is probably a complex of 

iron (II/III) with PCalix[4]. Complex formation has 

been previously observed for PCalix[4] in the 

presence of calcium ions.50 Furthermore, it has 

been previously been reported that PCalix[4] 

prevents the precipitation of barium sulphate even 

when it is at low concentrations.51 Hence, at 0.25 

mM in the present study (PCalix[n] to Fe(II)/Fe(III) 

ratio of 1 to 100) complex formation appears to 

prevail over particle production. 

 A PCalix[n] concentrations of 0.025 mM and 

0.0025 mM for PCalix[4], [5] and [6] produced 

faceted particles (Figure 4.2.4 b-c and Figure 4.2.5 

b-c). However, as shown in Figure 5b, there was a 

mixture of faceted and non-faceted particles for 

PCalix[5]. A high resolution TEM image for particles 

produced with 0.0025 mM PCalix[4] is shown in the 

supplementary information (Figure 4.2.S1). At the 

lowest concentration of 0.00025 mM, all PCalix[n]s 

produced spherical particles (Figure 4.2.4d), 

although, PCalix[4] still produced some faceted 

particles. As shown in Figure 5a, in the absence of 

PCalix[n] only spherical particles were formed.  

Strongly faceted particles of magnetite are 

uncommon due to a greater surface energy in 

comparison to spherical particles.52  The 

mechanism of the shape direction in this case 

probably occurs through the partial oxidation of the 

surface by the phosphate functional groups.10 The 

surface oxidation then causes a surface 

rearrangement to a more densely packed surface 

and the formation of facets.53 Thus, the lowest 

concentration tested was presumed to be too low to 

oxidise the magnetite surface sufficiently for the 

onset of the rearrangement into faceted particles.  

Unlike the smaller PCalix[n], the largest 

macrocycle studied, PCalix[8], did not appear to 

exert shape control over the crystal growth with the 

concentrations studied. This result was 

unanticipated given the ability of PCalix[8] to 

preferential order on the surface of graphene28 and 

direct the growth of ultra-small faceted 

nanoparticles of platinum.29  The conformational 

flexibility of the large ring presumably promotes its 

interactions with the flat surfaces of carbon 

materials13, 25 However, PCalix[8] has greater 

conformational flexibility compared to that of the 

smaller PCalix[n]s, and this possibly relates to the 

difference in the morphology of the magnetite. Such 

conformational flexibility of PCalix[8] may result in 

less specific binding stabilising a less dense 

magnetite surface, thereby preventing surface 

rearrangement that results in faceted particles.10 
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Figure 4.2.4: TEM images of nanoparticles synthesised in the 

presence of PCalix[4] at (a) 0.25 mM, (b) 0.025 mM, (c) 0.0025 

mM, and (d) 0.00025 mM. 

Table 4.2.1: Particle shapes for different concentrations of each 

PCalix[n] tested where ■ represents faceted particles and ● 

represents spherical particles (determined using TEM). 

Concentration 
(mM) 

PCalix 
[4] 

PCalix 
[5] 

PCalix 
[6] 

PCalix 
[8] 

0 25 
Amorph
ous 

N/A N/A N/A 

0 025 ■ ■/● ■ ● 
0 0025 ■ ■/● ■ ● 
0 00025 ■/● ● ● ● 

 

Table 4.2.2: Particle size measurements from TEM images, 

showing the number of particles measured, mean, standard 

deviation, median size and maximum size in nanometres. 

Coating Number 
Median 
(nm) 

Mean 
(nm) 

Standard 
deviation 
(nm) 

No 
coa ing 

1400 10.39 10.63 2.5 

PCalix[4] 1400 10.12 10.45 2.72 
PCalix[5] 1365 10.85 11.02 2.46 
PCalix[6] 1400 10.38 10.71 2.63 
PCalix[8] 1385 10.83 11.04 2.43 

 

Figure 4.2.5: TEM images of magnetite nanoparticles 

synthesised in the absence of PCalix[n] (control), (a) and in the 

presence of 0.0025 mM PCalix[5], (b), 0.0025 mM PCalix[6], 

(c) and 0.0025 mM PCalix[8], (d). 

Particle size measurements were taken from 

TEM images produced in the presence of 0.0025 

mM PCalix[n] (Table 4.2.2). As shown in Table 

4.2.2, all of the particle diameters were well below 

the 20 nm threshold for induction of 

superparamagnetism in magnetite. Table 2 also 

shows that there does not appear to be a significant 

difference in particle size produced by the different 

PCalix[n] used in the magnetite synthesis. Thus, it 

appears that the PCalix[n] mainly exerted shape 

control and not size control over the synthesis. 

Magnetic properties of the synthesised particles 

are important for the efficiency of magnetic 

collection. The magnetic properties of the samples 

were measured using two techniques the results of 

which are shown in Figure 4.2.6. First is a 

hysteresis loop, Figure 4.2.6 (a), which shows the 

magnetic response of particles to a changing 

applied magnetic field. The magnetic field is 

measured first in the direction negative to positive 

then reversed from positive to negative. Figure 

4.2.6 (a) shows a characteristic S shaped 

hysteresis loop of superparamagnetic 

nanoparticles, and this was the case for all 

samples.  
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The maximum value seen in the hysteresis loop 

is the magnetic saturation. It signifies the strength 

of the response to an applied magnetic field and 

hence is a description of the ease of nanoparticle 

collection. The magnetisation saturation for 

PCalix[4] stabilised magnetite particles at room 

temperature was 73 emu g-1. The magnetic 

saturation of the magnetite particles increased with 

a decrease in size or increase in rigidity (less 

conformational mobility) of the calixarene ring: 

PCalix[8] 64 emu g-1, PCalix[6] 66 emu.g-1 and 

PCalix[5] 68 emu g-1. Particles prepared in the 

absence of PCalix[n] had a maximum magnetism of 

68 emu g-1 (Supplementary information, Table 

4.2.S1). However, the accuracy of the magnetic 

saturation measurements for the uncoated control, 

PCalix[5] and PCalix[8] samples was limited, with 

the calculated mass of magnetite greater than the 

measured mass of the sample by 0.5-0.7 mg 

(supplementary information, Table 4.2.S2). The 

method of determining the mass of magnetite in the 

sample assumes all iron present is in the form of 

magnetite. However, this is not the case. The 

additional iron is probably in the form of Iron-

PCalix[n] complexes.50  

The measured magnetic saturation was lower 

than for bulk magnetite at 92 emu g-1
,
37 but is still 

considered good for small nanoparticles.54 Small 

nanoparticles exhibit low magnetic saturation due to 

broken bonds, substitutions and defects on the 

surface.55 As particles get smaller the proportion of 

surface atoms gets greater and the effect of these 

surface anisotropies is to increase the magnetic 

anisotropy of the whole material.56 The strong 

binding of the PCalix[n] to the surface helps to order 

the surface of the nanoparticle reducing 

vacancies.10 It also acts as an inhibitor for further 

oxidation.57 However, given the errors in mass 

measurement no improvement in magnetic 

saturation over uncoated magnetite can be 

considered significant. 

The second measurement performed is the zero 

field cooled curve (ZFC) magnetic measurement 

technique seen in Figure 4.2.6 (b). It measures the 

energy required to align the magnetic domains 

within the materials by measuring the internal 

magnetism as the temperature is raised from 5K to 

room temperature. For superparamagnetic 

nanoparticles the measured response of particles 

cooled in the presence and absence of a magnetic 

field should meet at low temperatures. A meeting of 

the curves indicates a low energy barrier for 

alignment of internal magnetic fields with an applied 

field and therefore the absence of multiple domains 

and magnetically disordered domain walls. Energy 

barriers reduce the speed of response of a 

magnetic material to an applied magnetic field.  

As can be seen in Figure 4.2.6b, the ZFC was 

still below that of the field cooled (FC) control at 

room temperature. Typically, this is due to the 

presence of larger multi domain particles in the 

sample. However, the TEM images and size 

measurements did not agree with this result. Also 

of note is that the measured particle size was within 

one standard deviation of that measured by XRD. 

This implies that the particles measured by TEM 

were representative of the bulk sample. The gap 

between the maximum of the ZFC and the FC has 

been reported to be due to particle-particle 

interactions.58  

Figure 4.2.6: Magnetic measurements on 0.0025 mM Pcalix[4] 

coated magnetite (Top) Hysteresis loop at 300K, and (Bottom) 

5K ZFC curve compared to a FC curve. 

The ability to instantly retrieve the 

superparamagnetic magnetite nanoparticles 

stabilized by the different calixarenes using a 

magnet (neodymium magnet 1.33 Tesla) is 

highlighted in Figure 4.2.7. This is before and after 

the adsorption of nitrates and phosphates for 

potential reuse. However, a centrifugal technique, 

detailed in the experimental section, was used to 

remove magnetite nanoparticles before analysis.  
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As shown by Figure 4.2.8 all of the magnetite 

samples tested successfully removed nitrate from 

the effluent. Furthermore, according to the nitrate 

adsorption tests PCalix[n] coated magnetite 

removed significantly more nitrate-nitrogen 

compared to the uncoated magnetite (Figure 4.2.8). 

Although the uncoated magnetite sample initially 

adsorbed the nitrate at a similar rate to the coated 

samples it began to release the nitrate  

Figure 4.2.7: Effect of a neodymium magnet (1.33 Tesla)  on 

magnetite particles in aqueous MLA media, (a) coated with 

PCalix[4], (b) coated with PCalix[5], (c) coated with PCalix[6], 

(d) coated with PCalix[8], and (e) uncoated. 

back into the effluent after only 6 hours, 

removing a total of 8% of the nitrate-nitrogen after 

24 hours which is in agreement with literature.59 The 

PCalix[8] performed significantly better than the 

uncoated material and slightly better than the other 

Calix[n] removing 62% (25 to 10 mg/L) of the 

nitrate-nitrogen from the effluent, followed by  

PCalix[5] at 51%, PCalix[6] at 47% and finally 

PCalix[4] at 46%. The PCalix[8] also effectively 

adsorbed enough nitrate-nitrogen for the effluents 

nitrate nitrogen concentration to drop below the 10 

mg/L EPA limit for drinkable water after less than 24 

hours.  

PCalix[n] coated magnetite was also tested on 

its ability to remove orthophosphates from water 

(Figure 4.2.8). The tests revealed that uncoated 

magnetite has similar phosphate removal 

capabilities to the PCalix[n] coated magnetite. 

These results indicate that the phosphate removal 

is primarily associated with the presence of iron-

magnetite rather than the presence of PCalix[n] 

coatings. The average removal of phosphate was 

around 43%, which agrees with the literature value 

for phosphate removal of uncoated magnetite at pH 

7.11 Although, this test does not show differentiation 

between materials tested, it demonstrates that the 

Calix[n] can effectively remove both nitrate and 

phosphate from the same effluent. The best 

performing sample, PCalix[8], adsorbed 62% of the 

nitrate-nitrogen as well as 48% of the phosphate in 

the combined nitrate and phosphate effluent.  

An understanding of the affinity of PCalix[8] 

towards nitrate ions has been investigated in earlier 

work using molecular modelling with graphene.28 

This indicated that the bonding between PCalix[8] 

and nitrate ions occurs through the hydroxyl groups 

on the lower rim. FTIR shown in Figure 3 is 

consistent with the binding of the calixarenes to 

magnetite through the phosphates, leaving the 

hydroxyl groups free to interact with the nitrate. 

Thus, a similar regime for binding nitrates is 

probably occurring in the present work. The 

modelling work on graphene also suggested that 

the reason for the superior nitrate removal and 

retention is related to the greater conformational 

flexibility of the PCalix[8], which allows for the 

formation of pockets where there is favourable 

hydrogen bonding for adsorption.28 In the present 

work, the similar formation of pockets may allow 

hydrogen bonding between the surface of the 

magnetite particles, orthophosphate and the 

PCalix[8]. This would explain the capability of the 

calixarene coated magnetite particles to remove 

both nitrate and phosphate, and also the higher 

effectiveness of PCalix[8]. 

 

Figure 4.2.8: Mixtures of solutions of magnetite with various 

PCalix[n] coatings with aqueous MLA media that has an overall 

nitrate and phosphate concentrations of 26 mg/L nitrate-

nitrogen and 17 mg/L phosphate. (Top) Nitrate-nitrogen 

removal.  (Bottom) Phosphate removal  
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4.2.3 Conclusions 

A simple co-precipitation method has been used to 

prepare magnetite nanoparticles stabilized by p-

phosphonated calix[n]arenes (PCalix[n]) of different ring 

size. PCalix[n] is bonded to the surface of the magnetite 

particles via the phosphonate head groups. The 

particles are strongly faceted when PCalix[4],[5] and [6] 

are used as the stabilizer, and spherical when PCalix[8] 

is used. The particles are approximately 11 nm in 

diameter, independent of the choice of PCalix[n] ring 

size. Approximately 1 gL-1 of PCalix[8] coated magnetite 

nanoparticles were used to remove 62% of nitrate-

nitrogen and 48% of phosphate after 24 hours from 

waste water, outperforming both the other PCalix[n]s 

and uncoated magnetite nanoparticles. Overall, the 

study demonstrates the ability to design and stabilize 

functional superparamagnetic nanoparticles for 

targeted anion binding, which can be easily collected 

using an external magnet. 

4.2.4 Experimental Section 

Magnetite nanoparticles were produced in the 

presence of the previously synthesized p-phosphonated 

calix[n]arene (n= 4, 5, 6 or 8) (PCalix[n])46, 60 using stock 

solutions containing 20 mM iron (III) and 10 mM iron(II) in 

Milli-Q water previously purged with argon gas. PCalix[n] 

stock solutions were made at a concentration of 50 mM in 

Milli-Q water; 0.1 M NaOH was added to adjust the pH of 

the otherwise sparingly soluble PCalix4 to 9.92. Each 

experiment used 4 mL of stock iron solution to which was 

added an amount of the PCalix[n] stock solution (4 mL, 400 

µL, 40 µL 4 µL) and Milli-Q water to make the total volume 

to 8 mL with calixarene concentrations of 0.25 mM, 0.025 

mM, 0.0025 mM and 0.00025 mM. To each solution 100 

µL of 28% ammonia solution was quickly injected and the 

sample shaken. Iron(II) chloride was purchased from 

Sigma Aldrich and iron(III) chloride was purchased from 

Alpha Aesar. The ammonia solution (28%) was from 

Univar and sodium hydroxide from Merck. Water was 

filtered using a Milli-Q filtration system. PCalix[n] were 

synthesised in accordance with the literature 

procedures.46  

A JEOL 2000FX transmission electron microscope 

(TEM) instrument operating at 80 kV was used to 

determine the size and morphology of the magnetite 

nanoparticles. Samples were prepared by diluting 

magnetite solutions by 1 in 10 with Milli-Q water then 

placing a drop on top of carbon-coated 200 mesh copper 

grids, removing excess liquid and letting them dry. TEM 

data was processed by Image-J software. The particle size 

measurements were volume weighted for better 

comparison with magnetic measurements. 

Experiments were scaled up to produce enough 

material for further characterisation. Iron solutions of 25 

mL, 20 mM were made of 22.5 mL Milli-Q water and 2.5 

mL of PCalix[n] stock solution to which 500 µL of NH3 was 

quickly injected. Samples were centrifuged at 3000 g for 

10 min and the supernatant discarded. The pellets were 

then freeze dried with liquid nitrogen and VirTis 

freezemobile 35EL. 

Quantum Design 7 T MPMS superconducting 

quantum interference device (SQUID) magnetometer was 

used for measuring the magnetic properties of the 

PCalix[n] coated iron oxide nanoparticles. The typical 

measurement is to produce a magnetization-magnetizing 

field (M-H) hysteresis loop which establishes the 

ferromagnetic properties of the materials.61 This 

magnetization data was normalized with respect to the iron 

content of the samples, which was determined using ICP-

AES. A second type of measurement possible on the 

SQUID is the production of the zero-field-cooled (ZFC) 

curve which depicts the change of magnetism with 

temperature, and indicates whether the material is 

superparamagnetic or otherwise.  

Powder X-Ray diffraction (XRD) was measured using 

a Panalytical Empyrean XRD instrument operating with Cu 

-IR experiments were 

performed on a Perkin Elmer spectrometer. 

 To investigate the efficacy of these particles to 

remove NO3
- and PO4

3- from water the liquid, mixtures (1 

mL) containing stabilized magnetic nanoparticles were 

mixed with aqueous MLA media (4 mL) with a buffered pH 

of 7.5 62, which has the amount of nitrate and phosphate 

ions that can simulate a wide range of wastewater effluent 

from ground-waters to the effluents of the sewage 

treatment plants63, 64.The amount of nitrate and phosphate 

ions remaining in the solution was monitored at various 

time intervals (0, 2, 4, 6, 12 and 24 hours). Before each 

analysis, liquid mixtures were centrifuged at 18400 x g for 

5 minutes and the suspension-free supernatants were 

collected for their spectrophotometric analysis. 

 The cadmium reduction method65 was used to 

analyse the nitrate-nitrogen content, using a chemical kit 

(HACH®, NitraVer® Nitrate Reagent). The nitrate-nitrogen 

[NO3
--N] assay measures the amount of nitrogen (N) 

present in aqueous solutions as nitrate ions (NO3
-).9 The 

colorimetric ascorbic acid method65 was used to monitor 

the phosphate concentration of the remaining solution, 

using another dedicated chemical kit (HACH®, PhosVer® 3 

Phosphate Reagent).  A colorimeter (HACH® DR/870) was 

used for the spectrophotometric analysis of both nitrate-

nitrogen and phosphate content.65  

The dry weight (dw) was obtained by centrifuging 

sample solutions (2 mL) at 18400 x g for 5 minutes, 

discarding the excess supernatant, and drying the 

remaining pellets overnight at 60 °C. Each sample was 

found to have a similar dry weight concentration of around 

1 g.L-1, with slight differences resulting from the variations 

in the PCalix[n] moiety, n = 4, 5, 6 or 8. The control sample 

without any calixarene present had the lowest dry weight 

pre-absorption study of 0.95 ± 0.05 g.L-1, which is followed 

by PCalix4: 1.06 ±0.04 g.L-1; PCalix5: 1.12 ±0.02 g.L-1; 

PCalix6: 1.14 ±0.04 g.L-1; and PCalix8: 1.19 ±0.01 g.L-1. 
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4.2.6 Supporting Information  

 

Figure 4.2.S1: High resolution TEM image for magnetite nanoparticles produced in the 

presence of 0.0025mM of PCalix[4]  
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Table 4.2.S1: Magnetic properties of PCalix[n] coated magnetite determined from SQuID 

measurements PCalix[n] = p-phosphonated calix[n]arenes 

 

Magnetic Saturation 
300K 
(emu g-1) 

Susceptibility 
300K 
(emu g-1 ose -1) 

Remanence 
300K 
(emu g-1) 

Coercivity 
300K 
(ose) 

Uncoated 68.5 0.09 1.25 20 

PCalix[4] 73.0 0.09 1.33 20 

PCalix[5] 68.2 0.1 1.30 20 

PCalix[6] 65.7 0.09 1.28 20 

PCalix[8] 64.4 0.09 1.0 20 

 

Table 4.2.S2: AAS-ICP measurements of SQuID sample iron and magnetite concentration and 

mass  

 

Sample Mass   

(mg) 

Iron Concentration 

(ppm) 

Iron Mass  

(mg) 

Magnetite Mass 

(mg) 

Uncoated 12.2 756000 9.22 12.75 

PCalix[4] 22 716000 15.75 21.77 

PCalix[5] 9.6 770000 7.39 10.22 

PCalix[6] 8.5 722000 6.14 8.48 

PCalix[8] 8.2 793000 6.50 8.99 
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4.3. Vortex fluidics synthesis of polymer coated superparamagnetic 
magnetite nanoparticles 

Nicholas J. D’Alonzo,a Paul K. Eggers,a and Colin L. Rastonb* 

Polymer coated superparamagnetic magnetite nanoparticles with a mean diameter of less than 10 nm have been 

fabricated using a co-precipitation method under continuous flow conditions within a vortex fluidic device (VFD). High 

shear in the VFD allows controlled growth of the nanoparticles and their wrapping by the non-toxic polyvinyl 

pyrrolidine (PVP). Changing the reaction conditions, notably the rotational speed and angle of tilt of the tube, 

influenced the wrapping of the magnetite particles which have improved magnetic properties over those produced 

using traditional batch processing 

4.3.1 Introduction 

A defining feature of nanotechnology is at the nano-

dimension, with small changes in size and shape of 

particles significantly affecting properties of material 

such as bandgap 66 the surface resonance plasmon 67 

and magnetism. 68 Magnetite nanoparticles (Fe3O4) 

smaller than 20 nm do not have an internal magnetic 

field but still respond to an external magnetic field, 

which defines a state of superparamagnetism.35 

Superparamagnetic particles are important in 

biomedical and electronic applications such as magnetic 

resonance imaging1, bio-labelling and separation,31 drug 

delivery,69 sensors70 and magnetic storage.71 When 

controlling the properties of magnetic material such as 

magnetite it is imperative to be able to control the 

growth of the nanoparticles within certain size limits.  

Many methods for gaining access to nano-sized 

magnetite have been developed, including high 

temperature decomposition of organometallic 

precursors,3 high pressure autoclave processing,72 and 

the use of oil in water emulsions.73 However, there are 

difficulties in applying these methods to large scale 

production as they often require expensive and/or toxic 

regents, multiple steps and lengthy processing, coupled 

with the possibility of batch to batch variability which 

can prevail with conventional round bottom flask 

processing.  

Co-precipitation of Fe2+ and Fe3+ in water is simple, low 

costing, and environmentally friendly. The size 

distribution can be controlled by careful considerations 

of pH of the precursor solutions and the ratio of Fe(II) to 

Fe(III).74 Unfortunately this technique is limited in the 

ability to control the dominant very fast kinetically 

controlled reaction and complicated reaction 

mechanism.36 

We have approached the challenge of size distribution 

control in the co-precipitation method in water through 

innovative reactor designs. Continuous flow chemical 

processors, where reactants flow into the reactor and 

products continuously flow out aid the transition from 

the laboratory to industrial scales of processing.75 The 

conditions in small scale flasks in the laboratory are not 

necessarily applicable to large vat batch processes in 

industry which will have different mixing and mass 

transfer. However, in continuous flow processing, the 

amount of product is determined only by the reaction 

time.75 Moreover, compared to batch processes, 

continuous flow processes can dramatically minimise 

the generated waste stream, have more efficient heat 

transfer76 and allow for smaller plants and improved 

safety.77 

The use of shear in microfluidic thin films is an 

innovative solution to creating continuous flow 

conditions with low cross sectional areas. Such 

continuous flow processing avoids potential difficulties 

associated with fabricating nanoparticles in small 

channels using conventional microfluidic processing, 

where clogging can occur. The earliest investigations on 

fabricating nanoparticles focused on fluid flow over 

vertical surfaces78 and inclined planes,79 which soon 

became important chemical engineering tools. More 

recent work has focused on rotating surfaces as the 

driver for the production of these thin films for which 

the Spinning Disk Processor (SDP) is an example.80 The 

so called dynamic thin films in such processors greatly 

improve micromixing,81 exhibit plug flow conditions82 

and are known to facilitate the transport of gases.83  

Surface ripples in the thin films facilitate rapid mass 

transfer.84 

Building on earlier work with the synthesis of magnetite 

using an SDP,4 we have explored the capabilities of a 

relatively new microfluidic platform, the vortex fluidic 

device (VFD) (Figure 4.3.1). The VDF is a versatile low 

cost reactor. The version used in this work consists of a 

borosilicate glass tube (length: 165 mm, outer diameter: 

10 mm in) which is rotated at a high speed by an electric 

motor. Reactants are pumped into the device via metal 

feed tubes, and can be either pure liquids, solutions or 

gases. The processed liquid containing the reaction 

product(s) is collected from the outlet at the top of the 

tube. The angle of inclination of the device can be 

varied to perturb/optimize the processing in the 

dynamic thin film.85 This device allows the processing of 

sub-millilitre reactions while operating in the so called 

confined mode of operation, or the processing can be 

scaled up under continuous flow mode of operation.85 
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While the VFD is similar to the SDP, in generating high 

shear stress, it has a number of unconventional 

processing parameters to material synthesis.86 These 

include rotational speed of the tube, flow rates, surface 

characteristics of the rapidly rotating tube (hydrophilic 

or hydrophobic), and the angle of tilt of the tube 

relative to the horizontal position. These parameters 

can be systematically varied to optimize the nature of 

the product.  A distinct feature of the VFD is the ability 

to control the residence time for a finite volume of 

liquid moving through the tube, which can be on the 

minutes time scale. This contrasts with the residence 

time for SPD which is typically down to a second, 

depending on the diameter of the disk and flow rates. 

This opens up the use of the VFD to more applications, 

including in chemical synthesis. Recently there have 

been a number of studies on the fluid flow and 

application of the device in chemical synthesis,85, 87-90as 

well in the synthesis of mesoporous and aerogels 

silica,91-93 probing the structure of self-organised 

systems in vesicles94 and controlling protein folding 

(‘unboiling’ an egg).95 The production of magnetite on 

the VFD in the presence of the polymer polyvinyl 

pyrrolidine (PVP) was previously reported by Eroglu et 

al.15 We now report a more in depth exploration of the 

effects of varying the operating parameters of the VFD 

on the nature of the material.  

4.3.2 Experimental 

The method of generating the magnetite particles was 

adopted from earlier work using the SDP.4 Magnetite 

nanoparticles were produced by exposing an aqueous 

solution of 20 mM FeCl3 and 10 mM FeCl2 to an 

ammonia atmosphere within the VFD. The ammonia 

atmosphere was produced by bubbling argon gas 

through an external flask filled with ammonia solution 

then piping it into the VFD via the feed tube; 28% 

aqueous ammonia solutions were used (Figure 4.3.1). 

 

 

Figure 4.3.2: Schematic cut away view of the vortex 

fluidic device (VFD) and experimental set up used in this 

study. 

To prevent aggregation and to aid flow through the 

device the Fe3+ and Fe2+ containing solutions were 

mixed 1 to 1 with a solution of a stabiliser. A variety of 

stabilisers were trialled: 4% by mass alginc acid solution, 

4% chitosan solution and 0.1 M solutions of 

cetyltetramonium bromide and sodium decylsulfate. 

The most effective and hence the stabiliser used for 

bulk of the subsequent work was an of aqueous solution 

10% polyvinyl pyrrolidine (PVP). Two different molecular 

weights of PVP were trialled: 40,000 (PVP40) and 

360,000 (PVP360). 

In a VFD experiment the Fe3+/Fe2+/stabiliser solution 

was pumped continuously into the bottom of the VFD 

using a systolic pump at a flow rate of 0.5 mL/min with 

the ammonia/NH3 atmosphere introduced through a 

separate feed (Figure 4.3.1). Speeds of 5000 rpm, 7000 

rpm and 9000 rpm and angles of 0o and 45o were tested. 

As a control, batch experiments were conducted with 

the same concentrations of Fe3+/Fe2+ and PVP, with 

ammonia carried by Ar gas bubbled into the solution at 

the same rate as was used for the VFD experiments. 

The primary characterisation technique used for 

determining particles size was a JEOL 2000 transition 

electron microscopy (TEM) operated at 80 kV. Size 

distribution statistics were determined for all samples. 

At least 1000 particles were individually measured from 

TEM images using image J software. Analysis of variance 

(ANOVA) test was performed on the size data with the 

null hypothesis; that the means were the same 

regardless of spin speeds. A P value of 0.01 was 

considered to be significant. TEM measurement mean 

results were volume weighted for better comparison 

with magnetic data. The particle measurements were 

placed in bins of 2 nm and the counts for these bins 

were converted to probabilities by dividing them by the 

total number of counts. The bin centres were converted 

to volume rather than diameter. The volumes and the 

probabilities were multiplied together and then 

summed to find the volume weighted particle size (Dv). 
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Powder X-Ray diffraction (XRD) was measured using a 

Panalytical Empyrean XRD instrument operating with Cu 

K radiation (λ = 0.154060 nm). Particle size was 

estimated using the Scherrer equation.96 

Magnetic measurements for the particles were tested 

on a superconducting quantum inference device 

(SQUID) using two modes of measurement, the 

hysteresis loop and the zero field cooled curve (ZFC).  

The iron content of the samples was measured by 

inductively coupled plasma-atomic absorption 

spectroscopy (ICP-AAS).  

In order to study the changes in domain alignments in 

the particles in response to temperature, the ZFC was 

investigated. These measurements are compared to a 

fixed field cooled (FC) control displaying the maximum 

alignment of domains at a given temperature in each 

sample. This was used to test for superparamagnetic 

behaviour which is indicated by the ZFC and FC curves 

meeting. The maximum of a ZFC curve is called the 

blocking temperature (TB), with the median particle size 

calculated using Equation 4.3.1.97 

TB = KV/23Kb  (4.3.1) 

 

Where K is the magnetic anisotropy constant and V is 

the average particle volume. The KV term is the energy 

barrier for reorientation of the particle domains, Kb, is 

the Boltzmann constant, and the constant 23 is related 

to the measurement time of the SQUID and the 

relaxation time of the particles. To determine the 

particle size from blocking temperatures (Dm), a K value 

for similar sized particles, 4.1 x 104 Jm-3 was used.98 Dv is 

the TEM particle size converted to particle volume (V) 

and used in Equation 1 to find an effective K value, Keff. 

4.3.3 Results 

Powder XRD showed an intense peak at ~ 36o 2θ and 

lower intensity peaks at 30o, 43o, 53o and 57o 2θ which 

is consistent with magnetite (Figure 4.3.2).43 Transition 

electron microscopy (TEM) images (Figure 3) revealed 

small magnetite nanoparticles of a roughly spherical 

shape, for all rotational speeds, angles and choice of 

PVP coating. 

The use of PVP360 appeared to circumvent aggregation 

of the particles to a greater extent than PVP40 (Figure 

4.3.3 (c) and (d)). Detailed size distribution statistics 

were collected for all samples (Table 4.3.1). For 

magnetite produced with a PVP40 coating at 0o tilt, 

changing the VFD rotational speed did not significantly 

affect particles sizes (p = 0.14). For magnetite produced 

with PVP360 at both 0o and 45o tilt angles, at least one 

of the rotational speeds had a significantly different 

mean but no trend was observed in particle size (p ≤ 

0.01). In terms of particle size, the largest particles were 

produced at a rotational speed of 5000 rpm for a 0o tilt 

angle, (10.3 nm), and 9000 rpm for a 45o tilt angle (10.1 

nm). As a rule, particles produced on the VFD were 

significantly (p ≤ 0.01) smaller than those produced by 

batch processing. In a contrast to the effect of PVP chain 

length on the VFD, PVP360 coated particles produced in 

batch were significantly larger (12.05 nm) than those 

produced with PVP40 (11.3 nm). Overall the differences 

in mean diameter were small and within one standard 

deviation of each other.  

Figure 4.3.2: Powder XRD spectrum for magnetite 

nanoparticles synthesised using ammonia on the VFD at 

7000 rpm and 0o tilt with PVP40 present compared with 

a standard diffraction pattern for magnetite (JCPS 19-

0629).43 

 

Figure 4.3.3: TEM images of magnetite nanoparticles 
synthesised with 30 mM mixed iron solution and 28% 
ammonia (a) in batch with PVP40 present, (b) in batch 
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with PVP360 present, (c) in the VFD at 7000 rpm and 0o 
tilt with PVP40 present, (d) in the VFD at 7000 rpm and 
0o tilt with PVP360 present, and (e) in the VFD at 7000 
rpm 45o with PVP360 present. 

 

 

 

Table 4.3.1: Average particle size (diameter) and size 
distribution in nanometres. Median, mean and standard 
deviation (δ) of magnetite nanoparticles produced on the 
VFD and in batch with different PVP polymer present, 
angles and rotational speeds, as measured from TEM 
images.  

 

The hysteresis loop (Figure 4.3.4 (a)) shows the 

characteristic S shape for superparamagnetic 

nanoparticles, at room temperature (300 K), magnetite 

produced in the presence of PVP40 both in batch and 

using the VFD showed superparamagnetic behaviour. 

This behaviour correlates well with the measured 

particle size which were all below the 20 nm threshold 

for superparamagnetic behaviour.35 The magnetic 

saturation was measured for the tested samples and 

converted to magnetic saturation per gram. The 

magnetisation saturation of fabricated magnetite 

nanoparticles were between 53 and 69 emu/g with no 

discernible trend (Supporting Information Table 4.3.S2). 

Samples prepared using the VFD meet the FC control 

line at the blocking temperature (TB) while batch 

samples failed to reach maximum alignment until above 

room temperature (Figure 4.3.3 (b)-(f)). 

The quality of the magnetite nanoparticles can be 

investigated by looking at the blocking temperature (TB) 

(Table 4.3.2) and how it is related to the median particle 

size. The energy barrier to alignment of the domains 

within a particle is KV, where V is the particle volume 

and K is a constant. At the blocking temperature this is 

balanced by the thermal energy of the environment. 

Magnetic measurements are volume weighted, with 

larger particles giving a higher magnetic response.  

Particle sizes, measured by TEM, were volume weighted 

to give the volume weighted average diameter (DV) 

which is a better comparison to magnetic particle size 

estimates. The particle diameter determined from the 

TB (DM) for each sample at 7000 rpm was significantly 

larger than that derived from TEM measurements (Table 

4.3.2). For this measurement a K of 4.1 x104 Jm-3 was 

used.98 Particles produced using PVP360 at 7000 rpm at 

45o tilt angle showed magnetic behaviour which 

suggests that they are smaller than those produced at 

0o tilt. 

An alternative understanding of the magnetic properties 

is to assume that TEM measurements give an accurate 

measurement of size and use that to determine K (Keff) 

from the TB. The Keff values for the batch produced 

particles were greater than those produced on the VFD. 

However, particles produced on the VFD using PVP360 

at 7000 rpm and 0o tilt have only a slightly improved Keff 

when compared to batch processing.  

 

Figure 4.3.4: Magnetic measurements on magnetite 

nanoparticles using a SQUID.  (a) Hysteresis loop for VFD 

using PVP40 at 7000 rpm and 0o tilt, (b) ZFC of batch 

using PVP40, (c) ZFC of batch with PVP360, (d) ZFC on 

VFD using PVP40 at 7000 rpm at 0o tilt, (e) ZFC on VFD 

with PVP360 at 7000 rpm at 0o tilt angle, and (f) VFD 

using PVP360 at 7000 rpm at 45o tilt angle. 

 

 

 

 

Polymer 
and tilt 
angle 

Spin 
speed  

Average size and size 
distribution 

Median 
(nm) 

Mean 
(nm) 

δ 

PVP40 0o 

5000 10.00 10.19 2.5 

7000 9.77 10.12 3.0 

9000 10.05 10.32 2.8 

PVP360 0o 

5000 10.29 10.44 2.4 

7000 9.11 9.33 2.3 

9000 9.53 9.82 2.3 

PVP360 
45o 

5000 9.41 9.68 2.2 

7000 9.6 9.78 2.3 

9000 10.12 10.30 2.2 

PVP40 
batch 

- 11.31 11.61 2.8 

PVP360 
batch 

- 12.05 12.34 3.3 
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Table 4.3.2: Blocking temperatures (TB) from ZFC 

measurements. Particle size determined from XRD using 

the Scherrer equation (DXRD), volume weighted particle 

size (DV) measured from TEM images, estimated 

magnetic particle size (DM) using a K of 4.1 x104 Jm-3, 

and effective anisotropy constant (Keff) estimated from 

Dv. 

Sample 
TB 
(K) 

DXRD 

(nm) 
DV 

(nm) 
DM  
(nm) 

Keff  

(x104 
Jm-3) 

PVP40 
batch 

225 16.3 12.30 14.93 7.23 

PVP360 
batch 

275 12.6 13.11 15.96 7.40 

PVP40  
7000rpm 
0o 

132 17.7 11.07 12.50 5.90 

PVP360  
7000rpm 
0o 

112 11.4 9.87 11.83 7.07 

PVP360  
7000rpm 
45o 

100 12.0 10.32 11.39 5.52 

4.3.4 Discussion 

The results herein show that smaller particles were 

produced on the VFD compared to batch processing, 

but changes in rotational speed and tilt angle did not 

have a large effect on particle size. While investigations 

on the fluid dynamics of the VFD are ongoing, the 

related SDP thin film device has previously been used to 

produce magnetite. The fluid dynamics of the SDP have 

been heavily investigated and this may provide insight 

into the behaviour of dynamic thin films on the VFD  
Increasing the spin speed has been shown to result in 

more intense (higher) micromixing with high shear 

forces for both the VFD85 and SDP.99 However, this did 

not alter the particle size for the generated magnetite 

particles on the VFD. A possible explanation for this is 

that the reaction kinetics are too fast for the increase in 

mixing and shear to change the outcome of particle 

nucleation and growth.36  

The VFD's control over magnetite particle size may be 

due to the reduction in large aggregates present in 

samples rather than an improvement in reaction 

conditions. An important factor in preventing 

aggregation is the polymer coating. The polymer PVP 

has been shown to coat other nanoparticles in multiple 

layers, providing a physical barrier to aggregation100 and 

potentially constraining particle growth. We propose 

that the VFD is effective wrapping the nanoparticles 

with PVP in producing more isolated particles (Figure 

4.3.3 (a) – (c)). The fluid dynamic shear produced by the 

VFD may act to unravel and linearise the PVP, similar to 

what was present in the SDP.99 This characteristic of the 

VFD has been used to influence the behaviour of other 

supramolecular systems25 and has recently been 

established to refold proteins.95 The linearization may 

allow efficient wrapping of the particles and reduce 

aggregation. While this effect occurs for both PVP chain 

lengths tested it was more evident for the longer 

chained PVP360, which resulted in smaller particles at 

speeds where stronger shear forces are present.95 

Models of polymer wrapping of nanoparticles suggest a 

polymer chain must be at least three times the length of 

the diameter of coverage.101 For nanoparticles of about 

~10 nm and for PVP, PVP40 is similar in length to 

surface area of the particle surface while PVP360 is ten 

times longer. PVP40 is in the intermediate stage where 

multiple polymer chains may be involved in binding with 

a single particle.101  A decrease in aggregation with an 

efficient wrapping of a significantly longer polymer 

strand is in agreement with the batch experiments. In 

batch, the viscous PVP360 polymer would mix and wrap 

poorly resulting in larger particles with a higher degree 

of aggregation Thus, although changing the processing 

parameters for VFD (speed and tilt angle) did not 

dramatically affect the size of the magnetite 

nanoparticles, optimising VFD conditions and the choice 

of different polymer molecular weights was still 

effective in gaining some control on the average particle 

size while reducing aggregation.  

The crystallite size determined by the broadness of the 

XRD peaks using the Scherrer equation (DXRD) (Table 2) 

showed particle sizes larger than those measured by 

other methods. This is unusual as the method typically 

underestimates particle size.102 There was a significant 

difference between the DXRD of magnetite made in the 

presence of PVP40 and that of PVP360. PVP40 coated 

particles have a much larger deviation from the particle 

size measurements determined using other methods.  

All samples had a magnetisation saturation well below 

that for bulk magnetite of 92 emu/g. It is well known 

that nanoparticles have lower magnetisation than bulk 

magnetite due to the high contribution of surface 

defects to the total particle volume.56 Work on SDP 

processing produced similar saturation magnetisation 

results of 68-78 emu.4  

SQUID ZFC data (Figure 4.3.4) revealed that particles 

prepared using batch processing were not 

superparamagnetic, despite the average particle size ( 

from TEM) being <20 nm superparamagnetic threshold 

for both batch and on the VFD. The gap between the 

blocking temperature and the FC control line shown in 
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Figure 4 is typically due to the presence of large 

particles. However, there is no evidence for large 

particles in the TEM images or any of the particle 

measurements. An alternative explanation is the 

presence of inter-particle magnetic interactions58, 103 

which produces a broad blocking temperature peak, 

which is in agreement with the aggregation seen in TEM 

images of the batch particles (Figure 4.3.3). The 

particles produced using PVP360 on the VFD result in 

ZFC curves have much sharper TB peaks that meet the 

FC control line. This is consistent with particles that 

have a greater degree of magnetic isolation which in 

turn agrees with our hypothesis that the VFD enables 

efficient long chain polymeric wrapping of the particles. 

Further evidence for this arises from samples made in 

the presence of PVP40 which have a board TB peak but 

meet the FC control line shortly after the TB. This 

indicates greater inter-particle interactions but without 

aggregation into larger particles.104  

A magnetic average particle size can be determined 

from a K value, with the K at 300 K for bulk magnetite 

being 1.35 x104 Jm3.105 However, For small 

nanoparticles the contribution of surface anisotropy 

becomes more important than crystalline anisotropy. 55, 

97 As such the K value for magnetite nanoparticles 

prepared in organic solvents is four times greater the 

bulk magnetite at 4.1 x 104 Jm-3.98  Using this K value, 

the magnetic particle sizes were much larger than the 

volume weighted average particle size measured from 

TEM (Table 4.3.2). This suggests that the magnetic unit 

interacting with the magnetic field consists of more 

than a single nanoparticle, arising from inter-particle 

interactions.106 

However, using a literature K constant is problematic 

because K for magnetite nanoparticles is difficult to 

determine, as factors such as particle shape and broken 

bonds on the surface of the particles increase the 

inherent anisotropies present in a material.107 Further, 

magnetite produced using high temperature organic 

solvent methods are typically considered to have much 

greater crystallinity and surface ordering than those 

produced using co-precipitation methods.98 It would 

therefore be more useful to use the blocking 

temperature to determine a Keff value using TEM volume 

results. This provides an estimate of the quality of the 

particles. For instance, if there are improvements in the 

anisotropy, the number of defects on the surface will 

change with a change in synthesis parameters.  

The calculated Keff values are rather high, 5-8 x 104 Jm-3, 

compared to other work reporting values of 4.1 x 104 

Jm-3 or 3.5 x 104 Jm-3 for organic97, 98 and elevated 

temperature synthetic methods.108 However, it may be 

due to strong binding of the polymer to the surface of 

the particles preventing efficient surface ordering at 

room temperature.109 The Keff results are similar to 

those for silica coated magnetite nanoparticles where it 

is known that there is inherent disorder at the surface.53 

It is not clear why the Keff value for PVP360 at 7000 rpm 

and 0o tilt angle is 7.07 x 104 Jm-3 while for a 450 tilt 

angle it is only 5.52 x 104 Jm-3 (Table 4.3.2). 

4.3.5 Conclusions 

A co-precipitation method in the presence of a 

non-toxic polymer and using water as the solvent to 

produce magnetite nanoparticles was developed 

using a VFD. This method uses readily available 

materials and minimises the production of 

hazardous waste. The VFD is a continuous flow 

reactor and as such is easier to scale-up relative to 

batch processing. Superparamagnetic particles made 

using the VFD have smaller size, smaller size 

distribution and better magnetic properties 

compared to particles made using batch processing. 

The wrapping of particles in polymer appears to be 

facilitated by the high shear forces present in the thin 

films in the device resulting in less aggregated 

samples.  Magnetite nanoparticles produced on the 

VFD show superparamagnetic behaviour, have very 

little hysteresis and align with small magnetic fields 

at low temperatures. There was a significant 

improvement in the ZFC curves and of Keff when 

particles were produced on the VFD. However, 

surface anisotropy appears to still be higher than 

what has been reported for higher temperature 

generated magnetite nanoparticles. Further 

investigation into other polymer based surfactants 

and mild heating of the reaction on the VFD could 

further improve the properties. This material has 

already been used as a magnetic wrapping for algal 

cells, with the ability to retrieve the cells post nitrate 

removal from waste water15 and we envisage other 

applications such as wrapping of bacteria, and 

catalysis through the coupling of the functional 

groups of PVP with other nanoparticles to form a 

magnetically recoverable catalyst.110  
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4.3.7 Supporting information 

Table 4.3.S1: AAS-ICP measurements of SQuID sample iron and magnetite concentration 
and mass 
PVP = Polyvinylpyrrolidine 

 
Sample Mass 

(mg) 

Iron Concentration 

(ppm) 

Iron Mass  

(mg) 

Magnetite Mass  

(mg) 

PVP40 batch 13.4 580000 7.772 10.74 

PVP360 batch 13 664000 8.632 11.93 

PVP40 7000 rpm 
0o tilt 

9.9 452000 4.475 6.18 

PVP360 7000 rpm 
0o tilt 

11.5 326000 3.749 5.18 

PVP360 7000 rpm 
45o tilt 

11.5 320000 3.68 5.09 

 
Table 4.3.S2: Magnetic properties measured by SQuID of magnetite samples  
PVP = Polyvinylpyrrolidine 

 

Magnetic 
Saturation 

300K 

(emu g
-1

) 

Susceptibility 
300K 

(emu g
-1

 ose 
-1

) 

Remanence 
300K 

(emu g
-1

) 

Remanence 
5K 

(emu g
-1

) 

Coercivity 
5K 

(ose) 

PVP40 batch 69.4 0.08 1.55 20.64 475 

PVP360 batch 59.4 0.08 1.97 21.47 550 

PVP40 7000 rpm 
0o tilt 

62.3 0.07 1.57 18.32 600 

PVP360 7000 rpm 
0o tilt 

53.3 0.07 1.37 17.93 550 

PVP360 7000 rpm 
45o tilt 

67.7 0.08 1.48 20.70 550 
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Table 4.3.S3: Particle size measured from the XRD spectra by the Scherrer equations 
XRD = x ray powder diffraction, FWHM = full height half maximum. 
 

 

2θ 
(O)

 

FWHM 
(O)

 

Diameter 
(nm) 

PVP40 batch 35.7 0.87 16.3 

PVP360 batch 35.5 1.34 12.6 

PVP40 7000 rpm 

0
o

 tilt 
35.7 0.82 17.7 

PVP360 7000 rpm 

0
o

 tilt 
35.9 1.14 11.4 

PVP360 7000 rpm 

45
o

 tilt 
35.6 1.34 12.0 
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4.4 Shear Stress Induced Fabrication of Dandelion Shaped Lanthanide 
Phosphate Nanoparticles  

Nicholas J. D’Alonzo,A Paul K. Eggers,A Ela Eroglu,A,B and Colin L. RastonC 

ASchool of Chemistry and Biochemistry, The University of Western Australia, Crawley, WA 6009, 
Australia 
BDepartment of Chemical Engineering, Curtin University, Bentley, WA 6845, Australia 
CCentre for NanoScale Science and Technology, School of Chemical and Physical Sciences, Flinders 
University, Bedford Park, SA, 5042, Australia 

Lanthanide phosphate nanoparticles were co-precipitated under continuous flow in a vortex fluidic device 
(VFD) in the presence of different molecular weight polyvinylpyrrolidone (PVP), with the rotational speed 
and tilt angle varied. Dandelion shaped lanthanide phosphate particles were produced at rotation speeds 
of 5000 rpm and 7000 rpm while at 9000 rpm individual rods formed. Transition electron microscope 
images reveal changes in morphology of the dandelions shaped nanoparticles with a change in the chain 
length of PVP and the change in the tilt angle. These changes are likely to arise from different wrapping 
and aggregation of the nanoparticles by the PVP polymer under shear

4.4.1 Introduction 

Lanthanide phosphate (LnPO4) nanoparticles are 

one class of tuneable fluorescence materials. There 

is an increasing interest in the study of tuneable 

fluorescence nanoparticles due to their relative 

stabilities compared to organic fluorophores.111 They 

have a number of applications such as fluorescent 

coatings,112 visual display technologies,113 

biolabelling,114 bio-imaging115 and catalysts.116 The 

fluorescence mechanism of lanthanide phosphates is 

different to that of cadmium based quantum dots, 

and is controlled by energy transfer between dopant 

substitutions of various lanthanide atoms into the 

rigid structure of lanthanum phosphate.117 This 

mechanism results in narrow emission bands, high 

quantum yields, long luminescent decay time and 

high heat resistance117 Importantly lanthanide 

phosphates are also  nontoxic.114  

Lanthanum phosphate naturally forms rod like 

particles in the absence of surfactants.117 The 

formation of rods is thought to be due to 

electrostatic interaction of lanthanide and 

phosphate ions resulting in growth being favoured in 

one crystal direction.118 Recently there have also 

been reports of LnPO4 nanoparticles of a radial or 

dandelion morphology. Their formation is believed 

to be due to the self-assembly of the rods, which is 

often by small molecules.118-121 Batch production of 

LnPO4 nanorods typically requires high 

temperatures, high pressures, organic solvents 

and/or long reaction times and uses a number of 

different methods including hydrothermal,122 

microwave,123 micellear124 and simple solvent based 

treatment.125 

In an effort to improve the efficiency of 

production, high shear continuous flow reactors 

have been applied to the production of LnPO4 rods.5  

Continuous flow reactors, in which reactants flow in 

and products continuously flow out, have a number 

of advantages over traditional batch methods. They 

are easily scalable to industrial production,75 have 

greater heat and mass transfer76 and are inherently 

safer due to reduced reactant mixture volume.77 The 

advantages of high shear continuous flow processors 

such as the Spinning Disk Processor (SDP) and 

Rotating Tube Processor (RTP) over other types of 

continuous flow microfluidic devices are their 

improved micromixing126 and energy transfer.84 

These processors produce a turbulent thin film that 

combines the advantageous conditions of turbulent 

flow and small cross sectional flow.84  

The above two types of high shear continuous 

flow processors have been used for preparing LnPO4 

rods. For the SDP reactants are pumped onto a disk 

spinning at high speed,99 and for the RTP reactants 

are pumped into a spinning drum.5 The different 

reactant injection methods for SDP versus RTP result 

in changes in LnPO4 rod morphology with an increase 

in reactant concentration.5 The SDP has a central 

“spin up zone” where the liquid is accelerated to the 

speed of the disk. The central spin up zone has 

poorer mixing, and at higher concentrations of 

lanthanides this leads to less nucleation and longer 

rods. In contrast, in the RTP, which lacks the “spin up 

zone”, higher concentrations lead to higher 

nucleation and shorter rods. 
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Fig. 4.4.3. Schematic of the VFD used in this study 

(borosilicate glass tube: 10-mm outer diameter, 

18cm in length). 

In the present study we report on the effect of 

the mixing and injection conditions within a new high 

shear reactor, the vortex fluidic device (VFD), on the 

morphology of the lanthanide phosphate 

nanoparticles. The VFD used consists of a 10 mm OD 

diameter glass tube that can be spun up to 10 000 

rpm by an electric motor (Fig. 4.4.1.) It has been 

previously applied to chemical synthesis and 

enhancing enzymatic reactions,85 self-assembly,27 

exfoliation of graphene127 and particle formation.128 

The operational parameters of the VFD include the 

rotation speed and tilt angle of the tube, which have 

been varied herein to ascertain the effect on the 

morphology of the particles.  Polyvinylpyrrolidone 

(PVP) was used to circumvent the particles adhering 

to the wall of the tube during their formation, with 

the polymer length varied as another synthetic 

parameter.  

4.4.2 Results 

Lanthanide phosphate (LnPO4) was produced as 

a white suspension both on the VFD and in batch 

processing. The production of LnPO4 was confirmed 

using X-Ray Diffraction (XRD) (Fig. 4.4.2.). The 

diffraction patterns were consistent with earlier 

work with nano sized doped lanthanum 

phosphate.129 There is a shift to higher 2θ in many of 

the peaks compared to the Joint Committee on 

Powder Diffraction Standards (JCPDS) standard for 

hexagonal (rhabdophane) lanthanum phosphate.130 

This is most evident for the (302) peak. A shift is 

expected due to the presence of dopant atoms in the 

lattice. The change in the lattice spacing is consistent 

with the smaller ionic radii of Ce and Tb(III) 

compared to La(III).119, 131 Other deviations from the 

standard diffraction pattern will be discussed later. 

Fig. 4.4.2. XRD spectra of LnPO4 nanoparticles using 

batch processing and VFD-based processing at a tilt 

angle of 458 in the presence of PVP360 and at 

various speeds. The pattern of the standard JCPDS 

file number 75-1881 is also shown for comparison.130 

Batch processing was used as the control to judge 

the effects of the VFD on the processing on the 

production of crystalline LnPO4 nano-rods. Batch 

processing in the absence of PVP resulted in short 

nano-sized rods (length: 39±13 nm width: 5.5±1 nm) 

(Figure 3a). They were on average slightly thicker 

and shorter than the rods produced in the presence 

of 10% PVP 40 (average molecular weight of 40 000), 

(length: 61±31nm, width: 4.1±1 nm) (Fig. 4.4.3d.). 

Literature reports the production of amorphous 

shuttle like particles under similar conditions118 and 

newer work suggests that longer reaction times and 

higher temperatures can improve crystallinity of the 

particles.132 

The XRD for batch generated particles showed 

that they were crystalline with broad peaks that are 

indicative of small particle size. There were 

deviations from the standard with weak diffraction 

from the (102), (212) and (101) crystal planes (Fig. 

4.4.2.). The (102) crystal plane is the crystal plane 

that runs along the axis of the rods130 and is likely to 

be weak in intensity due to the rods lying flat with 

respect to the X-ray beam. The low intensity in the 

(212) and (101) crystal plane peaks suggest that the 

nano-rods produced by batch processing contain 

defects that are not present in the rods produced on 

the VFD.  

TEM images reveal that a common product of 

continuous flow processing using the VFD was the 

formation of multiple nanorods emanating from a 
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central point (Fig. 4.4.3. and 4.4.4.), which we 

describe as dandelion structures. Similar products 

have appeared in literature under various names; 

radial aggregates119, urchin-like structures120 and 

Koosh balls.121 

The morphology of the dandelion shaped 

particles was influenced by changing in rotation 

speed, the chain length of the polymer and the tilt 

angle of the VFD tube.  

Varying the rotation speed of the VFD has 

previously been shown to dramatically vary the 

outcome of the processing, from exfoliation of 

graphene127 to controlling chemical reactivity85 and 

selectivity133, protein folding95 and enhancing 

enzymatic reactions.134 Rotation speeds of 5000 and 

7000 rpm were the optimum conditions for the 

formation of the dandelions (Fig. 4.4.3. and 4.4.4.). 

At low speeds, 3000 rpm, large particles formed, 500 

nm to 1 µm in diameter. These appeared as 

incomplete dandelions, forming bow-tie shaped 

particles or cross shaped particles (Fig. 4.4.4. a, b). At 

9000 rpm, bundles or individual rods become the 

major product rather than the dandelions. 

Earlier investigations on the VFD established that 

a tilt angle of 45o is optimal for a number of different 

types of processing.85, 88, 135 We tested changes in rod 

morphology at tilt angles of 0o and 45o at 7000 rpm 

(Fig. 4.4.3c-f.). There was no difference between 0o 

and 45o when PVP40 was used as the stabiliser. 

However, in the presence of PVP360 (average 

molecular weight of 360 000) there was a difference 

of 43 nm between the average lengths of the arms of 

the dandelions (Fig. 4.4.5.). 

Changing the length of PVP chain, from a 40 000 

molecular weight to 360 000 had a dramatic impact 

on the morphology of the LnPO4 particles as did 

changing the rotation speed and tilt angle  (Fig 

4.4.3-4.4.4). Dandelions produced with PVP360 were 

typically shorter and thinner than when using PVP40 

(Table 4.4.1, Fig. 4.4.3. 4.4.4b, e, and 5). The 

populations of particles synthesised with PVP360 had 

smaller standard deviations and that they are more 

uniform in size (Fig. 4.4.5.). The exception to this was 

for particles produced at 0o where the presence of 

PVP360 did not alter the width, and produced longer 

particles (Fig. 4.4.3e.). 

 
Fig. 4.4.3. TEM images of LnPO4 nanoparticles: (a) 

Batch synthesis. (b) Batch Synthesis in the presence 

of PVP40. (c) Particles prepared in the VFD at 7000 

rpm at 0o tilt in the presence of PVP40. (d) As for (c), 

but for 45o tilt angle. (e) As for (c) but with PVP360. 

(f) VFD operating at 7000 rpm 45o with PVP360. 
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Fig. 4.4.4. LnPO4 Nanoparticles produced on the VFD 

at 450 tilt: (a) 3000 rpm with PVP40. (b) 3000 rpm 

with PVP360. (c) 5000 rpm with PVP40. (d) 5000 rpm 

with PVP40. (e) 9000 rpm with PVP360. (f) 9000 rpm 

with PVP360. 

 

Fig. 4.4.5. Dimensions (length and width) of the LnPO4 rods and dandelion arms produced using the VFD and 

in batch process. The data were obtained from TEM analysis of 90 particles. Error bars indicate standard 

deviations. 

 

Table 4.4.1: Changes of rod morphology with rotation speed (rpm) and choice of polyvinylpyrrolidone. 

Rotation 

speed 
3000 rpm 5000 rpm 7000 rpm 9000 rpm 

PVP40 
Large bow-tie 

shaped particles 

Thicker armed 

dandelions 

Long and thin armed 

dandelions 
Bundles of rods 

PVP360 
Large bow-tie 

shaped particles 

Small and thin 
armed 

dandelions 

Small and thin armed 

dandelions 

Individual small 

short rods 
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4.4.3 Discussion  

Notable differences between the XRD patterns is the 

appearance and disappearance of the peak at 29.37 2θ which 

equates to the (102) lattice plane which runs along the long axis 

of the rod. Due to the nature of the XRD experiment, diffraction 

from crystal planes is suppressed when the lattice plane is 

perpendicular with respect to the incoming radiation. Thus, it 

would be expected that in samples where all of the rods are 

lying flat that the reflection from the (102) lattice plane would 

be suppressed. In the batch samples, the crystal plane appears 

suppressed. For the VFD operating at 5000 rpm and 7000 rpm a 

higher intensity of reflection from the (102) plane is seen, 

although still lower in intensity than expected for a random 

arrangement of crystal planes. This coincides with the 

appearance of dandelions and may be evidence of their 3D 

structure, which can also be seen in scanning electron 

microscopy images (Supplementary Information Fig. 4.4.S1. and 

4.4.S2). The intensity of the (102) XRD then decreased to the 

batch peak intensity at 9000 rpm, which is in line with the 

disappearance of the dandelions. 

The mechanism of formation of the dandelion aggregates is 

thought to be a process of aggregation of seed particles 

followed by radial outgrowth.136 In examples of forming 

dandelion particles by Fang et al.121 and Han et al.120 the 

formation of the particles was driven by linking small molecule 

and an additional nanoparticle. Their work showed that small 

molecule additives promoted the formation of the dandelion 

shaped particles. Extending this explanation to our work, the 

role of PVP additive is to facilitate the self-assembly of rods.137 

PVP contains polar pyrrolidine groups that allow for binding 

to the lanthanide ions. It has been used to control the growth 

of similar materials.138 However, the polymer did not facilitate 

the self-assembly using batch processing. The use of the SDP is 

effective in forming noble metal particles in the presence of 

PVP, as aggregates of small particles entangled in the 

polymer.139 These aggregates were of a similar nature to what 

is proposed as the seeds for the production of the dandelion 

particles. When silver was reduced on the SDP in the presence 

of polyvinyl pyrid-4-eine, rosette particles formed,140 as 

aggregates of small silver particles. The presence of polymers in 

dynamic thin films in the SDP and VFD clearly control the 

aggregation of nanoparticles.  

An explanation for the different morphologies with different 

polymer chain lengths is that a polymer chain must be at least 

three times the length of the diameter of the particle to be 

covered.101 For nanoparticles of about ~10 nm, PVP40 has a 

length similar to that of the particle diameter of coverage while 

PVP360 is ten times longer. PVP40 is in the intermediate stage 

where multiple polymer chains may be involved in binding to a 

single particle.136 The anisotropic nature of LnPO4 nano-rods 

clearly shows this effect. The rods are small enough in width (~5 

nm) for PVP40 to confine their width but not their length, but 

the much longer PVP360 confines both length and width. 

The effect of rotation speeds may have resulted from 

disentanglement of the longer chain polymer, allowing it to 

wrap more effectively. The dynamical thin films present on the 

SDP have been reported to disentangle polymer chains.99, 141 

This is possibly also in the case on the VFD which has been 

shown to disentangle proteins95 and affect self-assembled 

structures.94 

The effects of shear on polymer nanoparticle composites 

have been shown to reduce the time scale of aggregation 

through a combination of increasing diffusion and disentangling 

of the polymer.142 The effect of disentangling is important for 

low shear rates (3000 rpm) but the increase in diffusion 

becomes the rate determining step to the separation of 

localised clusters of nanoparticles at high shear rates.142 In the 

case of lanthanide phosphate nanoparticles, shear and the 

presence of PVP appear at least at moderate rotation speeds 

(5000-7000 rpm) to enhance aggregation of small particles into 

the dandelion particles.  

High shear can break apart aggregates, preventing collisions 

progressing to coagulation and the formation of larger 

particles.143, 144 However, there remains a balance between 

enhancing the likelihood of collisions through fast moving 

particles and collisions that are too transient to form 

aggregates.144 This offers a possible explanation for the lack of 

formation of dandelions at 9000 rpm. Another possible cause is 

the breakdown of Stewartson/Ekman layers as the thickness of 

the film diminishes at high speed.94 TEM images show that the 

LnPO4 bundles appear to have a similar morphology to those 

produced at 3000 rpm but at a smaller size. The non-linearity of 

the shear in the VFD has recently been demonstrated,87, 127, 135  

but it does not yet have clear implications for the shear rates at 

higher speeds.  

The differences between 45o and 0o angles of operation are 

highlighted by a reversal of the trend for smaller thinner 

particles when using PVP360. This suggests reduction in the 

ability of the VFD to disentangle the longer PVP360 polymer for 

efficient wrapping of the particles. This is consistent with 

reports of lower shear rates at a 0o angle of operation.88, 134 

4.4.4 Conclusions 

We have synthesised dandelion shaped LnPO4 particles 

using a simple room temperature method taking advantage of 

the recently developed continuous flow VFD thin film 

microfluidic platform. By modifying the reaction conditions and 

operating parameters of the VFD we have gained control over 

particle morphology. The differences between experiments 

using different parameters are due to the different shear stress 

environments present in the rotating tube and its effectiveness 

in linearising the PVP polymers of different lengths. Moreover, 

PVP is an effective stabiliser of the nanoparticles as well as 

facilitating the self-assembly process in forming the dandelions 

and impacts on their radial growth. These results further 

highlight the remarkable versatility of the VFD in gaining access 
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to novel material, as well as contributing to the ongoing 

fundamental understanding of the complex fluid dynamics. 

4.4.5 Experimental  

Lanthanide phosphate (LnPO4) particles were produced on 

a vortex fluidic device (VFD) using a 10 mm OD borosilicate glass 

tube.85 Two batch methods were used as controls, one with an 

additional 10% polyvinylpyrrolidone (PVP) and one without. 

Lanthanum phosphate was doped with cerium and terbium, (La, 

Ce, Tb) PO4 to produce fluorescence in the product. A 

lanthanide stock solution was prepared with ratio of 59% 

lanthanum, 16.5% cerium and 23.5% terbium in MilliQ filtered 

water.  Controls were prepared by mixing and shaking two 4 mL 

aliquots of stock solutions. The addition of PVP allowed a 

smooth flow of the LnPO4 out of the VFD with a minimum of in-

tube precipitation. Attempts to use stock solutions without the 

addition of 10% PVP resulted in aggregation and precipitation 

of nanoparticles inside the VFD tube inhibiting flow out of the 

device and altering the micromixing conditions. 

Lanthanum chloride heptahydrate was purchased from 

Alpha Aesar, terbium chloride hexahydrate from Sigma Aldrich 

and cerium nitrate hexahydrate and sodium di hydrogen 

phosphate from Univar. PVP was purchased from Sigma Aldrich. 

 Lanthanide stock solutions: 0.025 M LaCl3, 0.01 M 

TbCl3, 0.007 M Ce(NO3)3. 

 Phosphate stock solution: 0.025 M NaH2PO4. 

Two stock solutions were mixed with 10% PVP solution and 

fed into the VFD via systolic pumps at a flow rate of 0.5 mL/min. 

 Jet feed 1: 4 mL of lanthanide stock solution and 4 mL 

10% PVP solution.  
 Jet feed 2: 4 mL of phosphate stock solution and 4 mL 

10% PVP solution. 

Several synthetic and operational parameters of the VFD 

were investigated; rotation speed, angle of the VFD tube and 

the molecular weight of the PVP. The rotational speed of the 

VFD tube was varied from 3000 to 9000 rpm with the tilt angle 

fixed at 45o. To test the effect of the tilt angle of the device we 

compared the outputs at 0o and 45o at a rotational speed at 

7000 rpm. We also investigated the effect of the molecular 

weight of PVP, comparing the outputs using PVP with an 

average molecular weight of 40 000 (PVP40) to 360 000 

(PVP360). 

A JEOL 2000FX transmission electron microscope (TEM) 

instrument operating at 80 kV was used to determine the size 

and morphology of the LnPO4 nanoparticles. Samples were 

prepared by diluting LnPO4 solutions by 1 in 10 with Milli-Q 

water then placing a drop on top of carbon-coated 200 mesh 

copper grids, removing excess liquid and letting them dry in air. 

Scanning electron microscopy (SEM) images were attained 

using a Zeiss 1555 VP-FESEM instrument, with an accelerating 

voltage at 5 kV. The air-dried samples were coated with 

approximately 3 nm thick platinum layer before imaging. 

Powder X-Ray diffraction data was measured using a 

Panalytical Empyrean XRD instrument operating with Cu K  

radiation (λ = 0.154060 nm). Samples for the XRD were 

centrifuged at 3000 g for 30 min and the supernatant discarded. 

The samples were then resuspended and transferred to 1 mL 

Eppendorf tubes which were centrifuged at 10000 rpm for 20 

min. The pellet was then freeze dried by with liquid nitrogen 

using VirTis freezemobile 35EL. 
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4.4.7 Supporting information 

 

Figure 4.4.S1: SEM image of the lanthanum phosphate dandelions produced at 7000 rpm in 

the presence of PVP40 at 0o angle of operation 

 

 

Figure 4.4.S2: SEM image of the lanthanum phosphate dandelions produced at 7000 rpm in 

the presence of PVP40 at 0o angle of operation 
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Figure 4.4.S3: Fluorescence emission spectra for LnPO4 nanoparticles produced in batch and on 

the VFD at 7000 rpm with differing conditions. Excitation at 300 nm.
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4.5 Summary and Conclusion 

Multifunctional PCalix[n] coated magnetite nanoparticles were produced that were capable of 

removing nitrate and phosphate from waste water (Section 4.2). PCalix[4], [5] and [6] 

produced faceted particles and PCalix[8] produced only spherical particles. High 

concentrations (0.24 mM) of PCalix[n] made amorphous nanoparticles while at low 

concentrations (0.00024 mM) spherical particles were produced for all PCalix[n]. Faceted 

particles were produced by the oxidation of the surface of the nanoparticles by the PCalix[n] 

leading to a rearrangement of the surface atoms to a densely packed faceted surface. 

Nanoparticles were then successfully used to treat waste water. A sample of 1 gL-1 of PCalix[n] 

coated magnetite was able to remove 46-63% of nitrate and 43-48% of phosphate. Spherical 

PCalix[8] coated magnetite particles were the most successful at removing both contaminants. 

Polyvinylpyrrolidone (PVP) polymer coated magnetite nanoparticles were produced on the 

VFD using a continuous flow method (PVP) (Section 4.3). Magnetite nanoparticles with an 

average size ≈10 nm were synthesised at all spin speeds, both PVP molecular weights, and at 

0o and 45o for PVP360. The mean size of particles produced by batch methods were only 

slightly larger at 11-12 nm. However, particles produced on the VFD had superior magnetic 

properties, with particles produced at 45o at 7000 rpm with a PVP360 coating showing clear 

superparamagnetism. It was proposed that this was due to the VFD wrapping the particles in 

the polymer to create more magnetically isolated particles than was the case for other 

methods. 

Lanthanide phosphate nanorods and dandelions were produced with controllable aggregation 

states on the VFD with the use of the PVP polymer (Section 4.4). Batch methods produced 

short rods, while on the VFD dandelions were produced at moderate speeds. The formation 

and morphology of the dandelion shaped aggregates could be changed with changes in spin 

speed and angle. However, the biggest changes were seen with a change in PVP molecular 

weight. It was proposed that high shear first promotes then disrupts the production of the 

dandelions. The molecular weight of the PVP and the effect of the VFD on the wrapping of the 

PVP controls the formation of the dandelions. 

This work shows the importance of both the capping agent and the physical environment of 

the synthesis are both important in controlling the size, shape and functional properties of 

nanoparticles. The physical environment of the synthesis was altered by changing the spin 

speed and angle of the VFD. The biggest observed changes in particle properties were caused 

by the interactions between the capping agents and the physical parameters. 
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Chapter 5: General Discussion 

5.1 Introduction to general discussion 

In this Chapter the various results and conclusions from  the thesis are put into  context. What 
has been learned about the votex fluidic device (VFD) and how it can influence the continous 
production of nanoparticles is discussed. 

5.2. Major findings 

The major focus of this thesis was on the two machine parameters rotation speed and angle of 
the VFD and their effect on the synthesis of nanoparticles. It was found that varying the rotation 
speed and angle of the VFD had little effect on the segregation index and mixing time (Chapter 
3). This was against expectations, as was discussed in Chapter 3 the rotation speed and angle of 
the VFD has been shown to affect chemical synthesis.1The measured segregation index was ≈ 
0.15 for all rotation speeds and angles other than 0o, for which the segregation index was closer 
to 0.1 (Chapter 3). The segregation index corresponds to a mixing time of ≈ 0.1 seconds, which 
is much slower than the SDP and similar to the mixing time of a vigorously mixed stirred tank.2 
When it came to the synthesis of magnetite nanoparticles on the VFD the variation of rotation 
speed and angle of the VFD appeared to have no effect on the particle size (Section 4.3). 
However, the aggregation of lanthanoid phosphates into dandelions was interrupted by higher 
rotation speeds (Section 4.4). Overall, it was found that varying the rotation and rotation speed 
did not affect the initial synthesis steps of nanoparticle growth. 

However, the other major finding was that the addition of capping agents to the synthesis had 
a significant effect on the size, morphology and properties of the nanoparticles (Chapter 4). 
PCalix[n] coated magnetite nanoparticles (Section 4.2) were produced as faceted particles when 
PCalix[4], [5] and [6]  were used as the capping agent and as spherical particles when PCalix[8] 
was used. At low concentrations (0.00024 mM) spherical particles were produced for all 
PCalix[n] (Section 4.2). PCalix[n] facilitated the formation of faceted particles by the oxidation of 
the surface of the nanoparticles (Section 4.2). For nanoparticles synthesised on the VFD 
(Sections 4.3 and 4.4) the non-toxic polymer polyvinylpyrrolidone (PVP) was an integral and 
active part of the synthesis. Magnetite nanoparticles produced on the VFD (section 4.3) had 
superior magnetic properties, with particles produced at 45o at 7000 rpm with a PVP360 coating 
showing clear superparamagnetism. It was proposed that this was due to the VFD wrapping the 
particles in the polymer to create more magnetically isolated particles than was the case for 
other methods. Lanthanoid phosphates produced on the VFD (Section 4.4) showed the biggest 
changes of morphology of the dandelions when the PVP molecular weight was varied from 
PVP40 to PVP360. The molecular weight of the PVP and the effect of the VFD on the wrapping 
of the PVP influenced the formation of the dandelions. 

 

5.2. Discussion 

These studies into the VFD were for the purpose of using it as a new continuous flow 
chemical reactor for the production of nanoparticles. The early stages of a chemical 
reaction are where nucleation occurs; control over the reaction at that step can produce 
the most uniform products in both size and shape. The mixing and micromixing of the 
solution act to create a homogenous solution at all parts of the reactor. For the two fast 
precipitation reactions used to produce inorganic nanoparticles in this work fast 
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micromixing is critically important. The co-precipitation of magnetite nanoparticles is a 
common and well-studied process, making it an excellent choice for this work.3 
Lanthanoid phosphate nanorods are naturally anisotropic and can be produced by a fast 
precipitation process making them an interesting nanoparticle with which to study the 
effects of thin dynamic thin films on anisotropic particles. Both reactions had also been 
successfully applied previously to the spinning disc processor (SDP) providing a 
convenient point of comparison for the two chemical reactors.4, 5 Studying these two 
reactions can give insight into nanoparticle production on the VFD more generally.  

5.2.1 Mixing time compared with reaction time. 

The findings that the mixing time on the VFD was on the order of 0.1 seconds and that 
changing the rotation speed did not change the particle size are linked. The co-
precipitation method for producing magnetite is an almost instantaneous reaction.6 The 
mixing time on the VFD is on the order of 0.1 seconds (Chapter 3), orders of magnitude 
less than the SDP7, therefore it is likely that the co-precipitation reaction is complete 
before complete mixing is achieved. It is most probable that the reaction occurs in the 
hemispherical spin up zone of the VFD8, never encountering the dynamic thin film of the 
VFD. 

Problems of the co-precipitation reaction completing within the spin up zone before 
encountering the dynamic thin film has also been noted in work on the SDP.4 In that work 
Ammonia gas was used to try to slow the reaction by introducing an addition dissolution 
step. However, ammonia gas could not be used in the current work due to safety 
concerns. In the current work (Section 4.3) an aerosol of concentrated ammonia solution 
was used instead. This was not equivalent because the added ammonia was in the 
aqueous form but in fine droplets of solution rather a gas that needs to undergo a 
disassociation reaction first before creating the hydroxide in the iron solution to 
precipitate magnetite. The dynamic thin film on the SDP and by extension the VFD are 
known to facilitate the dissolution of gases9 and accordingly the ammonia gas would be 
dissolved more readily within the dynamic thin film than the spin up zone. The use of an 
aerosol facilitates the reaction in the dynamic thin film as the thin film has higher surface 
area than the spin up zone at the bottom of the tube. However, with an instantaneous 
reaction and a slow feed rate it is likely that the reaction begins before the feed droplet 
even encounters the rapidly spinning glass surface. This is particularly problematic for 
magnetite co-precipitation as the effect of incomplete mixing is particularly complicated 
for magnetite.10 Inhomogeneity of pH within the solution can result in different reaction 
mechanisms in different parts of the solution.10 

Lanthanoid phosphates were also produced by a rapid precipitation technique that has 
typically not produced high quality particles.5 The reaction time for the production of 
lanthanoid phosphates is slower than that of the co-precipitation of magnetite at around 
0.01 s.11 The reaction time is still faster than the mixing time for the VFD and so there 
was no lengthening or shortening of the rods with a change in rotation speed. Changes 
in rod lengths with different machine parameters were seen in work by Fang et al. on the 
SDP and RTP.5 Fang et al. suggested that the different initial mixing characteristics of the 
two processors resulted in the processors having  the opposite trend in the lengthening 
of the rods with rotation speed. The mixing time for the SDP is at a similar order to that 
of the lanthanoid phosphate reaction growth and so the rotation speed can affect this 
part of the reaction. Fang et al. reported the different conditions for Ostwald ripening on 
the SDP and RTP as the major reasons for the differences in the nanorods produced on 
the SDP and RTP.5 However,  other work suggests that the Ostwald ripening of lanthanoid 
phosphates is neligible,11 due to the insolubility of lanthanoid phosphates in water. 
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Accordingly, in the work the effect of Ostwald ripening is not considered a major factor 
in their size, morphology and aggregation of the nanoparticles produced. 

In this work on the VFD dandelion particles were the major product at 5000 and 7000 
rpm rather than the individual rods seen on the other processors in earlier work (Section 
4.4). There are two hypotheses to explain this observation. The first is crystal splitting, 
where the crystals in the correct chemical conditions will split as they grow to form the 
dandelions. This was the suggestion of Kawase et al., who produced dandelion particles 
with a reaction time of 0.1 seconds; which is the same as the mixing time for the VFD.11 
The second is the aggregation of seed particles followed by a radial growth from the 
central aggregation of seeds. This mechanism has been identified by sonication to be the 
most likely process of formation of the dandelion particles.12 The absence of dandelion 
particles at 9000 rpm is also consistent with the second hypothesis, an aggregation of 
seeds growth mechanism. The high shear present at 9000 rpm prevents the aggregation 
of the seeds resulting in the production of individual rods (Section 4.4). The chemical 
conditions are still identical at 9000 rpm as the mixing time is still much slower than the 
reaction time, which means that the first hypothesis does not account for the lack of 
dandelion formation at this rotation speed. For the production of the dandelion particles 
the aggregation behaviour of lanthanoid phosphate seed particles is most important. In 
this work the use of polyvinyl pyrrolidine (PVP) polymer was a distinguishing feature from 
the earlier work done on other processors. 

5.2.2 The effects of the VFD on polymer stabilisers 

The VFD has a low flow rate and a long residence time, which makes it particularly prone 
to fouling. The fouling issue was mitigated with the use of PVP polymer. The PVP polymer 
was chosen as the polymer stabiliser in this work as it is non-toxic and highly water 
soluble. PVP contains an amide functional group that through lone electron pairs is able 
to complex metal ions and to bind to the surface of nanoparticles. The high solubility of 
PVP in water also gave it an advantage over other surfactants as it allowed for the use of 
high concentrations (10%) which was used to improve the yield of nanoparticles in 
reactor outflow. PVP is one of many possible stabilisers and polymers that meet these 
criteria and other stabilisers were trialled. The common surfactants sodium dodecyl 
sulfate (SDS) and cetyltrimethylamonium bromide (CTAB) were found not to be 
appropriate for the reaction as bubbles formed inside the VFD when the ammonia input 
gas was introduced. Work previously done on the SDP used the natural carboxylic acid 
alginic acid as the stabiliser but this was found to form a gel and the pumps used could 
not pump it onto the device.4 PVP was determined to be the best polymer to stabilise the 
nanoparticles on the VFD. High concentrations and high average molecular weights were 
most effective at preventing fouling. The largest differences in the properties of the 
particles produced for both magnetite and lanthanoid phosphate materials occurred 
when PVP was added and the average molecular weight of PVP was changed from 40 000 
gmol-1 (PVP40) to 360 000 gmol-1 (PVP360).  

Co-precipitation reactions in the presence of polymers, particularly with co-ordinating 
polymers such as PVP, have additional steps when compared with a clean precipitation. 
The component ions  complex with the amide functional groups of PVP and precipitate 
on the polymer strand.13. The complex formation can control the release of metal ions 
and modify the precipitation rate of the nanoparticles.14-16 Once particles have grown, 
the binding of polymers to the surface can constrain growth. A polymer chain must be at 
least three times the length of the diameter of coverage.16 For nanoparticles of about 
~10 nm and for PVP, PVP40 has a contour length similar to that of the particle surface 
while PVP360 is ten times longer. PVP40 is in the intermediate stage where multiple 
polymer chains may be involved in binding with a single particle.16 This could be the 
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reason for the different properties of magnetite particles produced with these two 
polymers. The lanthanoid nanorods, which are anisotropic, show this effect clearly. The 
rods are small enough in width (~5 nm) for PVP40 to confine their width but not their 
length, but the 10 times longer PVP360 is long enough to confine their length as well. 
This is what was observed, with PVP40 confining only the rod width and PVP360 confining 
both length and width when compared with those of nanorods produced in batch. 

One of the major changes in the properties with the use of PVP solutions with increasing 
molecular weights is a notable increase in viscosity of the solution with increasing 
molecular weight. Viscosity is a critical parameter in fluid behaviour17 and in the diffusion 
and aggregation of the particles.18 High viscosity fluids are defined by their internal 
friction and resistance to applied forces.17 Increasing the viscosity of a reaction solution 
makes mixing less efficient.19 For magnetite, slightly larger particles were formed in batch 
with PVP360 than with PVP40 but the opposite result was observed on the VFD (Section 
4.3). A potential explanation is that this is caused by the increase of viscosity, which 
reduced mixing efficiency in batch but not on the VFD, where the high shear can 
disentangle polymers.20  

In addition to the effect of viscosity on mixing, viscosity is also important in diffusion and 
aggregation of particles within the fluid. This is a potential explanation for the difference 
in aggregation behaviour between nanoparticles produced with PVP40 and PVP360. 
When dealing with the aggregation behaviour of small, low mass particles, such as 
nanoparticles, fluid dynamics have little effect. The diffusion of small particles even in 
turbulent flows is still dominated by Brownian motion of particles.18 The diffusion 
constant is the key to Brownian motion behaviour of nanoparticles. It can be determined 
by the Stokes-Einstein equation which importantly has viscosity as a key parameter.18, 21  
The higher the viscosity the smaller the diffusion constant, and diffusion of nanoparticles 
in solution is slower. This hinders aggregation because the particles take longer to reach 
each other to aggregate.22 For small nanoparticles with no interaction with the polymer 
the effect of viscosity may be much less than the total solution viscosity.23 Experimental 
evidence suggests that small nanoparticles have a diffusion constant that is higher than 
the one calculated by the Stokes-Einstein and lower than those predicted for particles 
unhindered by viscosity.24  Recent work suggests that the molecular weight of the 
polymer only changes diffusion rate of nanoparticles by a small amount.25 The increase 
in viscosity, while relevant for the fluid dynamics, was probably not the reason for the 
improvement in properties of the magnetite nanoparticles and the controlled 
aggregation of lanthanoid phosphate. 

The effect of high shear can break apart aggregates, preventing collisions progressing to 
coagulation and the formation of larger particles.26, 27 However, there remains a balance 
between enhancing the likelihood of collisions through fast moving particles and 
collisions that are too transient to form aggregates.27 The effect of shear on polymers and 
polymer-suspended nanoparticles has been an area of ongoing research.25, 27-29 Polymers 
exist in an entanglement of molecular chains supported by intramolecular bonds.20 The 
SDP has been seen to disentangle the polymers and reduce the viscosity of the polymer 
solution.20 The VFD has also been observed to aid the self-assembly of structures30 and 
proteins31. It is proposed here that the disentangling of the polymer on the dynamic thin 
film of the VFD results in the most thermodynamic state of bonding between the particles 
and the polymer, resulting in the efficient wrapping of the particles (Section 4.3).  

The effects of shear on polymer nanoparticle composites have been shown to reduce the 
time scale of aggregation through a combination of increasing diffusion and disentangling 
of the polymer.28 The effect of disentangling is important for low shear rates but the 
increase in diffusion becomes the rate determining step to the separation of localised 



 

94 
 

clusters of nanoparticles at high shear rates.28 In the case of lanthanoid phosphate 
nanoparticles, shear and the presence of PVP appear, for at least moderate rotation 
speeds, to enhance aggregation of small particles into the dandelion particles. 
Lanthanoid dandelion particles have been formed with no additional additives12, but 
these results are at odds with lanthanoid dandelions not being observed in batch. Most 
other reports of the formation of dandelion particles involve some small molecule 
additive.32, 33 Earlier work on the SDP aggregates of small particles of palladium were 
formed in the presence of PVP.34 These aggregates were of a similar nature to what was 
proposed to be the aggregated seeds for the production of the dandelion particles 
(Section 4.4). When silver was reduced on the SDP in the presence of polyvinyl pyrid-4-
eine, rosette particles were reported to have formed.35 The rosette particles were also 
aggregates of small silver particles. The presence of polymers and the application of 
dynamic thin films can control the aggregation of synthesised nanoparticles.  

Through the control over parameters of polymer properties, polymer chain length, 
rotation speed and angle the aggregation behaviour of nanoparticles can be controlled. 
These parameters can lead to either a reduction in aggregation as was the case for 
magnetite nanoparticles (Section 4.3) or an enhancement in a controlled way as was the 
case for lanthanoid nanoparticles (Section 4.4). The interaction of shear rate, polymer 
and ultimately the reaction rate for the production of the nanoparticles can result in 
wildly different results for the production of nanoparticles on the VFD. 

5.3 Conclusions 

In this thesis the VFD was investigated for the controlled production of nanoparticles.  
Co-precipitation reactions to produce magnetite and lanthanoid phosphate 
nanoparticles in particular were investigated. This thesis discussed the effectiveness of 
the VFD at synthesising these nanoparticles. The measured mixing time of 0.1 seconds, 
from chapter 3, suggests the mixing time of the VFD is too slow to directly affect the 
processes of the fast aqueous co-precipitation reactions. However, chapter 4 highlights 
that the slower processes of aggregation and the interactions of nanoparticles with 
polymers can be modified by the dynamic thin film conditions of the device. Furthermore, 
with careful control over the parameters of a reaction including rotation speed and angle 
of the VFD the produced nanoparticles and their aggregation state can be modified. 
Functional coatings can be added to nanoparticles to augment their properties for 
possible applications in nitrate and phosphate removal, biofuels, algal collection and 
biosensing. The VFD shows potential as an effective continuous flow reactor for the 
synthesis of functional nanoparticles. However, careful control over the chemical 
conditions is required so that the mechanical parameters of the device can also be used 
to control nanoparticle growth and aggregation state. 

5.4 Future work 

Key to optimising the use of the VFD for the production of functional nanoparticles is an 
accurate understanding of the mixing time and mixing behaviour of the VFD. This work is 
already underway and ongoing.8 The Dushman-Villemaux technique used here was not 
precise but there are many other options for testing the mixing behaviours of continuous 
flow devices.36, 37 The overall goal is to eventually have a full characterisation of the fluid 
behaviour inside the VFD. With a better understanding of this behaviour the strengths of 
producing nanoparticles on the VFD can be utilised and challenges overcome.  

This work has helped to measure the mixing speed of the VFD allowing for more informed 
decisions on what are the most appropriate nanoparticle production reactions.  
Reactions with reaction times more closely aligned with the mixing time of the VFD 
should be studied as they will be most affected by the parameters available on the VFD. 
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Good potential targets are fast but not instantaneous metal nanoparticle reduction 
reactions that were not studied in this work. The reaction rate of these reactions can be 
tuned by the choice of reducing and capping agents to a reaction rate best suited to the 
VFD.38  

There are also physical or mechanical solutions to the challenge of tuning the reaction 
rate of reactions to the VFD. Heating and cooling of the reaction was not studied but it is 
an important method of controlling chemical reactions. Identifying the most effective 
method of heating for the VFD is itself a challenge and may require further design work. 
It is suggested that the difficulty in controlling reactions with the VFD was that the 
reactions were occurring in the spin up zone and not within the dynamic thin film of the 
device. One potentially effective way to try to limit the reaction to the dynamic thin film 
is by using  true biphasic reaction using gaseous reactant as the thin film more easily 
absorbs gases.9 The glass tube is transparent to visible light. This property was used to 
monitor the thin film in Chapter 3. Reactions activated with light could potentially be 
performed on the VFD. One of the advantages of this method is that reactions would not 
occur until reactants are fully within the dynamic thin film. For UV activated reactions a 
special quartz tube may be required. 

Additional VFD parameters beyond rotation speed and angle, which were investigated in 
this work, have potential in controlling nanoparticle growth. The most important of these 
is  the effect of flow rate which has since been found to be a very important parameter 
in the mixing behaviour of the VFD.1, 8 Changing the properties of the glass or using 
different tube materials was investigated briefly but there is much more scope to 
investigate. Two examples are investigating other tube materials and potential 
patterning of the tube. Any number of modular additions beyond that of the UV/vis 
spectroscopy used in this work are possibly available for further development for the 
VFD. 

The production of functional nanoparticles on the VFD could be improved with more 
investigation into potential stabilisers and the effect of the VFD on these stabilisers. 
Particularly useful would be applied work using phosphates and PCalix[n] as an anchor 
functional group as these have shown the ability to remove nitrates from waste water.39 
For the production of magnetite specifically the use of NH3 gas rather than an aerosol 
could also be used to slow the reaction to allow time for the particles to form inside the 
dynamic thin film.4 

A thorough characterisation of the dandelion particles should be performed, particularly 
with the ratios of the lanthanoids within the structure and a probing of the importance 
of the polymers in their production and morphology. The literature remains mixed on the 
mechanisms of dandelion formation and their character. The ability of the VFD to change 
their formation with rotation speed offers a possible way to probe this. The fluorescence 
of the dandelions was measured but was unremarkable. Efforts could be made to 
improve the fluorescence of the LnPO4 particles and nanorods through heating and 
pressurising.  

The magnetite PCalix[n] composites require further work to improve their reusability. A 
more rigorous characterisation of the surface of the PCalix[n] coated particles should be 
undertaken, perhaps with characterisation techniques unavailable for the current work. 
The binding behaviour between PCalix[8] and the magnetite nanoparticle surface  and 
comparison with the other PCalix[n] will help to explain the formation of spherical 
particles verses faceted particles. Also, an investigation into the surface oxidation and 
rearrangement reactions would confirm the hypothesis that the PCalix[n] was inducing 
the formation of facetted particles. 
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This work was a significant step in the understanding of the VFD and the synthesis of 
functional nanoparticles. However, scientific inquiry often produces as many questions 
as it answers, leading the way towards the next targets of inquiry.  
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Composite material based on 

superparamagnetic magnetite nanoparticles 

embedded inside polyvinylpyrrolidone (PVP) is 

prepared in a continuous flow vortex fluidic 

device (VFD), with the same device being 

effective in entrapping microalgal cells inside 

this material. The cells gain a magnetic function, 

with the ability to retrieve them from aqueous 

dispersions with an external magnet.  

 Interest in the production of biofuels and valuable 

feedstock for the pharmaceutical and other chemical 

industries using microorganisms such as microalgae is 

gaining momentum.1,2 Algal cell cultures are highly 

dispersed in nature and require large volumes of water to 

grow and this is an issue in their harvesting step for such 

applications.3,4 Several methods have been developed to 

separate microorganisms from their environment, which 

includes immobilization by entrapment whereby the 

cells are captured in synthetic or natural polymeric 

materials, or inorganic spheres.4-7 Another method 

involves magnetic separation which requires introducing 

magnetic particles into the microbial cells of interest.8-11 

Herein, we combine cellular entrapment and magnetic 

separation methods with the magnetic material 

embedded in the entrapment material. This involves 

sequential continuous flow and confined mode 

processing using a vortex fluidic device (VFD), Figure 

1, for preparing a polymer impregnated with 

superparamagnetic nanoparticles and then entrapment of 

microalgal cells. The application of vortex fluidics 

device as a form of process intensification in entrapping 

algal cells is without precedent.  

VFD processing has been used to (i) exfoliate graphite 

into graphene and hexagonal boron nitride (h-BN) into 

single sheets of the material,12,13 (ii) in disassembling 

molecular capsules of p-phosphonic acid calix[5]arene 

held together by a seam of hydrogen bonds,14  and (iii) 

control the growth of palladium nano-particles on 

carbon-nano-onions by the high mass transfer of 

hydrogen reducing agent in thin films which arises from 

the break down in surface tension by the waves and 

ripples in a dynamic thin film15. For (i) – (iii) the VFD 

operates under a confined mode with a finite volume of 

liquid subject to intense shear with optimized inclination 

angle of 45o. The VFD can also be used under 

continuous flow which is established for the first time 

herein. The VFD has jet feeds of reagents directed to the 

base of a rapidly rotating 10 mm diameter tube where the 

resulting thin film has intense shear, depending on the 

processing parameters.12,13 These include rotational 

speed rotational speed and tilting angle (θ) which 

determines the thickness of the film. Increasing the 

rotational speed increases the shear within the dynamic 

thin films.12,13 This technology relates to a much larger 

horizontally fixed rotating tube processor (RTP) which 

has been effective in the controlled ‘bottom up’ growth 

of nanomaterials.16-17 PVP was the polymer of choice 

with its ability to provide a hydrophobic coating for 

nanoparticles,18 with potential for complementary 

hydrophobic interaction and thus adhesion to the 

hydrophobic surface of microalgal cell walls. PVP has 

also been efficiently used for magnetite nanoparticles 

mainly for obtaining nanoparticles with a uniform 

behavior and controlled particle size.19-20 Other methods 

for the in situ preparation of magnetite-PVP nano-

composite include thermal decomposition of iron-

precursor by mixing it with a boiling polymer solution at 

very high temperatures (such as 160 °C20 and 80 °C19) 

for a certain time, which is followed by its drying under 

vacuum.19-20 Herein, with the ease of VFD processing we 

aimed to achieve a simple and energy intense procedure 

at ambient process conditions. 

 

Figure 1. Schematic illustration of the entrapment 

process, involving the preparation of superparamagnetic 

magnetite nanoparticles embedded in PVP, followed by 

the entrapment of algal cells, using a vortex fluidic 

device (VFD).  
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 The overall processes for embedding microalgae cells 

within magnetic polymer matrix are given in Figure 1. 

Superparamagnetic magnetite embedded in PVP was 

prepared by mixing 4 mL of 20 mM Fe+3 and 10 mM 

Fe+2 with 10% PVP (w/v) with an average molecular 

weight of 40,000 in 4 mL water, under an atmosphere of 

NH3 and argon using the VFD operating at 7000 rpm 

with an inclination angle of 0 within a  cylindrical-glass 

tube with a diameter of 10 mm. Operational parameters 

such as the inclination angle, speed of the VFD, and the 

amount of PVP used were initially optimized so that the 

PVP and  magnetite solution could flow out s of the VFD 

tube by the end of the process. Using 10% (w/v) of PVP 

was efficient enough to avoid the build-up of the 

magnetite on the walls of the VFD tube at these specified 

VFD operation conditions. The VFD was also employed 

under confined mode, for 45 minutes at various rotating 

speeds (2500, 5000, 6500 rpm) with an inclination angle 

() of 45, which was selected on the basis as being the 

optimized angle for the greatest shear in exfoliating 

graphene and h-BN.12 Equal volumes of microalgae 

solution (0.5 mL per each) were mixed with magnetite 

nanoparticles (Fe3O4) in a polymer solution. As a control 

experiment, the same amounts were also mixed without 

any VFD processing by employing a gentle hand-shake 

at the beginning of the experiment. Wild type Chlorella 

vulgaris cells (Australian National Algae Culture 

Collection, CSIRO) were used as the microalgae source 

and initially grown in MLA fresh water medium.21  

Inoculated algae cultures were at their exponential phase 

of growth with a cell concentration of around 3 mg total 

chlorophyll content (Chl a & b) per liter of culture 

solution. Algal growth was carried out under artificial 

illumination (16 h light/ 8 h dark cycle) at 25 C, inside 

glass flasks with orbital shaking at 120 rpm.  

 

Figure 2. (a) TEM images of Fe3O4 magnetite 

nanoparticles with a mean particle size 10.32 ± 5.13 nm 

(scale bar: 50 nm); (b) XRD pattern of PVP-coated iron 

oxide; (c) magnetization curve of PVP-coated iron oxide 

nanoparticles at 300 K. 

Transmission electron microscopy (TEM) of the 

magnetite-PVP composite revealed the presence of 

spherical Fe3O4 nanoparticles with an average particle 

size of around 10.32 ± 5.13 nm, within the range of 5 to 

15 nm in diameter, Figure 2a. The major peak data of the 

X-Ray Diffraction Pattern (XRD) of PVP coated iron-

oxide nanoparticles, given in Figure 2b, corresponds to 

the XRD data of crystal Fe3O4 particles. The diffraction 

peaks at 2θ of 30.15°, 35.71°, 43.11°, 53.60°, 57.26°, 

and 62.94°  can be assigned to (220), (311), (400), (422), 

(511), and (440) planes of Fe3O4 (JCPDS, card no. 88-

0866), respectively. By following the Scherrer's 

equation22, XRD results also revealed an average 

particle size of 10.2 nm which is also consistent with the 

results obtained by the TEM analysis. Figure 2c shows 

the magnetization curve of the PVP-coated iron oxide 

nanoparticles at room temperature. The particles display 

a superparamagnetic behavior as the remanence and 

coercivity of the hysteresis loops are going to zero. The 

saturation magnetization (Ms) value is around 69.7 emu 

g-1, which is close to the theoretical Ms value of 92 emu 

g-1 for bulk magnetite23, and also consistent with the Ms 

results of previous studies with similar particle sizes, 

which are reported in between 30-70 emu g-1.8,24-26 

Utilization of superparamagnetic nanoparticles for 

magnetizing the biological cell cultures brings a benefit 

of easy re-dispersion of the mixture once the external 

magnet is removed from the surroundings.8 

 

Figure 3. SEM image of C.vulgaris cells within the 

magnetite-PVP composite: (a) and (b) immediately post 

VFD processing at 5000 rpm (scale bar: 2 m); (c) and 

(d) after 7 days (scale bar: 1 m). 

Scanning electron microscopy (SEM) and 

fluorescence microscopy images of the microalgae 

cultures were recorded to examine the nature of the 

entrapment and the viability of the cultures, respectively. 

SEM images in Figure 3 show the microalgal cells ~2.5-

3 µm in diameter embedded in the polymer composite. 

Images in Figure 3(a) and (b) were taken immediately 

post VFD processing, whereas images in Figures 3(c) 

and (d) are for samples after 7 days. Clearly the 

magnetite-PVP composite in blocks, around 300 nm 

thick, assembled on the surface of the spheroidal algal 

cells as a uniform mat, with a self-assembly process 

resulting in the entire cell surface of the cells being 

entrapped, Figures 3(c) and (d). Quantitative entrapment 

efficiencies are also given separately within further 

sections (see below). After 7 days the algal are entrapped 

to the same extent regardless of using VFD or not, but 

the VFD provides a platform for accelerating the 

process, with the high speeds accelerating it even further. 

Magnetite nanoparticles are mostly embedded inside the 

PVP polymer coating, which was evaluated by the 



 

xxiii 
 

Atomic Fluorescence Microscopy (AFM) (see ESI, for 

details). Clear observation of the magnetic nanoparticles 

couldonly be achieved by TEM due to the nano-size of 

the particles, Figure 2. 

Autofluorescence of microalgae cells was used for 

identifying the cells within the magnetite-PVP 

composite, while also establishing the viability of the 

cell cultures. Fluorescence microscopy was applied 

using an excitation filter around 540 nm which is near 

the Soret band maximum absorption of algal chlorophyll 

b pigment.8,28 The last column in Figure 4 shows the 

overlapped bright field and fluorescence microscopy 

images of microalgae cells embedded in the matrix 

without using VFD processing, Figure 4(a), and with 

VFD processing at 2500 rpm, 5000 rpm, 6500 rpm after 

7 days, Figures 4(b)-(d) respectively. The red 

fluorescence of algal cultures indicates the viability of 

cells in parallel to their active chlorophyll pigment. 

Regardless of the mixing process and speed, the mixture 

of the PVP polymer and magnetite was not toxic to the 

cells during the entire process.  

 

Figure 4. Bright field (first-column) and fluorescence 

microscopy images under Texas-Red filters (second-

column) for entrapped microalgal cells (a) without VFD 

processing; and with VFD processing at (b) 2500 rpm, 

(c) 5000 rpm, (d) 6500 rpm, after 7 days. Third-column 

reveals the overlapped bright field (colorless) and red 

fluorescence microscopy image under Texas-Red filters 

(red color). Note that the red autofluorescence is due to 

the presence of an active “chlorophyll b” pigment in 

microalgae cells (scale bar: 20 m).  

Figures 5 and 6 reveal that the entrapped microalgal 

cells within magnetic polymer matrix can be 

successfully collected using a simple external magnet. 

Figure 5 establishes the algal entrapment efficiencies of 

magnetic polymer matrix with and without VFD 

processing. The entrapment efficiency has been 

calculated by the ratio of “total amount of cell within the 

mixture minus the amount of microalgal cells present in 

the liquid portion after applying an external magnet” to 

the total amount of cells. The final number has been 

normalized after multiplying by 100%. Total chlorophyll 

content has been used as a measure for the cell 

concentration.29 Clearly at the beginning of the 

experiment (0 day), mixing the cells with a magnetite-

PVP composite solution without VFD processing was 

not effective in entrapping the cells (27.3%) compare to 

using the VFD. Moreover, higher VFD speed (6500 

rpm) yielded the maximum entrapment efficiency even 

at the beginning of the process (95.2%), followed by 

5000 rpm (88.1%) and 2500 rpm (78.5%), ie without the 

7 days of ageing. Regardless of the nature of the mixing 

process, lower entrapment efficiencies significantly 

increases by the 3rd day and reached their maxima (up to 

97 % for 6500 rpm) by 7 days while most of the algae 

cells are embedded within the polymer matrix, which 

was also established by the SEM, Figure 3, and 

fluorescence microscopy images, Figure 4. Figure 6 

shows the optical images of algae cells and magnetite in 

PVP solution after applying a magnet on the left side of 

the tubes (a) at the beginning, (b) after 3 days, and (c) 

after 7 days from the start of the experiments. Note the 

lighter color of the top liquid partition is due to the 

decreased concentration of algal cells within the liquid 

due to greater entrapment within the composite with 

respect to time. In parallel with the results given in 

Figure 5, VFD processing at 6500 rpm achieved almost 

a complete cellular entrapment starting from the 

beginning of the experiment.  

 

Figure 5. Algal harvesting efficiency of magnetite-PVP 

composite material with an external magnet. Algal cells 

without VFD processing (yellow column); and with 

VFD processing at 2500 rpm (red column), 5000 rpm 

(green column), and 6500 rpm (blue column). 
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Figure 6. Magnetic response of entrapped and 

magnetized microalgal cells against an externally 

applied magnetic field; (a) immediately after mixing 

with or without VFD processing, (b) after 3 days, (c) 

after 7 days. First column of each row represents mixing 

without VFD, second column is VFD for 2500 rpm, third 

column is for 5000 rpm, and the final column is for 6500 

rpm. 

In summary, we have established the use of VFD 

processing for fabricating a magnetite-PVP composite, 

and then entrapment of algal cells by the this material, 

for sequential continuous flow and confined mode of 

VFD processing respectively. This further establishes 

the utility of the VFD in gaining access to functional 

materials. Moreover, the ability to coat algal cells in a 

controlled way is a new paradigm in preparing 

hierarchical composite material, in this case with the 

ability to separate the functional material magnetically. 

Importantly the entrapped algal within a non-toxic and 

magnetic support offers a simple algal harvesting 

process. Advanced mechanical or chemical processing, 

such as mild sonication or addition of certain chemicals 

for lowering the hydrophobicity of the surfaces, can 

possibly be employed for the separation of the entrapped 

cells from its matrix. 
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† Methods summary   SEM analyses were acquired using a 

Zeiss 1555 VP-FESEM, while the accelerating voltage was 3 

kV. The air-dried samples were coated with approximately 3 

nm layer of platinum before imaging. The cell imaging was 

carried out under bright field and under fluorescence by using 

an upright fluorescence microscope (Olympus BX61) with 

Texas-Red filters having laser excitation wavelengths at 545-

580 nm and emission wavelengths of 610 nm.8,28  Both bright 

field and fluorescence images were captured by using Cell® 

imaging software. Total chlorophyll content (Chl a & b) was 

explored by following the spectrophotometric measurements of 

the methanol extracts of algal culture pellet.23 A JEOL 2000FX 

TEM instrument operating at 80 kV was used for determining 

the size and morphology of magnetite nanoparticles. Samples 

were prepared by placing the magnetite solutions on top of 

carbon-coated 200 mesh copper grids after letting them to dry. 

TEM data was processed by using Image-J software. Quantum 

Design 7 T MPMS superconducting quantum interference 

device (SQUID) magnetometer was used for measuring the 

magnetic properties of PVP-coated iron oxide nanoparticles at 

300 K. This magnetization data is normalized with respect to 

the iron content of the samples, which was determined by 

using5 

Inductively Coupled Plasma/Atomic Absorption Spectroscopy 

(ICP/AAS). Powder X-Ray Diffraction (XRD, Panalytical 

Empyrean XRD) with Cu Ka radiation ( = 0.154 nm) were 

used to characterize the average particle size and the phase 

structures of the magnetic nanoparticles. Atomic force 

microscopy (AFM) analysis were carried out by a NanoMan 

AFM system (Veeco Instruments Inc.), operating under the 

tapping mode. 
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A2 Supplementary Information  

S1. Atomic Force Microscopy  

Tapping-mode AFM imaging was undertaken to investigate the location of the magnetite 

nanoparticles with respect to their PVP coating. Height (Figure S1a, S2a), phase (Fig. S1b, S2b), 

and amplitude (Fig. S1c, S2c) AFM results have been reported as two-phase (Fig.S1) and 3D 

topographic images (Figure S2). Amplitude and phase AFM images revealed that the majority of 

the magnetic nanoparticles are embedded within the PVP coating, as the imaging tip of the AFM 

could not directly make contact with the nanoparticles.  The amplitude AFM image gives 

information about the edges of the features. Figure S1c and S2c mostly displayed a nearly 

uniform/smooth surface of PVP polymer, without any significant amplitude peaks. If the 

magnetite particles were on the surface, major amplitude peaks are expected.  The location of the 

magnetic nanoparticles came from AFM phase contrast images (Figure S1b, S2b), with sharp 

peaks having a sharp color contrast (white color) indicative of the hard surface of the magnetic 

nanoparticles compared to the soft PVP material coating them. Height profile (Fig S1a) gave the 

size of the particles at around 2 nm (Fig. S1a), in contrast to 10 nm particles (Figure S1b) from 

TEM and XRD (Figure 2). Blocking of the actual height of the nanoparticles by the PVP coating 

can also be interpreted as an evidence for the particles being embedded within the PVP polymer 

matrix.   
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Figure S1.  Two-dimensional (a) height, (b) phase, and (c) amplitude AFM 

images of 0.55 x 0.55 µm surface area of the PVP/magnetite nanoparticle 

composite. Height and phase profiles of selected area in Figure S1a and S1b are 

given on the right hand side of each associated figure.   
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Figure S2.  Three-dimensional (a) height, (b) phase, and (c) amplitude AFM 

images of 0.55 x 0.55 µm surface area of the PVP/magnetite nanoparticle 

composite. 




