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Abstract 

Nanoparticles exhibit exceptional properties (enhanced catalytic activity, magnetic or 

plasmonic properties) compared to their bulk counterparts, owing to their small dimensions. 

Thus, plenty of new and exciting applications leveraging these properties have been 

proposed, such as drug delivery, MRI contrast agents, plasmonic catalysis, etc. However, large 

scale production of nanomaterials remains problematic because of their extreme sensitivity 

to small changes in the reaction conditions such as concentration and temperature. 

This thesis employs continuous flow processes as an alternative to standard batch processes 

to address the challenge raised by nanomaterial synthesis scale-up. Continuous processes are 

more reproducible because they provide accurate control over fluid dynamics, heat and mass 

transfer. Several promising materials are selected, and their continuous synthesis is 

investigated along with the design of suitable microreactor assemblies.  

Herein, synthesis of metallic iron nanoparticles through thermal decomposition of Fe(CO)5 is 

studied and the effects of the reaction parameters such as surfactant type and concentration, 

temperature and mixing are assessed, unravelling the particle formation mechanism. 

Optimizing the reaction conditions by tuning the mixing through the flow rate allowed for 

monodisperse nanoparticles to be obtained in high yields. The continuous synthesis of 

metallic aluminium nanoparticles by decomposition of alane and alkylaluminium precursors 

is evaluated, demonstrating strategies to operate with highly reactive systems and 

highlighting limitations such as reactor fouling. Furthermore, continuous synthesis of iron 

oxide nanoparticles through precipitation methods is examined. A strategy integrating the 

synthesis and functionalization of iron oxide nanoparticles into a single green process and set-

up is developed, enabling the low cost, reproducible, large scale production of application-

ready nanoparticles. These functionalized iron oxide nanoparticles are demonstrated to be 

highly stable, fully biocompatible and suitable T2 MRI contrast agents. Moreover, simple 

further derivatization enables the nanoparticles to act as a platform for biomedical 

applications. 

This thesis serves as a significant step towards the upscaling of nanoparticle technology and 

its implementation into real world applications. 
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Chapter I: Introduction 

I.1. Motivation  

Nanotechnology can be defined as “controlling matter at the atomic scale”. This exquisite 

control on the design of new “nanomaterials” opens tremendous possibilities in terms of 

prospective applications, in fields as varied as semiconductor physics[1], batteries/energy 

storage[2], surface coatings[3], sensors[4], catalysis[5], biomolecular engineering and 

diagnostics[6], drug delivery[7], wastewater treatment[8], separations[9], etc. 

These new applications arise because materials often display unique properties such as 

enhanced catalytical activity[10], magnetism[11], localised surface plasmon resonance[12] or 

photoluminescence[13] when their size is reduced down to the nanometre scale. These new 

properties arise as a consequence of the dramatic increase in surface area to volume ratio 

and quantum effects affecting the properties of the material. Some nanomaterials have been 

used since ancient times, for example metal nanoparticles in the case of glass staining[14], or 

carbon nanotubes in Damascus steel[15]. Yet it is only recently that these nanomaterials and 

their extraordinary properties have started to be understood, with the great progress made 

on the characterization techniques available to study them.  A glimpse into the future of 

nanotechnology was fist laid out by Richard Feynman in his seminal lecture “Plenty of room 

at the bottom”[16]. Since then, nanotechnology has attracted a lot of research attention 

particularly in the last 20 years, where almost 50 000 works were published on the subject. 

However, controlling matter on such a small scale is a significant challenge and as a result 

most nanotechnological advances have been limited to the laboratory. One of the main 

challenges to bring nanotechnology into the real world is to be able to manufacture large 

amounts of nanomaterials with controlled sizes, since the size of the particles will 

fundamentally define the properties of the material. Often, this task proves to be difficult 

because of reproducibility issues. Small changes in chemical reaction conditions can lead to 

very different final products.  

Therefore, manufacturing technologies enabling large scale reproducible synthesis of 

nanomaterials have tremendous potential to unlock the full capabilities of nanotechnological 

research and open the door to countless revolutionary technological applications. 
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I.2. Continuous flow chemistry for nanomaterial synthesis 

Typically, nanomaterials are prepared through classical batch chemistry, in the presence of 

surfactant molecules to control the size of the produced nanoparticles and prevent 

aggregation[17]. However, the drawback is that these surfactants will then remain on the 

surface of the particles and are typically challenging to remove. This is a problem for 

applications such as catalysis, where a clean surface is needed or in the case of biomedical 

application where a specific coating of the particles is necessary to stabilize them and ensure 

they are biocompatible[18–20]. 

Recently, continuous flow chemistry carried out in microreactors has been proposed as an 

alternative manufacturing strategy for nanomaterials[21–24]. Microreactor technology is based 

on the use of micro-sized reactors (< 1 mm) to confine chemical reactions[25]. Continuous 

processes provide many advantages compared to their batch counterparts. Firstly, they allow 

for a continuous production feed, greatly reducing reactor downtimes[21]. Moreover, working 

with microreactors enables precise control of the mixing conditions and heat transfer rates 

and thus provides inherently more reproducible conditions than standard batch 

methods[21,23]. Scale-up can easily be achieved through “scaling out”, i.e. setting up multiple 

microreactors in parallel. Another advantage of microreactors is that their inherent laminar 

flow prevents nanoparticle aggregation and enables the synthesis nanoparticles in the 

absence of surfactants[26] whilst their confined environments and low volumes make them 

ideal to handle reactive and sensitive compounds[23]. Furthermore, such microreactor devices 

can implement multistep processes into a single device, following a “Lab-on-a-Chip” 

design[23,27].  

These considerations highlight how continuous synthesis can increase the reproducibility and 

the scalability of nanomaterial production and enable their high throughput manufacturing.  

For those reasons, this thesis investigates the use of microreactor technology for the 

preparation of nanomaterials in continuous flow conditions. 
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I.3. Materials of interest 

Two main nanomaterial categories, distinguished by their properties, were investigated in this 

work: magnetic nanoparticles and plasmonic nanoparticles. Particularly, this thesis explores 

the manufacturing of air-sensitive materials which involves numerous technical challenges in 

the design of the synthetic methods and reaction set-ups.  

Magnetic nanoparticles are of great interest mainly for biomedical applications[28]. For 

instance, they can be used as contrast agents for magnetic resonance imaging (MRI)[29] or for 

magnetic hyperthermia[30], which is a proposed technique for cancer treatment that involves 

heating magnetic nanoparticles using an alternating magnetic field to kill cancer cells. Iron, 

cobalt and nickel are all magnetic, but research has focused mainly on iron for toxicity 

reasons. Magnetic iron oxides (Fe3O4 or γ-Fe2O3) have been the most popular materials 

investigated thus far because of their stability in aqueous media[11]. Synthesis of iron oxide 

nanoparticles is the focus of Chapter V. 

However, for magnetic hyperthermia applications, metallic iron is more desirable as it has a 

higher saturation magnetization than the corresponding oxides[31]. But metallic iron 

nanoparticles are much more challenging to synthesize as they are highly reactive and must 

be stabilized against oxidation. Consequently, continuous synthesis of metallic iron 

nanoparticles has not been achieved so far and is investigated in Chapter IV. 

Furthermore, in order to use magnetic nanoparticles for biomedical applications, a 

stabilization coating needs to be present on their surface[11]. Functionalization of iron oxide 

nanoparticles is the focus of Chapter VI. 

The second category of materials investigated is plasmonic materials. When metallic particles 

fall below a certain size, they start to interact with light through the surface plasmon 

resonance (SPR) phenomena.  This resonance can be used for multiple applications such as 

molecular detection through surface enhanced Raman spectroscopy (SERS)[32], to treat cancer 

by photothermal therapy[33] (thermal ablation of tumours using light) or for plasmonic 

catalysis, using the energy from the light absorbed by the plasmonic materials to catalyse 

chemical reactions[33]. 
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So far, the most investigated materials for plasmonic applications have been silver and in 

particular gold, because of its high stability and ease of synthesis. However, noble metal based 

plasmonic materials are limited by the inherent cost of these precious and rare metals. 

Therefore, earth-abundant alternatives are highly sought-after[34]. Recently, aluminium has 

emerged has one of the most promising candidates for earth-abundant plasmonics. Since 

metallic aluminium nanoparticles are highly reactive and their preparation involves air-

sensitive compounds, their continuous synthesis has not been investigated thus far and will 

be the focus of Chapter VII. 

 

I.4. Objectives 

The overall aim of this thesis is to demonstrate the potential of continuous flow processes for 

controlled, reproducible and scalable nanomaterial production by establishing continuous 

synthetic strategies to manufacture magnetic and plasmonic nanoparticles. More specifically, 

the following objectives were identified: 

 Develop synthetic methods and design custom microreactor set-ups for controlled 

iron-based magnetic nanoparticle preparation under continuous flow conditions. 

 Combine the synthesis and functionalization of magnetic nanoparticles in a single set-

up to produce application-ready nanomaterials. 

 Develop synthetic methods and design custom microreactor set-ups for controlled of 

manufacturing of aluminium nanoparticle in a continuous flow setup. 

 

I.5. Thesis structure 

This thesis is divided into the following chapters:  

Chapter I: Introduction 

Chapter II: Literature review 

This chapter reviews the properties and applications of magnetic and plasmonic 

nanoparticles, general nanoparticle synthesis theory, batch methods for the preparation of 
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iron, iron oxide and aluminium nanoparticles and continuous flow strategies for the 

preparation of nanomaterials. 

Chapter III: Experimental methodology 

This chapter covers the experimental details of the different synthetic methodologies 

employed for the preparation of the nanomaterials of interest, as well as the techniques used 

to characterize the resulting samples. 

Chapter IV: Continuous synthesis of iron nanoparticles by thermal decomposition  

This chapter devises a thermal decomposition strategy for the continuous synthesis of 

metallic iron nanoparticles and studies the mechanism of the reaction as well as the effect of 

the different reaction parameters such as surfactant, temperature and mixing on the resulting 

nanoparticles size and size distribution. 

Chapter V: Continuous synthesis iron oxide nanoparticles by precipitation  

This chapter explores the synthesis of iron oxide nanoparticles in water by precipitation in 

microreactors and investigates the effects on of the reaction parameters on colloidal stability, 

size and size distribution of the obtained nanoparticles. 

Chapter VI: Continuous functionalization of iron oxide nanoparticles 

This chapter expands on the previous one by developing novel strategies to functionalize the 

iron oxide nanoparticles of chapter V in continuous flow conditions.  

Chapter VII: Continuous synthesis of aluminium nanoparticles 

This chapter explores the synthesis of metallic aluminium nanoparticles through thermal 

decomposition methods and the implementation of a continuous flow strategy to 

manufacture these aluminium nanoparticles. 

Chapter VIII: Conclusions and future work 
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Chapter II: Literature review 

 The aim of this thesis is to develop continuous synthetic strategies to manufacture magnetic 

and plasmonic nanoparticles. This chapter is intended as a comprehensive review of the 

relevant literature on this subject.  

Firstly, the respective properties and relevant applications of magnetic and plasmonic 

nanoparticles are presented, and optimal materials are selected to be investigated, namely 

iron and iron oxide as magnetic materials and aluminium as a plasmonic element. 

Subsequently, a general overview of nanoparticle synthesis and stabilization theory is given, 

followed by a more specific review of the different synthetic methods that have been 

employed in traditional batch processes for the three materials explored in this work: iron, 

iron oxide and aluminium nanoparticles. 

An additional section is dedicated to strategies for the functionalization of iron oxide 

nanoparticles for biomedical applications. 

Finally, general concepts about continuous material synthesis are established, and the 

existing literature on continuous manufacturing of the three materials of interest is reviewed. 

II.1. Properties and applications of magnetic nanoparticles 

Nanoparticles are usually defined as particles of a material exhibiting a size between 1 and 

100 nm in at least one dimension[35]. Such particles are particularly interesting because they 

exhibit different properties compared to the corresponding bulk materials. For instance, 

these nanomaterial have lower melting points, show high catalytic activity and sometimes 

even develop  magnetic properties[36]. Some of these new properties are due to the 

enhancement in surface area to volume ratio. For example, the concentration of defects such 

as edges and corners, which are active sites for catalytic reactions, dramatically increases as 

the surface to volume ratio. Quantum effects also start to play a role at this scale. As the 

number of atoms involved in the metallic bonding decreases, the density of states is reduced, 

and the energy levels become more discretised (Figure 1).  
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Figure 1: Change in electronic structure and band gap with respect to metal diameter.   is the 
average gap between energy levels. Reproduced from [36].  

The discretization of the energy levels has important consequences on the properties of the 

materials, such as their conductivity or optical properties. This can be seen most dramatically 

in the case of semiconductor quantum dots, where the size of the particles determines the 

band gap of the material and thus its colour and emission wavelength[36]. 

Magnetic nanoparticles are usually synthesised from the 3 ferromagnetic metals: iron, cobalt 

and nickel. However, cobalt and nickel are generally avoided for biomedical applications due 

to toxicity concerns[37]. A few common terms used to characterize magnetic materials should 

be defined. Materials can be classed into three broad classes based on how they react to an 

applied magnetic field: diamagnetic, paramagnetic and ferromagnetic substances. 

Diamagnetic materials create an opposing magnetic field and thus repel a magnet. 

Paramagnetic and ferromagnetic materials on the other hand are attracted to magnets. 

Ferromagnetic materials can retain magnetization in the absence of an applied magnetic field, 

unlike paramagnetic materials. Magnetization is the density of magnetic dipole moments that 

are induced in a magnetic material when it is placed in an applied magnetic field, whilst the 

saturation magnetization (Ms)  is the state reached when an increase in applied external 

magnetic field cannot increase the magnetization of the material further. Coercivity is the 

intensity of the applied magnetic field required to demagnetize that material, after the 

magnetization of the sample has been driven to saturation by a strong field. 
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Iron metal has the highest saturation magnetization of all common magnetic materials (Table 

1) but oxidises quickly in air. Therefore, metallic iron nanoparticles must be protected from 

oxidation by a stabilizing shell. For this reason, the more stable iron oxides have been 

preferred for biomedical applications, despite lower Ms values. Magnetic iron oxide phases 

include magnetite (Fe3O4) and maghemite (γ-Fe2O3). Magnetite is easily oxidised into 

maghemite. This oxidation process is due to Fe2+ sites being oxidised to Fe3+ while the extra 

positive charges are compensated by oxygen vacancies[38]. As a result, magnetite and 

maghemite have the same inverse spinel crystallographic structure, which makes them 

difficult to distinguish by standard diffraction methods. However, their magnetic properties 

are very similar, so making the distinction between the two phases is often omitted. 

 

Table 1: Saturation magnetization for different magnetic materials[39]. 

Material Iron 
Fe 

Cobalt 
Co 

Nickel 
Ni 

Magnetite 
Fe3O4 

Maghemite 
γ-Fe2O3 

Ms (emu/g) 218 163 58 90-92 84-88 

 

The magnetic properties of a material are strongly affected by the size of the particles. There 

are two main size effects on magnetic properties: the single domain limit and 

superparamagnetism (Figure 2). 
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Figure 2: Coercivity as a function of nanoparticle size, illustrating the single domain and 
superparamagnetic effects. The smaller coloured graphs represent the typical magnetization curves 
(Magnetization as a function of the applied magnetic field) for the different size regimes. Adapted 

from [40]. 

 

Bulk materials exhibit magnetic domains, smaller regions where all the magnetic moments 

are oriented in the same direction. These regions are organised in a way that minimises the 

total external magnetic field and thus minimises the overall free energy of the system. Below 

a certain critical particle diameter (DC), it becomes energetically unfavourable to create a 

domain wall, so particles exhibit a single magnetic domain. At even smaller particle sizes, 

there is a point where the sample loses all coercivity and remanence. This is the 

superparamagnetic limit. The material is no longer ferromagnetic as each particle behaves as 

a giant paramagnetic atom. For such small magnetic particles, thermal energy (kT) is sufficient 

to change the orientation of the magnetization. For this reason, the superparamagnetic 

critical size (DSP) is temperature dependent. For magnetite and maghemite, the 

superparamagnetic limit is around 10 nm at room temperature[38]. 

Magnetic nanoparticles can be used for a variety of applications, as their magnetic 

characteristic enables convenient interaction through an external magnetic field. Examples of 

magnetic nanoparticle applications include catalysis (famously iron oxide is the main 

component of the Haber-Bosch catalyst), supports for magnetically separable catalysts[41], cell 
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sorting[42], magnetic resonance imaging and drug delivery[43], magnetic transfection[39], 

magnetic hyperthermia cancer treatment[44], direct removal of toxic pathogens/compounds 

from blood[45], etc. Their magnetic response can be used to enhance their blood brain barrier 

permeability, with promising drug delivery results on hard to treat tumours such as 

glioblastoma multiforme[44,46]. 

Magnetic hyperthermia is a proposed cancer treatment method whereby magnetic 

nanoparticles are brought in proximity to a target tumour followed by applying an alternating 

magnetic field. The alternating magnetic field causes the magnetic nanoparticles to heat up 

the surrounding media due to loss processes and the localised increase in temperature can 

kill the target cancer cells. 

 

Figure 3: Schematic representation of the principle of magnetic hyperthermia treatment. Reproduced 
from [47].  

Another application of magnetic nanoparticles is as MRI contrast agents. Magnetic resonance 

imaging is a medical imaging technique, based on placing a body or body part inside a very 

strong magnetic field. Because the nuclei of hydrogen atoms possess a magnetic spin, this 

external magnetic field causes a splitting of the energy levels (Zeeman effect), thus the 

magnetic moments of the hydrogen atoms will tend to align in the external field (ground 

state). These can then be excited to a higher energy level by a radio wave pulse. Once the 

radiofrequency pulse is stopped, the spins will relax back to the ground state and re-emit a 

radiofrequency signal which can be measured. The speed at which they relax depends on the 

environment around the hydrogen atoms and can be used to distinguish and image different 

tissue types. For instance, hydrogen nuclei in water will have a longer relaxation time 
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compared to those in fat tissue. There are two common MRI weighting methods: T1 contrast, 

based on the longitudinal relaxation time (time for the nuclei to realign with the field) and T2 

contrast, based on the transverse relaxation time (dephasing of the nuclei spins). Contrast 

agents are substances that can be administered in order to modify the relaxation time of 

nearby hydrogen nuclei, thereby causing a local increase in image contrast, facilitating 

imaging of selected tissues or body regions. 

Since the size of the magnetic nanoparticles has a strong influence on their properties, 

generally different applications require a different optimal size. In the case of applications 

involving the introduction of nanoparticles into biological tissue or blood, superparamagnetic 

nanoparticles are generally more desirable to avoid aggregation. This is because 

superparamagnetic nanoparticles do not exhibit any coercivity and thus do not display intra-

particles interactions which makes them much less prone to aggregation compared to 

ferromagnetic particles. However, ferromagnetic nanoparticles can also be used for 

biomedical applications if they are adequately stabilized to avoid aggregation. Aggregation 

must be avoided as it could result in the blockage of blood vessels. Additionally, nanoparticles 

to be used in vivo should have a size < 100 nm to avoid being captured by the 

reticuloendothelial system[48]. In terms of biodistribution, i.e. the fate of the particles inside 

the body, particles larger than 200 nm are rapidly cleared by the spleen, while nanoparticles 

below the 10-50 nm size range are removed by extravasation and renal clearance[49,50]. 

Nanoparticles between 30-50 nm mainly end up in the liver and the spleen[51]. Therefore, the 

optimal hydrodynamic particle diameter for in vivo application where a long circulation time 

is needed is between 10-100 nm.  

For magnetic hyperthermia, the optimal size to get a maximum specific loss power is the 

single domain limit where the particles have the greatest possible coercivity[52]. For metallic 

iron, this size is around 15-20 nm and coincidentally this is also the superparamagnetic limit 

for iron at room temperature[53]. Specific loss power (SPL) is defined as electromagnetic 

power lost per magnetic material mass unit and is expressed in watts per kilogram. It defines 

how efficient the particles are at dissipating the energy of an applied alternating magnetic 

field into heat. High SPL values mean that less material is needed to achieve the same heating 

effect, which in terms results in a lower necessary dose for a therapeutic agent. The SPL is 
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also particularly important because there is a limit to the strength of the magnetic fields that 

can be safely applied to patients.  

For MRI contrast applications, different sizes of magnetic nanoparticles exhibit different T1-T2 

behaviour[54]. T1 or longitudinal relaxation corresponds to the return of the exited protons 

from the exited antiparallel state to the lower energy parallel state. T2 or transverse relaxation 

is the dephasing of the processing proton spins. In general, T1 contrast agents are more 

desirable because they result in an image brightening, as opposed to T2 contrast agents which 

darken the images. Ferromagnetic and larger superparamagnetic particles induce local 

magnetic field gradients and cause mostly T2 signal increase, by increasing the dephasing rate 

and thus reducing the T2 relaxation time. “Classical” MRI contrast agents are based on 

paramagnetic gadolinium complexes, which enhance the T1 contrast by facilitating spin-lattice 

relaxation of nearby protons, reducing the T1 relaxation time. However very small magnetic 

nanoparticles can also exhibit good T1 contrast properties. Indeed, magnetic nanoparticles 

possess a layer of magnetically disordered atoms which are not aligned with the direction of 

preferred magnetization. The disordered layer arises from different energy levels in the atoms 

close to the surface compared to bulk atoms. This phenomenon is called the spin-canting layer 

and its thickness is around 0.5 – 0.9 nm for maghemite (Figure 4). The spin canting effect 

means that below a certain size, as the amount of surface atoms compared to bulk atoms 

increases, magnetic nanoparticles become paramagnetic.  

 

Figure 4: Description of the spin canting effect (canting layer = 0.5 - 0.9 nm) in the various sized iron 
oxide nanoparticles. Red and black colours represent magnetic cores and magnetically disordered 

shells. Adapted from [55] 

These ultra-small paramagnetic iron oxide nanoparticles have a much higher T1 contrast 

effect, which makes them more desirable for MRI applications and would make them suitable 

12 nm 3 nm 2.2 nm 1.5 nm
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replacements for Gadolinium-based contrasting agents[55]. Gadolinium contrast agents are 

not completely safe because the highly toxic Gd3+ ions can leach from their chelated 

compounds. This toxicity is particularly an issue for patients with pre-existing kidney issues. 

Combining the nanoparticles with targeted delivery, by conjugating the particles with 

antibodies directed at cancer cells allows for precise imaging of tumours[56]. Finally, another 

attractive possibility of using magnetic nanoparticles is to combine diagnostic and therapy 

(also called theranostics), by conjugating drug molecules to the particles[57]. 

II.2. Properties and applications of plasmonic nanoparticles 

Some materials that possess a negative real permittivity and small positive imaginary 

permittivity exhibit a phenomenon called surface plasmon resonance (SPR). Surface plasmon 

resonance is the resonant oscillation of conduction electrons at the interface between a 

negative permittivity material (metal) and a positive permittivity material (dielectric), 

stimulated by incident electromagnetic radiation. Plasmonics is the study of these light-

matter interactions. It is important to distinguish between surface plasmon polaritons and 

localised surface plasmon resonance, which are two related but different phenomena (Figure 

5). Surface plasmon polaritons are non-radiative surface waves that propagate along the 

direction of the negative permittivity/dielectric interface. Localized surface plasmon 

resonance (LSPR) arises from the confinement of surface plasmons in nanoparticles of sizes 

comparable or smaller than the wavelength of the excitation electromagnetic wave. A 

metallic nanoparticle can be approximated to a cloud of electrons free to move around a 

lattice of positively charged nuclei. When this nanoparticle interacts with light, the electric 

field of the electromagnetic wave displaces the electron cloud, causing it to oscillate because 

of Coulombic forces trying to restore the electrons to their original position. The frequency of 

this oscillation, the surface plasmon resonance frequency, is determined by 4 parameters: the 

density of electrons, the effective electron mass, the size and shape of the charge 

distribution[58]. This effect results in strong light absorption around the resonance frequency. 

For a spherical gold nanoparticle, this resonance frequency is around 530 nm and explains the 

characteristic ruby red colour of colloidal gold[58]. Furthermore, there is a significant 

enhancement of the electric field near the nanoparticle surface. 
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Figure 5: Illustration of a) surface plasmon polariton b) localised surface plasmon resonance. 
Reproduced from [59]. 

The interaction between a metallic nanoparticle and an electromagnetic wave is fully 

described by the Mie theory[60]. Mie theory is the full solution of Maxwell’s equations to the 

diffraction of light from a single sphere of arbitrary material. Therefore, by using Mie theory 

it is possible to predict the absorbance spectra of any nanoparticle of known refractive index. 

Because of their extraordinary ability to harvest light, plasmonic nanoparticles have a wide 

range of possible applications. They can be used to enhance light trapping properties of 

photovoltaic devices for third generation solar cells[61], as a heat source for thermoelectric 

devices[62], for direct steam generation from solar illumination[63], water desalinisation[64] and 

surface enhanced Raman spectroscopy (SERS)[65].  But the list of plasmonic applications also 

includes biomedical applications such as cancer photothermal therapy[66] or targeted drug 



16 
 

delivery[67], light-controlled drug release[68], biosensing and biodiagnostics[12] and 

theranostics[69]. 

Plasmonic photocatalysis is a relatively new concept, introduced in 2008 by Awazu et al.[70]. 

The general idea of plasmonic photocatalysis is to combine the enhanced light-matter 

interaction provided by plasmonic materials to catalyse chemical transformations. This 

provides opportunities notably in the context of selective chemical reactions.  

The elevated electric fields created at the surface of the particles during a localised surface 

plasmon event generate energetic charge carriers (electron-hole pairs) which can induce 

photochemical transformations on compounds adsorbed on the surface of the nanoparticles. 

These transformations can occur either because of localized heating or because of 

interactions between the energetic charge carriers and the reactants. Whether simple 

thermal effects or charge carrier are responsible for the observed photo-enhanced catalytic 

properties of plasmonic catalysts is still debated[71]. 

Plasmonic nanoparticles have been shown to catalyse reactions by themselves[72]. However, 

the plasmonic catalytic effect can be greatly increased if they are coupled with a material that 

can efficiently harvest the generated hot carriers. Such an enhancement can be achieved by 

coupling the plasmonic structure to semiconductors or catalytic metals.  

When coated with a layer of a semiconductor such as TiO2, plasmonic nanoparticles exhibit 

significantly enhanced photocatalytic activity compared to pure TiO2 nanoparticles[73]. This 

performance increase is due to excited surface plasmon electrons which can be efficiently 

transferred to acceptor states in the conduction band of the semiconductor oxide.  

The most commonly used plasmonic material is gold, because of its ease of preparation and 

stability[74,75]. Silver and copper are also good plasmonic materials but tend to suffer from 

oxidation issues[76]. Because gold is a rare and expensive metal, cheap and earth abundant 

alternatives are of great interest. Blaber et al. [77] reviewed an extensive number of elements, 

intermetallics and alloys and compared their plasmonic performance using standardized 

criteria. Overall, they found that good plasmonic materials have few electrons involved into 

interband transitions. Therefore, materials with partially occupied d or f states have poor 

plasmonic performance. Free electron-like metals dominate the periodic table in terms of 

plasmonic performance. 
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Figure 6: Relative plasmonic performance of different elements, based on their maximum localized 
surface plasmon frequency  (�������). Adapted from [77]. 

Following this data, aluminium and alkali metals appear to be the most promising candidates 

for earth abundant plasmonic alternatives. Alkali metals must be ruled out for practical 

applications because of their extreme reactivity. Aluminium is very reactive itself but 

possesses the great advantage of forming a very thin (2-3 nm) oxide passivation layer which 

stabilizes the metal against further oxidation. Furthermore, aluminium has an LSPR frequency 

maximum in the UV range, which has so far been inaccessible with gold and silver and makes 

it particularly appropriate for plasmonic catalysis of high activation energy reactions[78].  

Aluminium nanoparticles have also been investigated as a possible rocket fuel[79], hydrogen 

storage (spontaneous hydrogen generation when mixed with H2O)[80], conductive inks [81,82], 

foldable electronics[83] and solar cell electrodes[84]. 

II.3. Nanoparticle synthesis and stabilization theory 

 

While nanoparticle synthesis is highly dependent on the material of interest, several general 

models describing the nanoparticle formation mechanism have been proposed. The most 

commonly employed model to describe nanoparticle synthesis is the LaMer model, which was 

initially developed for sulphur colloids (Figure 7)[85].  According to this model, the generation 

of the new solid phase can be described in three phases. In Phase I, accumulation of a 

hypothetical monomer species occurs. Phase II begins as the concentration of monomer 

crosses the threshold Cmin above which nucleation spontaneously occurs. As the monomer is 
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quickly being converted to nuclei, its concentration falls back below the Cmin threshold and 

thus nucleation stops. This marks the beginning of phase III, where growth of the nuclei can 

occur by monomer incorporation. Note that both growth and nucleation occur 

simultaneously during phase II. 

 

 

Figure 7: Monomer concentration as a function of reaction time, according to LaMer theory. 
Reproduced from [86]. 

If particles nucleate at different time points, then they will generally have different sizes as 

they grow for different amounts of time (assuming a constant growth rate). This is illustrated 

on Figure 8. Therefore, the key to obtain monodisperse particles is to separate nucleation and 

growth, or in other words, to have a single nucleation event.   
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Figure 8: a) Homogeneous nucleation occurring at random times compared to b) single nucleation 
event. Reproduced  from [87]. 

Nanoparticle growth can subsequently progress through two main pathways: growth by 

monomer incorporation or growth by aggregation of primary particles. 

Since the LaMer theory, several other theories and models for nanoparticle formation have 

been proposed. It is important to note that nucleation and growth mechanisms will be highly 

dependent on the type of nanomaterial considered as well as the reaction medium. For 

example, metallic nanoparticles in aqueous environment will behave very differently from 

oxide materials in organic solvents. 

A popular theory describing certain nanoparticle growth mechanism is Ostwald ripening, 

which is based on the idea that small particles will redissolve preferentially compared to larger 

ones, as their relative surface area and surface energy is larger, overall facilitating growth of 

larger particles. However, this process assumes that the nanoparticles have a measurable 

solubility which is often extremely small for many systems. Thus, for metal nanoparticle 

systems, Ostwald ripening is unlikely to occur[88]. Another general model which was found to 

be a good fit for several nanoparticle systems is the Watzky-Finke model. This model 

considers a two-step process, where the first step is a slow, continuous nucleation, followed 

by very fast autocatalytic surface growth[89]. Finally, nanoparticle growth can proceed through 

simple coalescence of smaller nuclei. If this coalescence occurs at specific crystal planes, it is 

referred to as oriented attachment[90]. 

As a result of their extremely small sizes, nanoparticles generally possess a high surface 

energy, because of highly uncoordinated surface atoms. These uncoordinated atoms explain 

the high catalytic activity of the particles. The high surface energy also means that they tend 



20 
 

to quickly aggregate, in order to stabilize themselves. To obtain a stable suspension of 

nanoparticles, known as a colloid, it is necessary to prevent this aggregation and stop any 

further growth. This stabilization can be achieved by two methods: electrostatic stabilization 

or steric stabilization (Figure 9). Electrostatic stabilization relies on particle surface charge and 

the resulting electrostatic repulsion forces being able to effectively prevent particle 

aggregation. The electrostatic stabilization of colloidal suspensions can be described by the 

electric double layer theory[91]. However, electrostatically stabilized colloids are only stable at 

low ionic strengths and at a pH far from the point of zero charge of the nanoparticles. 

Biomedical applications require particle stability in both high salt concentration and over a 

wide pH range. Thus, particles intended for biomedical applications should be sterically 

stabilized instead.  Steric stabilization is generally achieved by attaching bulky capping 

ligands/surfactants on the surface of the nanoparticles. The steric effect of the ligands 

prevents the particles from aggregating. 

 

 

Figure 9: Diagram illustrating a) electrostatic vs b) steric colloidal particle stabilization. 

Colloidal stability and aggregation of nanoparticles is theoretically described by the Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory, which balances the Van der Waals attraction force 

and electrical double layer repulsion force[92]. A common method for experimental 

measurement of colloidal stability is zeta-potential determination. The zeta-potential is 

defined as the voltage at the edge of the diffuse layer where it meets the surrounding liquid 

(slipping plane). Generally, nanoparticles possessing a zeta potential of ± 30 mV are 

considered electrostatically stable. The zeta-potential can be measured through 

a b

+
+

+

+++
+

+

+
+ +

+

+

+
+++

+

+

+
+ +



21 
 

electrophoretic light scattering, where particles are placed inside an electric field and their 

charge is determined based on their velocity, evaluated through the Doppler effect.  

 

II.4. Nanoparticle synthesis methods 

Nanoparticles can be prepared through many different methods which are usually 

distinguished between top-down and bottom-up approaches. Top-down methods take a bulk 

material and break it down to the nanoscale with techniques such as lithography, mechanical 

grinding or laser ablation. Bottom-up methods such as chemical vapor deposition or chemical 

synthesis assemble atomic or molecular precursors into larger nanostructures[93].    

Industrial synthesis of nanomaterials remains a very considerable challenge. There are still 

very few commercially available nanoparticle materials. Titania, alumina and silica are 

produced in  comparatively large quantities (tonnes/year) but with relatively limited control 

over the particle grain size[94–96].  

Some nanoporous materials are also produced on a large scale, such as activated carbons and 

zeolites. They can still be considered as nanomaterials, as their distinctive porous property 

falls within the nanoscale. Because their porosity, their main property of interest, is 

intertwined with their crystalline structure, as is the case for zeolites, scale up can be achieved 

relatively easily as particle size will not strongly impact the final properties of the material.  

The scalability of the synthesis of a particular nanomaterial vary widely depending on the 

material of interest but also on the uniformity requirements for the desired material 

application. Certain methods are more suitable for large scale production, such as ball billing 

or uncontrolled precipitation. Through milling large amounts of metallic or oxide 

nanoparticulate matter can be produced, however, such methods typically result in very large 

particle size distributions. 

Other methods such as photolithography for semiconductor device fabrication can lead to 

very high control over the produced nanostructures but require high vacuum conditions 

which greatly increases the production costs and limits the scalability of the process. Chemical 

vapour deposition has been employed for manufacturing of nanomaterials such as carbon 

nanotubes, but the method still struggles with repeatability and to produce large amounts of 
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product that are required for many applications such as composite materials 

manufacturing[97]. Bottom-up, wet chemical synthesis methods strike a good balance 

between control over the final particle size and scalability of the processes and are for this 

reason the main focus of this work as they have been widely considered to be the most 

promising route to achieve large scale reproducible preparation of well-defined 

nanoparticles. 

II.4.1. Batch synthesis of metallic iron nanoparticles 

There are two main chemical methods to obtain metallic iron nanoparticles (also called zero-

valent iron or ZVI)[31]. One method is the reduction of iron salts. Achieving the reduction of 

iron can be quite challenging because of the relatively low reduction potential of iron. This 

method is carried out by reducing a Fe(II) salt with a strong reducing agent such as sodium 

borohydride[98]. Typically, this procedure is carried out directly in water at room temperature 

and the resulting ZVI nanoparticles must be used immediately (e.g. for water purification 

applications by reducing harmful pollutants) as otherwise even deoxygenated water will 

oxidise the iron over time[31]. Iron nanoparticles produced by reduction tend to have a wide 

particle size dispersity[31,99]. 

The other method relies on the decomposition of a precursor that is already in the zero-valent 

state. A common precursor is iron pentacarbonyl Fe(CO)5, which has the advantage of only 

producing carbon monoxide as a by-product which is easily separated as a gas.  

Decomposition methods typically employ surfactant molecules, which help stabilize the 

particles as well as control their final size[31]. Common surfactants include aliphatic acids (e.g. 

oleic acid)[100], aliphatic amines (oleylamine)[101], polymers (polyvinyl pyrrolidone, polyvinyl 

alcohol)[102], etc. These surfactants also represent one of the main drawbacks of thermal 

decomposition methods, as they will block the surface of the iron nanoparticles and will need 

to either be removed (for catalytical applications) or to be replaced by appropriate hydrophilic 

stabilizing agents for biomedical applications[103]. 

One of the most common thermal decomposition strategies employed for the preparation of 

monodisperse nanomaterial is the so-called “hot-injection” technique. This method was 

originally developed in the Bawendi group in the context of quantum dot synthesis[104]. The 

principle of the technique involves quickly injecting a solution of a thermally unstable 
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precursor into a solvent heated above the decomposition temperature of the precursor. This 

“hot-injection” method results in very high local levels of supersaturation, leading to a 

nucleation “burst”. Because of this, nucleation occurs over a very short timescale and is 

effectively separated from the growth phase. Hot-injection prepared nanomaterials 

commonly display extremely monodisperse size distributions[105]. Because of the high 

reaction temperature required for the thermal decomposition reaction (>150°C), 

hydrophobic high boiling point solvents are generally used, such as 1-octadecene or 

dioctylether.  

II.4.2. Batch synthesis of iron oxide nanoparticles 

Several methods have been developed for the synthesis of iron oxide nanoparticles. One such 

method is to initially prepare metallic iron nanoparticles followed by an oxidation step to get 

the desired oxide phase[106]. However, the four prevailing methods to manufacture iron oxide 

nanoparticles are precipitation, thermal decomposition, hydrothermal methods and 

emulsion synthesis. 

One of the most commonly employed thermal decomposition methods for the preparation 

of monodisperse iron oxide nanoparticles is the “heat-up” method, developed by the Hyeon 

group[107]. As opposed to the hot-injection method, the precursor is added to the reaction 

mixture before being slowly heated to the desired reaction temperature (>300°C). A semi-

stable reaction intermediate (iron oleate) is formed. As the temperature keeps increasing the 

critical decomposition temperature is reached, and the iron oleate is converted to the 

monomer species. This monomer species (believed to be some iron oxo-cluster) can catalyse 

the decomposition of more iron oleate, resulting in a very quick nucleation burst[108]. Using 

iron oleate as the precursor, Park et al. were able to manufacture large amounts (40 g/batch) 

of monodisperse iron oxide nanoparticles[109]. As is the case with iron, the thermal 

decomposition methods produce nanoparticles capped with hydrophobic surfactants which 

are detrimental for most applications. 

Arguably the simplest and most efficient method for preparing magnetite nanoparticles is the 

co-precipitation method. This method involves mixing Fe2+ and Fe3+ in a 1:2 molar ratio and 

precipitating magnetite by suddenly increasing the pH as described by the following general 

reaction: 



24 
 

���� + 2 ���� + 8 ��� → ����� + 4 ��� 

A very well-regarded study of this process was carried out by Massart, who discovered that 

using tetramethyl ammonium as the base resulted in stable colloids[110]. Slight variations of 

the co-precipitation method involve using either Fe(II) as the precursor and subsequently 

adding an oxidizing agent to oxidize 2/3 of the iron to Fe(III) (oxidation-precipitation) or 

inversely starting from Fe(III) and adding the corresponding stoichiometric amount of 

reducing agent (reduction-precipitation). It has been claimed that the size of the 

nanoparticles can be controlled to some extent (2- 12 nm) by tuning the pH and ionic strength, 

with higher pH and ionic strength values resulting in smaller particle sizes[111]. However, co-

precipitation prepared iron oxide nanoparticles generally show large particle size 

distributions[49]. 

Another popular synthetic method is emulsion synthesis, which relies on micelles as 

nanoreactors to template the size of the obtained nanoparticles. In reverse micelles, 

monodisperse nanoparticles could be obtained and their size varied between 3 and 9 nm by 

varying the Fe2+/Fe3+ ratios and amount of surfactant[112]. Emulsion synthesis generally 

requires mild reaction conditions similar to the ones in the co-precipitation method. However, 

just like thermal decomposition methods, the resulting nanoparticles tend to have a layer of 

surfactant on their surface and a separation step is required to remove the organic solvent 

forming the non-aqueous phase. 

Hydrothermal synthesis involves hydrolysis of metal salts using water under high temperature 

and high pressure conditions and are typically carried out in an autoclave. Larger particle sizes 

(>20 nm) than what is generally obtained with other methods could be achieved by further 

reacting co-precipitation-synthesized iron oxide nanoparticles in hydrothermal conditions, 

presumably by growing the nanoparticles through coalescence[113]. While hydrothermally 

prepared iron oxide nanoparticles tend to have narrow particle size distributions, the required 

harsh reaction conditions make the process difficult to scale up. 

II.4.3. Batch synthesis of aluminium nanoparticles 

While nanoparticles are commonly defined as having one dimension under 100 nm, for 

simplicity in this work aluminium particles with diameters up to 400 nm will be designated as 

nanoparticles as they still possess plasmonic properties. Aluminium nanoparticles can be 
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synthesised either by grinding down bulk aluminium metal into fine particles (“top-down” 

method) or by chemical synthesis from molecular precursors (“bottom-up” approach). Much 

like the case of iron (oxide) particles, top-down methods produce poorly defined particles[114], 

so this work focuses on the solution synthesis approaches. 

Two methods have been developed for chemical synthesis of aluminium nanoparticles: 

reduction of aluminium salts, thermal decomposition of aluminium precursors. Examples of 

the reduction method include reduction of AlCl3 [115] or Al(acac)3 [116] with LiAlH4 or reduction 

of Al(NO3)3 with benzildiethylenetriamine[117]. These methods often employ long reaction 

times (2-72h), high temperatures and slurries, all of which are not desirable for a continuous 

flow process.  

Thermal decomposition of alkyl aluminium compounds can enable some control over particle 

shape: synthesis of aluminium nanorods has been achieved by decomposing triisobutyl 

aluminium, although it requires a high reaction temperature (250°C)[118]. Using Tebbe’s 

reagent as a catalyst reduces the reaction temperature to 200 °C and produces branched 

nanostructures[119]. Aluminium nanoparticles can also be produced by decomposition of an 

alane-amine complex[115]. The reaction can be catalysed by a titanium (IV) catalyst, which 

lowers the necessary reaction temperature from > 150 °C down to 40°C. This synthesis was 

pioneer by Haber et al.[115] and the reaction has since been further explored by the Halas 

group[120–122]. This method relies on decomposing an alane species (AlH3, usually stabilized by 

a coordination bond with an amine) with a titanium-based catalyst. The alane is broken down 

into elemental aluminium which coalesces into nanoparticles and dihydrogen gas is produced. 

As this method produces the most monodisperse nanoparticles and requires mild reaction 

conditions, it was chosen as the basis for this work. The rest of this section explores the alane 

decomposition method further and the ways that the synthesis can be tuned to control the 

properties of the obtained nanoparticles. 

The first catalyst to be used to catalyse the decomposition of the alane was Ti(iOPr)4. Other 

catalyst that have been investigated include TiCl4, VO(OiPr)3 
[121] and Tebbe’s reagent[123] 

(Table 1). While TiCl4 provides faster kinetics, the particles produced have wider size 

polydispersity compared to Ti(iOPr)4, likely because of the enhanced particle growth rate. 
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Table 2: Overview of the methods available for the chemical synthesis of aluminium nanoparticles. 

Method Precursor 
Reducing 

agent 
Catalyst 

Temperature 
(°C) 

Reaction 
time 

Product Ref. 

Reduction 

AlCl3 

LiAlH4 

- 

164 16 h 160 ± 50 nm [124] 

Al(acac)3 164 72 h 50-250 nm [116] 

Al(NO3)3 
Benzil-

diethylene-
triamine 

40-60 24 h 
7, 18, 27, 34, 
47, 56 ± 2 nm 

[117] 

Thermal 
decomposition 

AlH3  

- 

Ti(iOPr)4 
40-60 1-2h 

130-320 ±  
9-60 nm 

[120]  

164 15 min 50-200 nm [124] 

TiCl4 60 30 min 56 ± 14 nm [121] 

VO(iOPr)3 60 24 h 64 ± 11 nm [119] 

Tebbe’s 
reagent 

70 3 h Nano-cubes [123] 

Al(CH2CH(CH3)2)3 

- 250 15 min Nano-rods [118] 

Tebbe’s 
reagent 

200 30 min Nano-wires [119] 

 

 

Clark et al. have investigated the mechanism of the reaction in detail using electron 

paramagnetic resonance (EPR) spectroscopy and discovered that the reaction goes through 

an intermediate Al-Ti3+ species[121]. This species then goes on to catalyse the elimination of H2 

and polymerize the alane into colloidally unstable low-valent aluminium hydride clusters 

which coalesce into larger aluminium nanoparticles. Liu et al. showed that the reaction 

followed Michael-Menten type kinetics[125]. The size of the particles can be controlled to some 

extent through the reaction solvent. In particular, the coordination power of the solvents 

affects the nucleation. Dioxane, which has 2 oxygen atoms available for coordination, leads 

to smaller particles (55 ± 11 nm) compared to THF which has only one oxygen atom (157 ± 36 

nm). This effect has been attributed to enhanced nucleation rate in dioxane. By using a 
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mixture of solvents and varying their ratio it is possible to tune the size of the particles[120]. 

However, using a mixture of solvents to tune the size is not ideal because it leads to two 

nucleation pathways and therefore it produces polydisperse samples. A similar effect has 

been shown with amine-based solvents using N-methylpyrollidine (1 nitrogen atom, 101 ± 22 

nm) and tetramethyletylenediamine (2 nitrogen atoms, 134 ± 60 nm)[121]. 

Another more conventional approach to control size and size distribution is to use capping 

ligands. The high reactivity of the alane precursor precludes many common surfactants to be 

used in the synthesis of aluminium nanoparticles. There is also an optimum for affinity of a 

surfactant to the aluminium surface. For instance, carboxylic acids and phosphates bind too 

strongly to the aluminium surface and prevent additional Al atom incorporation[125]. Lu et al. 

used a custom cumyl dithiobenzoate terminated polystyrene (CDTB-PS) polymer as a 

surfactant to control the size distribution of aluminium nanoparticles and managed to obtain 

very monodisperse spherical particles[125]. The shape and monodispersity of the particles 

were attributed to selective binding of the dithiobenzoate moiety to the Al [100] crystal plane. 

Additionally, the particle size could be tuned between 130 - 250 nm by varying the amount of 

catalyst (Table 3). This effect can be rationalized with the proposed mechanism of the alane 

decomposition with Ti(IV) catalyst[121] and nucleation theory. Since the number of nuclei is 

related to the amount of catalyst, varying the latter is one of the most promising approaches 

to try and control the final size of the particles. Temperature was also found to influence the 

size, higher temperature leading to increased nucleation and smaller final particle size.  

Table 3: Effect of catalyst concentration and temperature on particle size. Conditions: THF solvent, 
CDTB-PS surfactant[125].  

 Temperature (°C) Al:Ti molar ratio Size (nm) 

50 

250 250 ± 20 

200 224 ± 17 

167 193 ± 10 

143 173 ± 11 

125 134 ± 9 

40 250 320 ± 61 

60 250 169 ± 13 
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Overall, the most promising approach to control the final size of the aluminium nanoparticles 

appears to be varying the amount of catalyst, as this can be easily achieved, does not involve 

multiple nucleation pathways and should allow a continuous range of sizes to be obtained. 

II.5. Continuous synthesis of nanomaterials 

Continuous synthesis of nanoparticles in microreactors provides several advantages 

compared to standard batch methods. Generally, microreactors present enhanced heat and 

mass transfer rates because of high surface area to volume ratio. Most importantly, 

continuous synthesis provides very reproducible reaction conditions and high control over 

the mixing of reagents, therefore addressing the main challenge of nanomaterial synthesis: 

reproducibility. Additionally, continuous processes can lead to high throughput screening and 

optimisation of reaction parameters with on-line characterization methods[126]. 

Microreactors are also inherently safer because of their smaller sizes and are often considered 

as an excellent option to prepare hazardous materials. Finally, continuous processes enable 

easy scale up through scaling out (setting up microreactors in parallel), addressing the other 

big hurdle currently stopping nanomaterial production from reaching concrete applications. 

One of the most critical aspects of applying microreactors to material synthesis is to be able 

to design a system that can support the desired reaction conditions whilst avoiding any 

clogging issues. The design of the reactor is therefore of crucial importance and needs to be 

carefully controlled.  

A large amount of microreactor research has been carried out with microfabricated 

devices[127]. Perhaps the most common example is polydimethylsiloxane (PDMS) chips on 

glass made by soft lithography[128]. These PDMS chips provide a great level of design flexibility 

but suffer from poor chemical compatibility and have limited temperature and pressure 

operating range[129]. Glass chips can also be prepared but they require more complicated 

hydrofluoric acid etching[130]. Using standard silicon lithography techniques, Jensen et al. 

fabricated silicon-Pyrex microreactors capable of handling high pressure and temperature 

conditions while still retaining optical access to the reaction channel[131,132]. However, 

manufacturing this type of reactor requires clean room facilities. 

Simple capillary tubing, usually made of polymers[133], stainless steel[134] or glass[135] offers a 

very simple, cheap, and convenient platform to build microreactor systems. Coupling flexible 
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fluoropolymers with a 3D printed support allows for very precise geometrical control[136]. 

“Packaging” i.e. connecting the reactors to the systems handling the fluids is also very 

important from a design point of view[130]. For fluoropolymer tubing, standard fittings are 

commercially available. 

When working with microreactors, considering the fluid dynamics of the systems becomes of 

crucial importance, as the flow regime will mainly determine the mass transfer rates. 

Typically, because of their small sizes, microreactors operate under a laminar flow regime. 

When considering a straight cylindrical tube, the laminar flow profile will be characterised by 

a parabolic velocity profile, because of the no slip condition at the wall (Figure 10). This 

parabolic velocity profile is linked to a large residence time distribution and thus leads to 

polydisperse samples. Since the streamlines of laminar flow do not cross each other, it also 

means that laminar flow prevents aggregation of particles as they cannot collide with each 

other. Consequently, this property enables nanoparticle synthesis without any surfactants 

whilst avoiding aggregation[137]. 

 

Figure 10: Illustration of how a laminar flow parabolic velocity profile leads to wide particle size 
distribution of nanoparticles.  

 

Several strategies have been developed to enhance the mixing inside microreactors and thus 

reduce their residence time distribution. One of such methods is to use biphasic flow also 

known as segmented flow (or Taylor flow for the case of gas-liquid flow) where slugs of the 

reacting phase are separated by slugs of an inert and immiscible phase[138]. This type of flow 

regime results in recirculation patterns, which greatly increase the mixing inside the slugs 

(Figure 11a). Another alternative to increase the mixing is to curve the tubing[133,139]. 
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Centrifugal forces in helical channels produce secondary flows, creating so-called Dean 

recirculation vortices (Figure 11b). 

Figure 11: a) Velocity field inside a liquid slug between two gas bubbles, highlighting the recirculation 
effect [140]. b) Dean vortices in a coiled tube[141]. 

This increase in mixing results in reduced axial dispersion, narrower residence time 

distribution and thus narrower particle size distributions (Figure 12). 
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Figure 12: Schematic of the flow pattern in a) segmented flow. b) Dean flow in a curved channel, 
illustrating the reduced particle size dispersity because of recirculation effects 

II.5.1. Continuous synthesis of iron oxide nanoparticles 

 A list of the continuous synthesis procedure that have been reported in the literature for iron 

oxide nanoparticles is compiled in Table 4. Note that previous reports of continuous synthesis 

only report iron oxide nanoparticles. The first continuous synthesis of metallic iron 

nanoparticles was achieved in this work and is detailed in Chapter 4 as well as in the 

corresponding paper[142]. There was also a recent report by Gavriilidis and co-workers of the 

synthesis of iron carbide nanoparticles using a similar system[143]. 
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Table 4: Summary of the reported studies of continuous synthesis of iron oxide nanoparticles 

First author Year Sizes (nm) Dispersity (%) 
Functionalization

/surfactants 

Synthesis 

method 

T 

(°C) 

P 

(bar) 

Residence 

time 
Reactor Ref. 

Salazar-

Alvarez 
2006 2-7 23 none Co-precipitation 80 1 10 s PTFE tubing [144] 

Abou-

Hassan 
2008 6 20 

DDAB (post-

synthesis) 
Co-precipitation 25 1 10-48 s 

PDMS co-

axial 

millichannel 

[145] 

Chin 2008 3-5, 10 N/A Alginic acid Co-precipitation 
25,12

0 
1 N/A 

spinning 

disc 

processing 

[146] 

Frenz 2008 4 25 none Co-precipitation 25 1 15-120 s 
Droplet 

reactor 

[147] 

Sue 2009 7 N/A Ascorbic acid Hydrothermal 400 300 2 ms N/A [148] 

Lee 2009 4-6 16 glycine Co-precipitation 20 1 15 min PDMS chip [149] 

Bremholm 2009 5 N/A citrate Hydrothermal 309 300 21-28 s 

Stainless 

steel 

tubular 

reactor 

[150] 

Maurizi 2011 4 30 citrate Hydrothermal 150 250 4 s 

Counter 

current 

reactor 

[151] 

Kumar 2012 3.6 22 Dextran Co-precipitation 60 1 4 min 

Capillary 

droplet 

reactor 

[152] 

Togashi 2012 
11, 13, 16, 

18 
N/A 

3,4-

dihydroxyhydroci

nnamic acid 

Hydrothermal 

230, 

260, 

300, 

350 

300 1.8 s 

Stainless 

steel 

tubular 

reactor 

[153] 

Simmons 2013 3.6 28 none Co-precipitation 20 1 12 s 

Commercial 

glass chip 

reactor 

[154] 

Pascu 2013 6 25 
Oleic acid, 

oleylamine 

Solvothermal 

(scEtOH) 
260 200 90 s 

Stainless 

steel 

tubular 

reactor 

[155] 

Lim 2014 5 N/A none Co-precipitation 20 1 N/A 

Turbulent 

coaxial jet 

PTFE mixer 

[156] 
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First author Year Sizes (nm) Dispersity (%) 
Functionalization

/surfactants 

Synthesis 

method 

T 

(°C) 

P 

(bar) 

Residence 

time 
Reactor Ref. 

Larrea 2015 20-40 30-40 
Lysine + CO, H2, 

O2, N2 gasses 
Co-precipitation 

70-

110 
1.4 2-6 min PTFE tubing [157] 

Gruar 2015 6-17 20 Citric acid Hydrothermal 240 450 1.8 s 

Stainless 

steel 

tubular 

reactor 

[158] 

Jiao 2015 5 11 
PEG(COOH)2 + 

oleylamine 

Fe(acac)3 

thermal 

decomposition 

250 33 2-30 min 

hastelloy 

tube 

reactor 

[159] 

Thomas 2015 

8 

Aggregate

d into 

nanoflow

ers 

25 

3,4-

dihydroxyhydroci

nnamic acid, L-

DOPA 

Hydrothermal 150 250 11 s 

Counter 

current 

reactor 

[160] 

Glasgow 2016 
7,8,9,10,1

1 
30-70 Oleic acid 

Iron oleate 

thermal 

decomposition 

320 N/A 86 min 

Stainless 

steel 

tubular 

reactor 

[161] 

Thomas 2016 8 20 

6-

phosphonohexan

oic acid 

Hydrothermal 150 250 11 s 

Counter 

current 

reactor 

[162] 

Bemetz 2018 25 29 

None, 

Alendronate 

post-synthesis 

Co-precipitation 20 1 N/A 

3D flow 

focusing 

chip made 

by 

xurography 

[163] 

Uson 2018 
2.3, 3.5, 

3.8 
20-25 Triethylene glygol 

Fe(acac)3 

thermal 

decomposition 

180+ 

280 
N/A 10-40 s 

Stainless 

steel 

patterned 

plates 

[164] 

Gu 2019 10 N/A Span-20 Microemulsion 50 N/A 5 min 

PTFE 

tubing, m, 

reverse 

emulsion 

[165] 

Norfolk 2019 6-20 bimodal 
None, Mms6 

protein 
Co-precipitation 20 1 N/A 

Machined 

PEEK 

coaxial 

device 

[166] 

Panariello 2020 27, 34 14-26 None, CO, H2 Co-precipitation 110 3.5 3 min PTFE tubing [167] 
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Unsurprisingly, the chemical synthetic strategies are generally the same as those reported in 

batch and three main methods to prepare iron oxide nanoparticles in flow emerge: co-

precipitation, hydro(solvo)thermal synthesis and thermal decomposition. Continuous 

hydrothermal methods have been thoroughly reviewed by Darr et al.[168]. While capable of 

achieving high production rates, size control is still an issue for continuous hydrothermal 

methods[158]. For co-precipitation, generally flow conditions result in narrower size 

distributions compared to similar batch procedures. For thermal decomposition, the opposite 

occurs, and particles size distributions of flow produced nanoparticles are generally wider 

than their batch counterparts. This difference in the size distributions can be explained 

because of a better control of the mixing conditions for the co-precipitation method when 

carried out continuously. Conversely, during thermal decomposition, the wider particle size 

distributions observed are most likely due to slower nucleation and laminar flow profiles. 

Attempting to separate nucleation and growth using two reactors in series, the particle 

dispersity improves but remains relatively high compared to batch, likely due to the laminar 

flow regime[164]. Additionally, thermal decomposition methods often require longer residence 

times compared to co-precipitation and hydrothermal synthesis, making it more challenging 

to be adapted into a flow process. Because of the issues that thermal decomposition methods 

face in continuous conditions, control over the size distribution of iron oxide nanoparticles is 

much worse compared to what can be achieved in batch systems. Most reported particle size 

dispersities for continuous flow setups are above 20% and so far, monodisperse nanoparticles 

(dispersity < 10%) have not been obtained. It should be noted that continuous flow synthetic 

methods provide the opportunity for on-line analysis of the produced nanoparticles, which 

has great potential to elucidated reaction mechanisms and can provide process quality 

control. Online characterization of iron oxide nanoparticles is difficult, because the particles 

do not have a clear UV-vis or IR response like plasmonic nanoparticles and quantum dots, but 

has been achieved with SAXS/WAXS techniques[150]. An attempt at using the magnetization 

property of the particles for in-situ monitoring was also made, but interpretation of the data 

is challenging[163].  

Some procedures tried to directly incorporate functionalization of the nanoparticles. Gruar et 

al. produced large amounts (1 kg/h) of citrate functionalized iron oxide nanoparticles through 

a hydrothermal continuous process, by flowing a citrate capping ligand solution into the 
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stream of newly formed nanoparticles. Togashi et al. obtained iron oxide particles 

functionalized with 3,4-dihydroxyhydrocinnamic acid (catechol) of different sizes, albeit with 

relatively large particle size distributions, with a similar method except the catechol capping 

ligand was added directly to the iron precursor solution[153]. Similarly, Thomas et al. used a 

similar hydrothermal method to produce catechol and phosphonate-functionalized iron oxide 

nanoparticles. However the resulting particles where aggregated into “nanoflower” 

structures[160,162,169]. Jiao et al. produced relatively monodisperse iron oxide nanoparticles 

functionalized with weakly bound PEG dicarboxylic acid[159]. While these developments are 

very encouraging, all cases the iron oxide nanoparticles produced necessitate further 

treatment to achieve steric stabilization coupled with irreversible stabilizer binding, which is 

essential for biomedical applications. Therefore, there is a great incentive to bridge this gap 

by combining continuous flow iron oxide nanoparticle synthesis with high quality 

functionalization suitable for biological environments.  

II.5.2. Continuous synthesis of aluminium nanoparticles 

There have been a few attempts at a large-scale production of aluminium nanoparticles. One 

of the explored methods is electro-explosion of wires, where continuous feeding of wire can 

lead to large quantities (100 g/h) of nanopowders being produced[170]. This process is semi-

continuous as 0.5-1 kg batches of product are collected at a time. Particles around 30-200 nm 

aggregated into larger particles are produced with this method. DC plasma is another 

alternative, where an aluminium wire is continuously fed into a plasma plume to be 

vaporized[171]. This process, while also semi-batch and limited by the size of the collector, 

could achieve production rates of kg/h of Al nanopowder. Kaplowitz et al. produced 

aluminium nanoparticles by gas-phase thermal decomposition of triisobutyl aluminium but at 

low production rates (100-400 mg/h) and polydisperse particles (25-100 nm)[172]. Similarly, 

Mandilas et al. produced aluminium nanoparticles continuously from micrometer sized 

particles through an arc plasma spray method, achieving up to 120 g/h production rates (30-

80 nm, 50% dispersity)[173]. Pant et al. used an arc plasma method with similar results[174]. 

Kant et al. employed a top down approach to reduce the size of premade aluminium 

nanoparticles from 100 to 10 nm, through an etching process in a continuous flow 

microreactor[175]. Karthik et al. used a RF induction plasma method to produce ultrafine 
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aluminium nanoparticles continuously, up to kg/h production rate. However, the particles 

produced by this method were very polydisperse[176].  

While some of these processes can produce large quantities of aluminium nanoparticles, they 

always result in very inhomogeneous and often aggregated samples. Such wide size 

dispersions are acceptable for propellant type applications but for plasmonic catalysis and 

other applications a higher degree of sample homogeneity is desirable, as the size and shape 

of the particles will greatly influence their plasmonic properties.  

II.6. Functionalization of iron oxide nanoparticles 

As the previous section has highlighted, often producing iron oxide nanoparticles of 

controlled sizes involves some surfactant/capping ligand. These surfactants stay on the 

surface of the nanoparticles which is detrimental to applications such as catalysis which 

generally requires a “clean” surface. In the context of biomedical applications, the iron oxide 

nanoparticles must be coated with a stabilizing layer to ensure their dispersibility in water 

and to avoid any aggregation. The surface properties are also very important to determine 

their stability and circulation time in vivo. The particles should be very hydrophilic to avoid 

being captured by the reticuloendothelial system[48]. The process of adding a functional layer 

of capping ligands to stabilize the nanoparticles is called functionalization. 

There are multiples strategies to achieve successful functionalization of iron oxide 

nanoparticles (Figure 13). Commercially available iron oxide nanoparticles (such as 

EndoremTM, an FDA approved MRI contrast agent) are generally coated with polymers such 

as dextran, polyvinylamine, alginate or chitosan [177–180]. However, these polymers bind 

reversibly to the iron oxide surface, through non-specific interactions and are thus susceptible 

to be desorbed and replaced by other compounds[181]. Furthermore, these high molecular 

weight (> 10 kDa) stabilizing agents usually bind to multiple particles, leading to uncontrolled 

cluster sizes[182,183]. In the case thermal decomposition synthesis methods which typically 

produce aliphatic acid functionalized iron oxide nanoparticles, adding an amphiphilic polymer 

or another surfactant layer can transform the hydrophobic colloid into a hydrophilic one. Van 

der Waals interactions between the hydrophobic chains attach the amphiphilic 

polymer/second surfactant to the particles while the hydrophilic part enables dissolution in 

polar solvents[184,185]. 
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Figure 13: Illustration of iron oxide nanoparticle (1) stabilized with a) a high molecular weight 
polymer b) a well-defined stabilizer composed of a spacer polymer (3), high affinity anchoring group 

(2) and optional functionalities (4). Adapted from [19]. 

 

However, for biomedical applications, extremely well-defined systems are required. For this 

purpose, it is more appropriate to design a stabilizer (also called dispersant) composed of an 

anchor, that can bind covalently and with high specificity to the iron oxide surface, a spacer 

arm to provide steric repulsion and stabilization and, optionally, functionalities to enable 

conjugation with other molecules of interest (Figure 13b). 

Each of the components of the dispersant must be selected carefully. The anchor should have 

high affinity and bind irreversibly to iron oxide to ensure that the stabilizer will not desorb 

from the particle surface over time. This is particularly relevant in biological conditions where 

many compounds such as phosphates or proteins can adsorb on the particles. Commonly 

used anchoring groups for iron oxide functionalization include carboxylic acids[186], 

phosphonates[187], silanes[188,189] and catechols[190,191]. However, only some of these groups 

are considered to bind irreversibly to iron oxide. Carboxylic acids were shown to be 

substituted by proteins[192]. In general, polydentate ligands are preferred as their affinity is 

increased by entropic effects (Figure 14). For instance, the affinity of phosphonic acids to iron 

oxide is too weak to replace carboxylates on iron oxide nanoparticles and they are susceptible 

to be replaced by free phosphates in biological media[193]. Bisphosphonates on the other 

hand, can bind to two separate sites on the particle surface and thus have much higher 

binding strength compared to simple phosphonates[194]. Silanes also bind irreversibly to iron 

oxide, although they present the added restriction that they must be handled in non-aqueous 

solvents to avoid any crosslinking[195]. Catechols have been known to form very stable 

complexes with iron species. L-DOPA-rich proteins were found to be responsible for the high 

1

2 3 4

Anchor Spacer Functionalities

a b
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adhesive properties of mussels byssal threads[196]. Despite their bio-inspired popularity, 

catechols are susceptible to oxidation and polymerization[197]. Adding electron withdrawing 

substituents on the catechol molecules can prevent these oxidative issues[198]. In particular, 

nitrodopamine and nitroDOPA anchored polyethylene glycols (PEG) stabilizers were found to 

confer much greater stability to iron oxide nanoparticles compared to their dopamine-PEG 

and DOPA-PEG counterparts[199]. Overall, bisphosphonates and catechols possess similar 

affinities and stabilization effects on iron oxide nanoparticles[200].  

 

 

Figure 14: Diagram illustrating the different bonding types for 3 popular iron oxide anchor molecules 
a) bisphosphonate (alendronic acid) b) catechol (L-DOPA) c) silanol (APTES). 

 

Spacers are also very important to confer good stability to the nanoconstructs. The spacer 

should ideally be hydrophilic to ensure colloidal stability in aqueous conditions. Furthermore, 

the particles should avoid adsorption of biomacromolecules on their surface, such as 

opsonins, which induce nanoparticle uptake and clearance by macrophages, monocytes and 

dendritic cells[201]. This property of avoiding clearance by the immune system is often referred 

to as “stealth”. 

Typically, polyethylene glycol (PEG, also called polyethylene oxide PEO) polymer is chosen for 

the spacer as it has many desirable properties[19,202]. PEG is highly hydrophilic, so it enables 

dispersion in water and polar solvents but is also confers the particles the necessary stealth 

property. Indeed, PEG has low affinity to proteins, because of unfavourable steric repulsion 

forces which arise if a proteins binds to PEG[203], but also because of the ordering of water 

molecules around the PEG chains[204]. Surface packing density is an important parameter to 

optimise, as higher packing densities of PEG on surfaces result in better protein adsorption 
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resistance[205]. Likewise, PEG molecular weight has an influence on the circulation times, i.e. 

the time spent in the body before excretion, of PEGylated nanoparticles. Molecular weight 

between 2 and 5 kDa were found to lead to the longest circulation times[206]. 

Lastly, it is of great interest to add additional functionality to the iron oxide nanoparticle 

platform. Such functionalities include fluorophores[207] or radiotracers[208] for multimodal 

imaging, antibodies[209], peptides[210], aptamers[211], DNA[212], RNA[189,213] for targeting and 

drug delivery. To bind theses functional molecules to the iron oxide nanoparticles, it is 

necessary to include chemical moieties at the extremities of the spacer arm which can allow 

easy coupling reactions. Such moieties can be “click” chemistry groups such as azides or 

alkynes[207,214], maleimide or thiols[215], biotin[216], carboxylic acids [217]or amines[218], etc. 

The most common strategy to prepare well-defined functionalized iron oxide nanoparticles is 

to synthesize the oxide cores through a thermal decomposition method followed by a ligand 

exchange process[19]. The hydrophobic ligands can be exchanged with any desired and 

customised dispersant through this way. The ligand exchange is done in a solvent that can 

dissolve both ligands. As it involves several steps, this approach is time consuming and 

inefficient, thus limiting the possibilities to scale up the process. 

Functionalization strategies can be further broken down into two categories: “Grafting To” 

and “Grafting From” methods. “Grafting To” methods consist of first synthesising the 

dispersant (anchor covalently bound to a spacer) followed by attachment of the dispersant to 

the nanoparticles. In “Grafting From” methods, the particles of interest are first 

functionalized with the anchor molecule. Afterwards, the spacer is either covalently attached 

to the anchors or it is grown by in situ polymerization[219]. Grafting From methods tend to 

result in much higher grafting densities compared to the Grafting to approach[220]. The lower 

grafting densities in the Grafting To method are due to steric repulsion effects of adjacent 

polymer chains. The Grafting To strategy on the other hand allows for extensive 

characterization of the dispersant using conventional chemical characterization techniques. 

Additionally, the possibility of synthesizing a dispersant coupled with a functional group or 

molecule of interest prior to performing a Grafting To attachment greatly increases control 

over the amount of functionalities that get introduced on the particle surface[19]. 
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II.7. Literature review conclusions 

In this literature review, the main properties of both magnetic and plasmonic nanoparticles 

were explained. Furthermore, an overview of the numerous applications that have been 

proposed based on their exceptional properties was presented. Based on their properties, 

iron-based nanoparticles were identified as best magnetic nanoparticles candidates for 

biomedical applications. Specifically, iron oxide nanoparticles were selected because of their 

stability and biocompatibility. On the other hand, metallic iron nanoparticles appeared ideal 

for magnetic hyperthermia applications because of their high saturation magnetization. For 

plasmonic applications, aluminium was identified as a very promising earth abundant 

material that can replace the precious silver and gold that have been employed so far. The 

abundance of aluminium and its affordability make it suitable for applications requiring large 

quantities of nanoparticles, such as active supports for plasmonic catalysis. 

Subsequently, the state-of-the-art synthetic methods developed for these three materials 

were reviewed to identify the best approaches, with a focus on methods enabling high control 

over the nanoparticle properties, particularly size and size distribution. Thermal 

decomposition is the method that provides that greatest degree of control over the synthesis 

and final properties of the nanoparticles. Precipitation methods are interesting due to their 

ease of preparation and possibility of obtaining “bare” nanoparticles without any capping 

ligands. 

A distinction was made between traditional batch processes and continuous flow syntheses, 

highlighting the additional challenges arising from flow operation. The review of the 

continuous flow manufacturing strategies demonstrated the vast potential for these types of 

synthetic techniques to overcome the reproducibility and scale-up challenges that have 

halted nanomaterial deployment in relevant applications.   

From the review of the literature, it emerged that continuous flow synthesis of metallic iron 

nanoparticles has yet to be achieved. Developing such a synthesis could therefore open up 

the possibility of large scale manufacturing of this type of nanomaterial. Similarly, no 

continuous wet chemical synthesis of aluminium nanoparticles has been reported. Thus, 

there is great incentive to explore continuous aluminium synthesis using thermal 
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decomposition methods which provide precise control over the size and shape of the 

particles, which are critical for plasmonic applications.  

Finally, functionalization of iron oxide nanoparticles, essential before any kind of biomedical 

application can be attempted, was identified as a key bottleneck in the large scale 

manufacturing of this kind of nanomaterial.  While controlled iron oxide nanoparticle 

synthesis has been achieved in batch, the necessary surfactant imposes another ligand 

exchange step to functionalize the nanoparticle with a coating suitable for biomedical 

applications. Similarly, continuous synthesis of iron oxide has been investigated before and in 

some cases combined with weak stabilizing agent nanoparticle functionalization. However, 

continuous flow synthesis of iron oxide nanoparticles has not yet been combined with 

functionalization with a high affinity stabilizer to produce the highly stable and functional iron 

oxide nanoparticles that are essential for bionanotechnology implementation. Therefore, 

there is an excellent opportunity to combine synthesis and functionalization using continuous 

flow chemistry to directly produce application-ready nanoparticles on a large scale. 
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Chapter III: Experimental methods 

III.1. Continuous synthesis of iron nanoparticles 

Continuous synthesis of iron nanoparticles was carried out in custom-made reactors 

commissioned from Soham Scientific, Ltd consisting of a coiled 2 m (unless specified 

otherwise) glass capillary tube with 1 mm inner diameter (I.D.) and 6 mm outer diameter 

(O.D.) The helical configuration had an external 24 mm diameter. The reactor walls were 

functionalized with a hydrophobic coating by filling the reactor with a 1.66 M solution of 

trichloro(octadecyl)silane (95%, Alfa Aesar) in hexane (95%, Sigma Aldrich), letting it react 

overnight and subsequently washing the reactor with 40 mL of hexane to remove unreacted 

silane. The reactor was immersed in a silicone oil bath and heated to the desired reaction 

temperature ranging from 160 to 200 °C. The temperature of the oil bath was controlled via 

a thermocouple connected to a hot plate. To measure the flowrate of the gas released during 

the reaction, two sealed glass bottles equipped with union caps were connected to the exit 

of the reactor to separate the liquid and gas. The outlet gas flowrate was then measured by 

using a water filled upside-down graduated cylinder. A volume of solution equivalent to two 

reactor volumes was flowed through the reactor before the product solution was collected, 

to ensure a fully developed steady state flow. A schematic of the experimental set-up and a 

picture of the reactor are shown in Figure 15. 
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Figure 15: a) Schematic diagram of the experimental setup for the continuous synthesis of iron 
nanoparticles. b) Picture of the glass reactor during operation. 

The precursor solution consisted of 0.7 mL (52 mmol) of Fe(CO)5 (>99.99%, Sigma Aldrich) in 

20 mL of 1-octadecene (90%, Acros) in the presence of the surfactant (SF). 9.1, 52 or 

296 mmol of surfactant were used for Fe:SF molar ratios of 1:0.175, 1:1 and 1:5.7 respectively. 

The surfactants investigated in this study included oleic acid (90%, Sigma Aldrich), oleylamine 

(80-90%, Acros), oleylalcohol (80% Alfa Aesar), octadecylamine (99%, Sigma Aldrich), 

octadecanethiol (98%, Sigma Aldrich) and octadecanenitrile (92%, TCI). Dissolved oxygen was 

removed from the precursor solution by sparging with nitrogen gas for 1 h. The reactor was 

heated to the desired reaction temperature and N2 gas was flowed through the reactor for 

30 min. The precursor solution was pumped through the reactor using a Harvard 11 elite 

syringe pump. The product solution was collected after waiting the equivalent of 2 reactor 

residence times. During the synthesis particles were collected in a vial under a nitrogen 

atmosphere. In the case of the post-functionalized iron nanoparticles, the nanoparticle 

suspension was collected in a vial containing 1 mL of oleic acid for every 5 mL of product 

solution. Immediately after the synthesis was completed, the collection flask was opened to 

air. The work up procedure was carried out in air without any special precautions. 
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The resulting iron nanoparticle suspension was purified by adding a mixture of acetone 

(technical, Acros) and ethanol (technical, Fisher scientific) (2:1 vol ratio) to the product 

solution (e. g. 15 mL of acetone:ethanol 2:1 for every 5 mL of product solution, not taking the 

oleic acid volume into account) to trigger their precipitation before being allowed to settle 

overnight. The supernatant was discarded and the Fe@Fe3O4 nanoparticles redispersed in a 

minimum amount of hexane (~500 μL). 5 mL of ethanol were then added to precipitate the 

particles once more. After settling overnight, the particles were dispersed in 3 mL of hexane. 

The reactor was cleaned in-between every experiment at room temperature by flowing 

through a sequence of 10 mL of hexane, 10 mL of acetone, 10 mL of water, 10 mL of 

concentrated HCl (37%wt, Acros), 10 mL water, 10 mL concentrated NaOH (30 wt%) 

(prepared from pellets, 98%, Alfa aesar), 50 mL water and 10 mL acetone. 

 

III.2. Continuous synthesis and functionalization of iron oxide 

nanoparticles 

III.2.1. Batch synthesis of nitrocatechols 

The synthesis of nitrocatechols was based on a method found in the literature[221]. 6.5 mmol 

of catechol (dopamine hydrochloride (Sigma-Aldrich), L-DOPA (99%, Acros) or 3,4-

dihydroxybenzylamine hydrobromide (98%, Sigma-Aldrich)) and 18.3 mmol of NaNO2 (98%, 

Alfa Aesar) were dissolved 30 mL of deionised water were sparged with nitrogen for 1 hour 

to remove dissolved oxygen and stirred in with magnetic stirring. The resulting solution was 

cooled down with an ice bath. 5 mL of solution of H2SO4 20 wt% (18.5 mmol, 98%, Fisher 

scientific) were then slowly added to the flask, over 3 minutes. The solution turned yellow 

then orange as the acid was added. The solution was allowed to react overnight (approx. 18h). 

The brown slurry obtained was filtered then the filtrate was washed by 2x 20 mL of ice cold 

water and 20 mL of cold EtOH, then dried in a vacuum oven at 80°C. The mass yield, in the 

case of nitrodopamine and assuming full conversion was 71%. For nitro-L-DOPA and 

nitrodihydroxybenzylamine, the mass yield was 26% and 68% respectively. 
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III.2.2. Batch synthesis of Anchor-PEG-COOH stabilizer 

Nitrocatechol-PEG-COOH stabilizer was prepared by amide coupling in batch. 1.8 g (3 mmol) 

of PEG(COOH)2 (600 g.mol-1 Sigma-Aldrich), were dissolved in 30 mL of dichloromethane 

(99.8+%, stabilized with amylene, Acros organics). To this solution, 700 µL (3 mmol) of 1-Ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC, TCI) and 460 mg (3 mmol) of N-

hydroxysuccinimide (NHS, TCI) were added and stirred for 20 min. A solution of 3 mmol of 

nitrocatechol in 15 mL of dimethylformamide (99.8% anhydrous, Sigma-Aldrich) was added 

and the final solution was stirred for 16 h. 50 mL of solution of 1 M LiCl (98+%, Alfa Aesar) 

adjusted to pH= 1 with HCl was prepared and added to the reaction solution, resulting in the 

separation of two phases. The bottom dichloromethane layer was collected and evaporated 

through rotary evaporation at 70°C and 30 mbar, with a high boiling point solvent trap, in 

order to remove any leftover dimethylformamide. The final product, a dark brown oily 

substrate, was dissolved in a minimal amount of deionised water for later use. The mass yield 

for nitrodopamine-PEG-COOH was 89% and 81% for nitro-L-DOPA-PEG-COOH (NDO-PEG-

COOH), assuming full conversion. 

Alendronic acid-PEG-COOH was prepared by a different EDC/NHS amide coupling in batch. 

2.4 g of PEG(COOH)2 and 1 g of HEPESNa were dissolved in 100 mL of H2O (final pH= 3.6, 

temperature = 60°C) and heated to 70°C. To this solution, a solution of 700 µL of EDC and 460 

mg of NHS was added slowly and the final mixture was stirred for 20 min at 60°C (final pH= 

5.5). 1 g of alendronic acid was dissolved in 200 mL of H2O and added to the reaction solution 

(final pH= 3.5). The pH of the solution was adjusted to 7.4 by dropwise additions of a 0.1 M 

NaOH solution. The solution was left to stir overnight (15h) at 60°C. After 15 hours at 60°C, 

most of the water had evaporated, leaving behind a viscous white slurry. 50 mL of H2O were 

added to redissolve everything (final pH= 8). The pH was adjusted to 0.4 by dropwise addition 

of a concentrated HCl solution (30 wt%). The final solution was extracted with 6 fractions of 

60 mL of CH2Cl2. The CH2Cl2 fractions were combined, and solvent was removed by rotary 

evaporation. Mass yield (assuming full conversion) was calculated to be 53% after 3 CH2Cl2 

extractions and 64% (2.137 g of PEG(COOH)Ald) after 6 extraction. 
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III.2.3. Continuous procedures  

Synthesis and functionalization of iron oxide nanoparticles was carried out in custom 

microreactors units, made from polytetrafluoroethylene (PTFE, Adtech) tubing coiled around 

a 3D printed resin support (Formlabs). The reactors were fabricated with 1/16 inch outer 

diameter 1/32 inch inner diameter PTFE tubing coiled around a 1 cm diameter 3D printed 

support, with the exception of the alternating axis reactor which had a support diameter of 5 

mm. All the reactor units have the same length (2.9 m) and geometry, the T-mixers have a 

0.02 inch diameter, unless otherwise specified. Pre-heating coils had length of 50 cm and 

were included to ensure the precursor streams reached the reaction temperature before the 

initial T-mixer. Temperature control was achieved by immersing the microreactors in water 

baths set to the desired reaction temperature.  

 

Figure 16: a) Example of a schematic diagram of a continuous set-up for the synthesis and 
functionalization of iron oxide nanoparticles. b) Picture of a typical set-up. 
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III.2.3.1. Continuous iron oxide nanoparticle synthesis 

To synthesise the iron oxide nanoparticles, the contents of 2 syringes (S1, S2) containing the 

iron precursor and reducing agent/base respectively, were pumped using syringe pumps 

(Harvard 11 Elite, Chemyx 200, Chemyx 6000) into pre-heating coils (50 cm) and mixed in a 

0.02 inch T-mixer connected to a 2.9 m coiled PTFE reactor (R1). The pre-heating coils were 

in the same water bath as the first reactor and used to ensure each precursor solution reached 

the desired reaction temperature before the T-mixer. Two main methods were used to 

prepare bare iron oxide nanoparticles, which differ by the content of the first syringes (S1, 

S2).  

Reduction-precipitation (RP): S1 contained 0.02 M FeCl3.6H2O (97%, Alfa aesar) and 0.01 M 

HCl (from 1 M standard solution, Fischer scientific) as a stabilizer. S2 contained 0.02 M of the 

reducing agent NaBH4 (> 98%, Sigma Aldrich) and 0.1 M of base, either NaOH (0.1 M standard 

solution, Fisher scientific) or NEt4OH (20 wt%, Sigma Aldrich).  

Co-precipitation (CP): S1 contained 0.02 M of a 2:1 molar ratio mixture of FeCl3 (13.33 mM) 

and FeCl2.4H2O (6.66 mM) (98%, Alfa Aesar) with 0.1 M HCl has a stabilizer. S2 contained 0.1M 

of the base (NaOH, NEt4OH). FeCl2 was stored in a glove box to prevent oxidation.  

 

Figure 17: Schematic diagram illustrating the standard conditions for the reduction-precipitation 
(left) and co-precipitation methods (right). 

III.2.3.2. pH adjustment 

Different solutions were added to the main reaction stream to modify the solution pH. To get 

to an acidic pH (≤ 3), a solution of HCl was used. To get to a neutral pH (7), either 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, TCI) buffer or the corresponding 

sodium salt (HEPESNa, 99%, Alfa Aesar) were used. HEPES was used to lower the pH from 
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alkaline to neutral conditions while HEPESNa was used to raise the pH from acidic to neutral 

conditions. To get an alkaline pH (≥ 11), a solution of base (NaOH or NEt4OH) was used 

 

Figure 18: Schematic diagram illustrating a typical reactor unit used to change the pH in the reactor. 

III.2.3.3. Distributed feed 

To grow the iron oxide nanoparticles, a solution of the respective precursor salt (FeCl3 for 

reduction-precipitation, FeCl2 and FeCl3 (1:2) for co-precipitation) stabilized with HCl was 

added to the main reaction stream. 

 

Figure 19: Schematic diagram illustrating the standard conditions used to grow the Fe3O4NP. 

 

III.2.3.4. Functionalization with Anchor molecule 

To functionalize the iron oxide nanoparticles with an anchor molecule, a solution of the 

appropriate anchor compound (bisphosphonate or nitrocatechol) along with a base or acid to 

set the pH, was added to the main reaction stream. The bisphosphonate anchor of choice was 

alendronic acid (ALD, TCI). 
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Figure 20: Schematic diagram illustrating the standard conditions for the functionalization with 
alendronic acid anchor under alkaline conditions. 

III.2.3.5. PEG(COOH) activation 

The “grafting from” functionalization strategy, where PEG is attached to nanoparticles which 

have been pre-coated with anchor molecules, was achieved through an EDC/NHS coupling 

strategy. The carboxylic acid group of a PEG polymer was activated using carbodiimide 

chemistry to form a reactive NHS-ester. A solution of the target PEG (PEG(COOH)2, 600 g/mol, 

0.1 equiv. based on Fe, 4 mM) and HEPES sodium salt buffer (25 mM) and a freshly prepared 

solution of EDC (0.1 equiv. based on Fe, 4mM) and NHS (0.1 equiv. based on Fe, 4 mM) were 

injected at a flow rate of 0.1 mL/min in a 0.02” T-mixer followed by a standard reactor unit 

(2.9 m length, residence time 7.2 min, pH = 6). 

 

Figure 21: Schematic diagram illustrating the standard conditions for the PEG(COOH)2 activation. 

 

III.2.3.6. Amide coupling 

In the second step of the “grafting from” functionalization strategy, the activated PEG is 

reacted with a suspension of anchor-coated iron oxide nanoparticles to form an amide bond. 
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To achieve this, the main reaction stream containing anchor functionalized nanoparticles (0.6 

mL/min) was mixed with a solution of NHS-ester activated PEG (0.2 mL/min) through a 0.02” 

T-mixer and 2.9 m standard reactor unit (1.3 min residence time, pH= 7). 

 

Figure 22: Schematic diagram illustrating the standard conditions for the amide coupling. 

III.2.3.7. Functionalization with Anchor-PEG-COOH stabilizer 

For the “grafting to” functionalization method, bare iron oxide nanoparticles are directly 

functionalized with a stabilizer with the general Anchor-PEG-COOH structure. For instance, a 

solution of NDA-PEG-COOH adjusted to the desired pH with a base or acid was mixed with a 

suspension of bare iron oxide nanoparticles synthesised in an upstream reactor. 

 

Figure 23: Schematic diagram illustrating the standard conditions for the Grafting To direct 
functionalization. 
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III.2.4. Semi-batch reaction procedure  

The kinetics of the functionalization were determined through a semi-batch method. Bare 

iron oxide nanoparticles were synthesised under continuous flow conditions as described 

above. The resulting suspension (5 mL, 0.01 M in [Fe]) was transferred to a vial with a 

magnetic stir bar and heated to the desired reaction temperature. A solution of the desired 

stabilizer (e.g. ALD, DHBA, ALD-PEG-COOH, NDA-PEG-COOH) of the desired concentration was 

then quickly added and a timer was started. 750 µL aliquots were then extracted and 

quenched by mixing with 250 µL of 2-(N-morpholino)ethanesulfonic acid  (MES) buffer (0.2 

M, TCI). The quenched aliquots were then filtered through a 200 nm syringe filter (Fischer 

scientific) to remove any aggregated nanoparticles 

 

III.2.5. Purification procedure 

To purify the Fe3O4NP-NDA-PEG-COOH and remove any excess reactants, the water solvent 

was evaporated through rotary evaporation at 70°C. The obtained solid nanoparticle residue 

was then dissolved in EtOH (2 mL per 10 mL of starting Fe3O4NP-NDA-PEG-COOH solution) 

followed by precipitation with hexane as an antisolvent (1:1 volume ratio with EtOH). The 

nanoparticles separation was facilitated with a strong permanent magnet and the 

supernatant was discarded. This procedure was repeated a total of 3 times. The particles were 

then dried in a vacuum at room temperature, re-dissolved in a minimal amount of deionised 

water (typically 4 mL of H2O) and filtered through 200 nm syringe filter. 

 

III.2.6. Functionalization with fluorescein 

To functionalize the Fe3O4NP-NDA-PEG-COOH nanoparticles with 5-aminofluorescein (Sigma-

Aldrich), 3 solutions denotated A, B and C were prepared. All solutions were freshly prepared 

before being used. Solution A was prepared by diluting 500 µL of stock Fe3O4NP-NDA-PEG-

COOH (16.7 mM in [Fe] based on a mass balance, 13.3 mM measured [Fe]), 50 µL of 1 M 

HEPESNa and 25 µL of HEPES acid in 5 mL of deionised water (final pH= 8). Solution B consisted 

of EDC (4.2 x 10-5 M, 5 mol% compared to Fe) and NHS (8.4 x 10-5 M, 10 mol% compared to 

Fe) in 10 mL of deionised water. Solution C consisted of an aminofluorescein solution (9.3 x 

10-6 M, 5 mol% compared to Fe) in 4.5 mL of deionised water. 
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Solution B was added to solution A under vigorous stirring (COOH activation). After 5 minutes, 

solution C was added, and the mixture was stirred at room temperature for 16 h. The HEPES 

buffer enabled the pH to be maintained at 8 throughout the reaction. The Fe3O4NP-NDA-PEG-

Fluorescein particles were then purified and recovered by rotary evaporation, followed by 

washing and sonication (10 min) in EtOH (1 mL per 10 mL of starting solution), magnetic 

decantation and two more cycles of washing/magnetic decantation with acetone (1 mL per 

10 mL of starting solution). Finally, the particles were dried in vacuum at room temperature, 

re-dissolved in a minimal amount of deionised water (typically 4 mL of H2O) and filtered 

through 200 nm syringe filter. 

 

III.2.7. Spectrophotometric iron determination 

Iron concentration was measured through spectrophotometric determination by forming a 

complex with 1,10-phenanthroline ligand. To prepare a solution of Fe(phen)3
2+, the unknown 

Fe solution or Fe3O4NP suspension were digested overnight in an excess of 1M HCl (1 : 14 Fe 

unknown/HCl volume ratio).  To this digested solution, a solution of phenanthroline (TCI) was 

added (10 mM, 1:6 Fe digested solution/phen volume ratio) followed by hydroxylamine 

hydrochloride (99%, Alfa Aesar) (0.58 M, 1:1 digested solution/NH2OH.HCl) to reduce all the 

Fe(III) to Fe(II). The solution was left to react overnight before measuring the UV-vis spectra. 

The extinction coefficient of the Fe(phen)3
2+ was determined by establishing a calibration 

curve for 5 samples with the following final iron concentrations: 1, 2, 3 4, 5 mg/L. Afterwards, 

this calibration curve and Beer-Lambert law were used to calculate the iron concentration of 

unknown samples.  

III.3. Continuous synthesis of aluminium nanoparticles 

III.3.1. Batch synthesis of aluminium nanoparticles 

Aluminium nanoparticles were synthesized in a batch reaction setup by thermal 

decomposition of an aluminium precursor in the presence of a titanium (IV) catalyst. This 

method was adapted from a procedure developed by Haber and Buhro[115] and expanded on 

by Halas and co-workers[120,121]. Aluminium precursors investigated include alane N,N-

dimethylethylamine (0.5 M solution in toluene, Sigma Aldrich), triisobutylaluminium (1 M 

solution in hexanes, Sigma Aldrich), diisobutylaluminium hydride (1 M solution in hexanes, 
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Sigma Aldrich) and trimethylaluminium (2 M solution in toluene, Sigma Aldrich). The 

investigated titanium catalysts were titanium (IV) isopropoxide (Sigma Aldrich) and titanium 

(IV) chloride (Sigma Aldrich, 1 M in toluene). The solvents used in this work were 

tetrahydrofuran (99.8%, anhydrous, Acros), dioxane (99.8%, anhydrous Acros), anisole (99%, 

Acros), toluene (anhydrous, 99.8% Alfa Aesar), dioctyl ether (99%, Sigma Aldrich), 

trioctylamine (95%, Alfa Aesar). 

For the batch synthesis of aluminium nanoparticles, solutions of the aluminium precursor and 

the titanium catalyst in the solvent of choice were prepared using standard air-free 

techniques. All the glassware was dried in an oven at 90°C and quickly transferred to an argon 

glovebox (Vigor) for solution preparation. The v:v ratio of the aluminium:titanium was 1:9, to 

minimize temperature drop when injecting the cold precursor solution. Dioctyl ether and 

trioctylamine were dried for 24h over 3 Å molecular sieves and sparged with argon gas for 30 

min prior to use. Typical concentrations after mixing were 0.1 M for the aluminium precursor 

and 10-3 M for the titanium catalyst. The titanium catalyst solution was introduced into a 

septum capped vial and heated to the reaction temperature using an aluminium block heater. 

The aluminium precursor solution was then quickly injected, and a timer was started. 0.5 mL 

aliquots were withdrawn using polypropylene syringes and quenched by injecting into 0.5 mL 

of a 0.4 M dibutyl phosphate (TCI) solution in hexane. This quench step was carried out in air, 

taking care of injecting the aliquot directly into the dibutylphosphate solution to minimise 

contact with air. Once the final desired reaction time was reached, any leftover reaction 

solution was quenched with dibutylphosphate. The obtained quenched aluminium 

nanoparticles suspensions were purified by centrifugation at 5000 RCF, the supernatant was 

discarded, and the nanoparticles were resuspended in isopropanol (technical, Acros) by 

sonication for 5 min. The particles were further purified by 2 cycles of centrifugation at 16 

000 RCF and resuspension in isopropanol.  

III.3.2. Continuous synthesis of aluminium nanoparticles 

The continuous synthesis of aluminium nanoparticles was carried out in microreactor 

fabricated from 1/16 inch (1.59 mm) inner diameter, 1/8 inch (3.18 mm) outer diameter and 

standard polyether ether ketone (PEEK) flangeless fittings (IDEX Health & Science). The 

smaller 1.43 mL reactor was coiled over a 3D printed resin support (Formlabs) with 1 cm 

diameter while the larger 10 mL reactor was coiled in a loop inside the oil bath (diameter 19 
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cm). Check-valves (IDEX Health & Science) were fitted to the precursor inlets to prevent any 

backflow into the syringes. The reactor was flushed with argon gas for 30 min prior to running 

the reaction. The aluminium precursor and titanium catalyst solution were mixed in a T-mixer 

(IDEX Health & Science, 0.02 inch inner diameter). In the case of the triphasic gas-liquid-liquid 

flows, the carrier phase was injected in a second T-mixer (0.02 inch inner diameter, IDEX 

Health & Science). A solution of dibutyl phosphate (typically 0.4 M in toluene) was mixed in a 

third T-mixer (PFA, Swadgelok) at the outlet of the reactor to quench the reaction solution in 

a second reactor in series (1/16 inch inner diameter, 1 mL volume). Carrier phases for the 

triphasic gas-liquid-liquid flow setup included perfluoromethylcyclohexane (90%, Sigma 

Aldrich), perfluorodecalin (90%, mixture of cis and trans isomers, Acros) and Fomblin® Y 

(Sigma Aldrich).  

The aluminium precursor and titanium catalyst solutions were prepared according to the 

same procedure described in the batch method. The v:v ratio of the aluminium:titanium 

solution was 1:1. Typical concentrations after mixing were 0.1 M for the aluminium precursor 

and 10-3 M for the titanium catalyst. The reactor was immersed in an oil bath set at the desired 

temperature, while all the T-mixers were kept at room temperature. The temperature of the 

oil bath was controlled via a thermocouple connected to a hot plate. The precursor, catalyst 

and carrier phase solutions were transferred to polypropylene syringes and connected to the 

reactor setup via Luer-Lock® connection, using an argon gas buffer to avoid contact with air. 

The solutions were then pumped into the reactor at the desired flow rate (typically 0.25 

mL/min) using syringe pumps (Harvard 11 elite, Chemyx 200). To measure the flowrate of the 

gas released during the reaction, two sealed glass bottles equipped with union caps were 

connected to the exit of the reactor to separate the liquid and gas. The outlet gas flowrate 

was then measured through displacement by using a water-filled upside-down graduated 

burette. A volume of solution equivalent to two reactor volumes was allowed to flow through 

the reactor before the product solution was collected, to ensure a fully developed steady 

state flow. The collected aluminium nanoparticle suspensions were purified according to the 

same procedure as the nanoparticles obtained in batch.   A schematic representation of the 

continuous flow reaction set-ups is illustrated on Figure 24. 
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Figure 24: Schematic representation of the continuous flow reaction set-ups of aluminium 
nanoparticles in the case of a) biphasic gas-liquid flow and b) triphasic gas-liquid-liquid flow. 

III.4. Nanoparticle characterization 

The nanomaterials synthesized in this work where thoroughly characterized to assess their 

properties. The different characterization techniques employed are summarized in the 

following section. 

III.4.1. Dynamic Light Scattering 

Dynamic Light Scattering (DLS) measurements were obtained using a Malvern Zetasizer Nano 

S90 instrument equipped with a 633 nm laser. 

III.4.2. UV vis spectroscopy 

Absorbance spectra of nanoparticle suspensions were recorded using an Agilent Cary 60 

ultraviolet-visible (UV-vis) spectrophotometer. 

III.4.3. Zeta potential 

Zeta-potential data was recorded on a Malvern Zetasizer Nano ZS instrument equipped with 

a 633 nm laser. Three sets of measurements were recorded per data point and the average 

zeta-potential value was reported. The pH was controlled with 50 mM of HEPES buffer and 

the pH was adjusted to the desired value with NaOH or HCl solutions. 
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III.4.4. Electron Microscopy 

Transmission electron microscopy samples were prepared by dropping one or two drops of 

nanoparticle suspensions onto carbon-coated Cu grids (Agar Scientific, 400 mesh). A FEI 

Tecnai F20 G2 200 kV FEGTEM with a Gatan image filter (GIF) 200 followed by a 4 k × 4 k CCD 

detector was used to acquire transmission electron microscopy images of the samples. 

Particle size distribution histograms were obtained from measuring at least 100 particles 

using ImageJ open-source software. An ellipse was fitted to the particle to measure its area, 

and the diameter was estimated assuming a perfect circular area. 

Scanning electron microscopy (SEM) samples were prepared by dropping 1-2 drops of 

nanoparticle suspension on carbon tape. was carried out using a ZEISS Gemini300 using 5 kV 

accelerating voltage with a through-the-lens detector. 

 

III.4.5. Fourier Transform Infrared spectroscopy 

Fourier Transform InfraRed (FTIR) spectra were measured with a SpectrumOne instrument 

(Perkin Elmer). Nanoparticles suspensions were dropped and dried onto the Attenuated Total 

Reflectance (ATR) detector. 

III.4.6. T1/T2 NMR relaxation measurements  

The NMR relaxation experiments were performed by Dr Michael Mantle. 

All measurements were performed on a Bruker Biospin Ltd, Avance DMX 300 spectrometer 

operating at a proton frequency of 300.13 MHz.  A 5 mm radio-frequency coil was used and 

samples were prepared in 5 mm NMR tubes.  The 90 degree pulse length was 8.75 µs.  A 

standard Bruker T1 inversion-recovery pulse sequence was used (‘t1ir’) for T1 relaxation time 

measurements with 12 variable delays, spaced between 10 s and 5 ms.  2 averages were used 

and the data were processed offline using Microsoft Excel software.  T2 relaxation time 

measurements were performed using a standard Carr-Purcell-Meiboom-Gill (‘cpmg’) spin-

echo train, with 1024 echoes; echo times of either 1 ms or 10 ms were used depending upon 

the particular sample being investigated. 8 averages were acquired.   All the data was 

processed offline using Microsoft Excel software. 
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III.4.7. Cytotoxicity assay 

The cytotoxicity assays were carried out by Christof Frank and Luise Fanslau. 

HEK293 cell line was used in this study to determine the cell toxicity of Fe3O4NP-NDA-PEG-

COOH and Fe3O4NP-NDA-PEG-Fluorescein nanoparticles. The cells were maintained in T75 

flasks with Dulbecco′s Modified Eagle′s Medium (DMEM), containing 0.5 % Penicillin-

Streptomycin and 10% fetal bovine serum (FBS) at 37 °C and 5% CO2 in an incubator. The cell 

line was passaged every three days. For passaging, the culture was washed with Dulbecco’s 

Phosphate Buffered Saline (DPBS) and detached from the flask by incubating with 0.7 mL of 

Trypsin-EDTA at 37 °C and 5% CO2 for 5 min. After adding 8 mL of DMEM, cells were 

centrifuged at 500 rpm for 5 min and the supernatant removed. The cell pellet was re-

suspended with 10 mL of fresh DMEM. To sustain cells, 2.5 mL of cell stock was transferred 

into a new T75 flask and diluted with DMEM to a final volume of 15 mL. 

For LDH assay analysis, cells were counted using a disposable haemocytometer (Two Channel 

C-Chip, NanoEntek) and the stock was diluted with DMEM to a final concentration of 105 

cells/mL. 100 µL of 105 cells/mL cell stock solution were seeded into 96 Well plates 

(ThermoFisher Nunclon, TC treated) and allowed to grow to 80% confluency. Prior to the 

administration of nanoparticle samples and controls, DMEM was replaced. Next, 20 µL of NP 

stock solutions were added per well in triplicates and incubated at 37 °C and 5% CO2. 10 µL 

aliquots were taken of each well at each time point of the study (24h and 48h after initial 

administration) and centrifuged for 5 min on a SciSpin mini centrifuge to remove cell debris. 

Following the instructions given in the LDH assay manual (LDH Assay Kit ab65393, abcam), 5 

µL aliquots were taken of each sample and were treated with 95 µL of freshly prepared LDH 

assay reaction mix. All samples were transferred in a 96 well plate (ThermoFisher Nunclon, 

black round bottom) and incubated on a shaker for 10 min. Fluorescence of samples was 

measured on a microplater reader (Tecan Infinite 200 Pro) at Ex./Em. = 535/587 nm with a 

bandwidth of 20 nm. 
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Chapter IV: Continuous iron nanoparticle 

synthesis by thermal decomposition 

 

IV.1. Introduction 

In this chapter, the thermal decomposition method for nanoparticle synthesis was 

investigated as it is widely considered the best synthetic pathway to achieve high control over 

particle size and dispersity. This synthetic approach is described in detail in the Literature 

review chapter. Briefly, thermal decomposition methods consist of heating a metal precursor 

(usually a metal complex species) at relatively high temperatures (150-350°C) to decompose 

it into iron or iron oxide nuclei species, which can then grow to form nanoparticles. Typically, 

the method is carried out in the presence of surfactant molecules which help control the final 

size of the particles. A thermal decomposition strategy allows the use of Fe(CO)5 precursor 

containing iron in the zero valent state and therefore the synthesis of highly magnetic metallic 

iron nanoparticles. The high magnetization saturation of iron nanoparticles compared to their 

iron oxide counterpart makes them a promising material for magnetic hyperthermia, reducing 

the quantity of nanoparticles necessary to achieve the same heating efficiency. Thermal 

decomposition methods have rarely been adapted into continuous flow systems since they 

result in many reactor design challenges compared to more mild methods such as co-

precipitation[143,161,222,223].  The first section of the following chapter focuses on the design and 

characterization of a reactor for continuous synthesis of iron nanoparticles by thermal 

decomposition while the second section describes the synthesis and the effects of reaction 

parameters on the obtained nanoparticles. 

The synthesis of magnetic nanoparticles in flow was studied by the thermal decomposition of 

Fe(CO)5 in 1-octadecane as a high boiling solvent at 200°C in the presence of a range of 

surfactants (SF). Carbon monoxide is formed during the decomposition reaction, which can 

be described by the following general equation: 
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As the reaction produces gaseous carbon monoxide, a complex biphasic gas-liquid flow (also 

called Dean-Taylor flow) was formed inside the reactor. The gas flow rate and conversion 

could be determined by measuring the amount of gas evolved by liquid displacement. 

A schematic overview of the standard reaction setup used in this chapter is shown in Figure 

25. 

 

Figure 25: Schematic diagram of the reaction setup with typical reaction conditions. Inset shows a 
picture of the glass microreactor. 

It should be noted that this chapter heavily overlaps with a corresponding research paper: 

“Continuous synthesis of monodisperse iron@iron oxide core@shell nanoparticles” [142]. 

IV.2. Reactor design and characterization 

IV.2.1. Reactor material investigation 

The choice of reactor material is a critical step when designing any chemical reaction vessel. 

The choice of material is particularly important for microreactor systems as their small size 

means that a very high surface area of the reactor will be in contact with the reaction mixture. 

The reactor material selected should have excellent chemical compatibility with the reactants 
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and products. Additionally, since the synthesis method of choice in this case is a thermal 

decomposition, the reactor must withstand relatively high temperatures (> 150°C). 

Reactor fouling, which is the deposition of solid chemical residue on the reactor walls is 

another issue that is known to be problematic when synthesising nanomaterials in 

microreactors[21]. Fouling should be avoided as much as possible as it can lead to dynamic 

systems because of heterogeneous nucleation. Furthermore, if too much fouling accumulates 

in the microreactor, it can cause pressure drop and clogging.  In most cases, some amount of 

fouling is inevitable, so a reliable method to clean the reactor is needed and therefore, the 

reactor material must be compatible with the cleaning solution as well. In the present case, 

most of the fouling is composed of iron and iron oxide, which is conveniently dissolved with 

hydrochloric acid (HCl).  

Three candidate reactor materials where investigated: polytetrafluoroethylene (PTFE), 

stainless steel (SS) and borosilicate glass. These tubing materials were some of the few that 

have the desired characteristics required for the challenging conditions imposed by thermal 

decomposition methods.  All these materials present advantages and drawbacks which are 

summarized in Table 5.  

PTFE tubing is the preferred material in the Torrente research group as it shows excellent 

chemical compatibility, is transparent and affords great design flexibility as 3D printed 

supports can be used to shape the tubing in any desired configuration. Unfortunately, it was 

discovered that the precursor used in this system, Fe(CO)5, has the very rare property of being 

able to diffuse through fluoropolymers[224,225]. This diffusion effect resulted in large losses of 

precursor, low reaction yields and fouling inside the reactor tubing (Figure 26). 

 

Figure 26 a) Evolution of PTFE fouling over time after being immersed in a 2.6 M Fe(CO)5 solution in 
octadecene at room temperature. b) Light microscopy picture of a reactor tubing cross section after a 

single flow reaction, showing ring of fouling where Fe(CO)5 precursor diffused out. 
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Stainless steel tubing possesses excellent thermal properties, but it cannot be reliably cleaned 

since it is not compatible with hydrochloric acid. In addition, stainless steel is opaque, which 

makes determination of the extent of fouling inside the reactor difficult. Therefore, mainly 

for reproducibility issues, stainless steel was not chosen as the reactor material. 

Finally, borosilicate glass was chosen because of its chemical inertness and ease of optical 

access. However, as opting for a borosilicate glass reactor meant to have it custom made by 

a glass blower, this greatly limited the possibility of changing and experimenting with the 

reactor design itself. 

Table 5: Comparison of the different properties of the three reactor materials. Colours indicate if the 
properties of the materials are poor (red), intermediate (yellow) or good (green). 

  Fluoropolymers Stainless steel Borosilicate glass 

Chemical 
compatibility 

Normally excellent but 
Fe(CO)

5
 can diffuse 

through them 

Not compatible with 
acids 

Inert 

Maximum operating 
temperature (°C) 

200 1400 500 

Thermal conductivity 
(W/m.K) 

0.25 16.3 1.2 

Transparency Yes No Yes 

Design flexibility High Medium Low 

 

 

IV.2.2. Reactor fouling  

As is mentioned in the previous section, wall fouling or the deposition of particles on the 

reactor walls is a significant issue for nanomaterial synthesis in microreactors[226]. In all cases 

in this work, some fouling of the reactor was observed. To evaluate the extent of the fouling 

in the borosilicate glass reactor, synthesis of iron nanoparticles under typical conditions were 

carried out. The deposited particles forming the fouling layer were then dissolved with HCl 

and the concentration of iron in the resulting solution was measured by a spectrophotometric 
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assay (see materials and methods chapter for details). Furthermore, the glass reactor walls 

were functionalized by a hydrophobic coating using octadecyltrichlorosilane, to evaluate the 

effect of the wall wetting properties on the fouling. 

Overall, it was found that the fouling effect was relatively limited, with < 5 % of the total 

starting iron precursor lost due to deposition on the walls (Figure 27). The hydrophobic 

coating led to slightly higher fouling levels compared to normal glass. This effect can be 

attributed to the oleylamine surfactant coating that is present on the surface of the iron 

nanoparticles, which confers hydrophobic properties to the particles. Therefore, a native 

hydrophilic glass surface seems to be preferable to reduce fouling, however the difference is 

minimal and all the experiments in this chapter were performed using a glass reactor with 

hydrophobic coating. Finally, the flow rate was not found to have a significant impact on the 

fouling unlike certain previous observations[226].  

 

Figure 27: Quantification of the amount of iron deposited on the walls of the reactor after a typical 
reaction (200°C, reaction run time: 20 min, Fe:SF molar ratio 5.7 : 1) with different wall properties. 

The iron fouling layer was dissolved with concentrated HCl and iron concentration was measured by 
spectrophotometric determination. 
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IV.2.3. Residence time estimation 

Since decomposition of Fe(CO)5 leads to the formation of a complex biphasic gas-liquid flow 

in situ for this system, the flow rate varies along the reactor as more generated gas will 

accelerate the flow rate. This phenomenon makes determination of the residence time 

nontrivial. Therefore, an estimation of the residence time (τ) was calculated using the plug 

flow reactor design equation and the conversion. The conversion (X) of the reaction was 

calculated by measuring the amount of CO gas produced (considering the Fe(CO)5 → Fe + 5 

CO system). The design equation for a plug flow reactor (PFR) is: 

�� =  ��
�

���

−��
 (2) 

where XA is the conversion in species A (i.e. Fe(CO)5), V the reactor volume, ��the reaction 

rate and  ��
� is the inlet molar flow rate corresponding to ��

� =  ��
�. �� where ��

� is the inlet 

concentration and �� the initial volumetric liquid flow rate.  This expression can be 

rearranged and integrated: 

�

��
�. ��

= �
���

−��
 

��

�

 (3) 

Therefore, the slope of the graph of 
�

��
�.�� against X corresponds to the reaction rate �� (Figure 

28a). On Figure 28a, it can be seen that below a certain value of 
�

��
�.��   of around 500 L.s/mol 

the plot is linear. From  
�

��
�.�� = 500 L. s/mol and above, the reaction is close to full 

conversion (X =0.8-0.9) which explains the plateau observed on the graph. The linearity below 

this point at partial conversion indicates that the reaction can be assumed to follow 0th order 

kinetics. From this approximation it follows that the reaction rate is a constant: − �� = �. 

With this assumption, the design equation can be solved to obtain the following expression: 

� 
�

��
���

= � (4) 

By plotting the data below 
�

��
�.�� = 500 L.s/mol (in the partial conversion region) an 

approximate value for k can be obtained using linear regression (Figure 28b). 
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Figure 28: a) Plot of the conversion (X) as a function of the reactor volume (V), the liquid flow rate (Q) 
and the initial concentration (C°). b) Linear regression applied to the linear section of the plot (V/C°.Q 

< 500 L.s/mol) 

Note that to improve the accuracy of this estimate, extra experiments at 
�

��
�.�� =

92 and 180  were performed, by using a 4 mL/min flow rate and double the initial 

concentration (C° x2) of Fe(CO)5 respectively. From this development it follows that k = 

0.00152 mol/L.s.  

The approach described above allows to get a value for �. It is possible to do so because the 

conversion only depends on the reactor volume and initial molar flow rate. To estimate the 

residence time, the gas expansion needs to be taken into account, which will result in an 

acceleration of the volumetric flow rate along the reactor. This behaviour will be accurately 

described by solving the following differential equation: 

� = �
��

�

�

�

 (5) 

�, the total flowrate, is the sum of the initial liquid flow rate �� (constant) and the gas flow 

rate which can be expressed as a function of the conversion X using the ideal gas law and 

taking the stoichiometry into account: 

� =  �� + 5��
�

��

�
� (6) 

By substituting � with the expression derived above (� 
�

��
��� = �), an expression of � as a 

function of � is obtained: 
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� =  �� + 5�
��

�
� (7) 

 

This expression can be plugged into the differential equation and solved for �: 

� = �
��

�� + 5�
��
�

�
=

�� �
5�

��
�

�

�� + 1�

5�
��
�

�

�

 
(8) 

The results are compiled in Table 6. Error on the residence times was calculated based on the 

error of the predicted  � value from linear regression. Overall, to estimate these residence 

time values, the following assumptions were made: plug flow behaviour, order 0th kinetics 

and ideal gas law. 

Table 6: Estimated residence times (τ) for the investigated experimental conditions (200°C, 
oleylamine surfactant, Fe:oleylamine molar ratio 5.7 : 1). Error on the residence times was calculated 

based on the error of the predicted k value from linear regression. 

 

 

IV.2.4. Heat transfer 

The heat transfer inside the reactor has a critical influence on the reactions performed in a 

microreactor, particularly for highly temperature dependent reaction systems such as 

thermal decompositions reactions. Hence the thermal profiles inside the reactor were 

determined to estimate how long the injected reaction solution takes to reach the 

temperature of the oil bath in which the reactor is immerged.  

The temperature profiles inside the flow reactor were calculated by assuming a single phase 

laminar liquid flow (which is accurate for the initial reactor thermal entry length where 

negligible amounts of gas have been formed). Considering the case of forced convection heat 

Q (mL/min) X L (m) C° (mol/L) V/C°.Q° (L.s/mol) τ (s) Δτ (s)

0.05 0.912 2 0.2552 7385 21.4 1.5

0.5 0.78 2 0.2552 738 13.7 0.9

0.75 0.836 2 0.2552 492 12.3 0.8

1 0.43 2 0.2552 369 11.4 0.7

1 0.336 2 0.5105 185 11.4 0.7

1 0.908 4 0.2552 738 13.7 0.9

4 0.081 2 0.2552 92 7.0 0.1

30 0.062 2 0.2552 12 2.2 0.1
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transfer inside a tubular reactor, the temperature evolution as a function of time is described 

by the following equation: 

 �(�) = (�� − ��) exp �
−4��

� � ��
�� + �� (9) 

  

where Ti is the initial temperature, Ts the outer wall temperature (assumed to be constant), 

�� the overall heat coefficient, cp the heat capacity and ρ the density of octadecene and D the 

internal diameter of the reactor. The liquid phase was assumed to be pure 1-octadecene. The 

properties of 1-octadecene at the different reaction temperatures such as density, viscosity, 

thermal conductivity and liquid heat capacity were determined using the Rackett, Mehrotra, 

Sastri-Rao and Ruzicka-Domalski methods respectively[227]. For the wall, the properties of 

borosilicate glass were considered. The overall heat transfer coefficient �� takes into account 

the contribution of the wall conduction: 

 
1

��
=

1

ℎ�
+

�����

�����
 (10) 

Where ℎ� the heat transfer coefficient of 1-octadecene, xwall the wall thickness and kwall the 

wall thermal conductivity. ℎ� can be determined through the Nusselt number. To take into 

account the effects of the reactor helical configuration and thus the formation of Dean 

vortices on the heat transfer coefficient (ℎ�), the Nusselt number was calculated using the 

Manlapaz-Churchill correlation[228]: 

 �� =

⎣
⎢
⎢
⎡

�3.657 +
4.343

�1 +
957

�� × ����
��

�

+ 1.158 × �
��

1 +
0.477

��

�

�
��

⎦
⎥
⎥
⎤

�
��

 (11) 

where Pr is the Prandlt number and Dn is the Dean number. 

Using equation (9), the temperature profiles in the entry of the flow reactor were plotted for 

160, 180 and 200°C and are shown on Figure 29a, taking between 7-10 s to reach the desired 

temperature assuming a single phase liquid flow.  
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Figure 29: Temperature evolution as a function of time in the reactor, assuming a single liquid phase 
flow in a helical reactor (internal diameter 1 mm, helix diameter 24 mm) a) at different wall 

temperatures with a flow rate of 0.5 mL/min, b) at variable flow rates c) assuming a single CO gas 
phase  

It is interesting to note that the Dean flow provides a considerable enhancement of the heat 

transfer to the fluid itself, particularly at high flow rates (Figure 29b). However, the total heat 

transfer is still dependent on heat conduction through the walls of the reactor, which limits 

the heat transfer at high Dn. In addition, the heat transfer to the in-situ formed CO gas was 

found to be around three orders of magnitude faster than for the liquid because of the 

difference in densities (Figure 29c). CO reaches the desired temperature in less than 10 ms. 

IV.2.5. Flow regime 

Finally, it is very important to consider the type of flow regime achieved inside the reactor. 

As previously stated, Fe(CO)5 decomposes to form CO gas inside the reactor, generating a gas-

liquid flow in situ. This type of flow, also known as slug flow or Taylor flow, is well-known and 

has been used extensively for nanomaterial synthesis in flow[138]. The liquid slugs in Taylor 

flow exhibit characteristic recirculation vortices (Figure 30a), which greatly enhance the mass 

transfer inside the slugs compared to single phase flow (Hagen-Poiseuille flow profile) and 

therefore this flow regime results in significantly reduced residence time distributions. In the 

present system, centrifugal forces must be considered as well because of the helical geometry 

of the reactor.  
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Figure 30: Schematic representation illustrating the flow patterns for a) Dn < 5, behaving similarly to 
a straight channel, b) 5 < Dn < 20, where the centrifugal force due to the curved channel starts to 
push the recirculation vortex against the outer wall and c) Dn > 20, illustrating mixing occurring 

across the central stagnation stream line. Blue coloured regions correspond to advection dominated 
zones (good mixing) while yellow indicates diffusion limited zones (poor mixing).  

 

The curvature of the tubing can have a significant effect on the flow patterns inside the tube. 

The centrifugal forces acting on curved channel cause secondary flows also called Dean 

vortices (see Literature review for more details). This consideration means that the flow inside 

the system correspond to complex Dean-Taylor flow. The extent of the centrifugal forces can 

be quantified by the dimensionless Dean number (Dn, see Literature review chapter). At low 

flow rates and therefore low Dn (< 5), the flow regime inside the reactor behaves as standard 

Taylor flow through a straight pipe (Figure 30a). In this case there is poor mixing in the toroidal 

volume at the centre of the Taylor recirculation vortices and good mixing in the zone around 

the vortices. However, at medium flow rates or medium Dn (5 < Dn < 20), the centrifugal 

forces start to interfere with the Taylor vortices, shifting the vortices against the wall, 

resulting in a good mixing near the outer wall and poor mixing next to the inner wall. At even 

higher flow rates and Dn (> 20), the Dean flow perturbates the Taylor flow and mixing can 

occur across the stagnation stream line that normally divides the two Taylor vortices (Figure 

30c)[229]. The Dean-Taylor flow can thus greatly enhance the mass transfer and mixing in the 

reactor, which has very important consequences on the particle formation and growth as will 

be discussed in the next section. Furthermore, an extended computational fluid dynamic 

study of Dean-Taylor flows based on this system was carried out in the group[229]. 

a b

Centrifugal force

c

Centrifugal force
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IV.3. Continuous nanoparticle synthesis and characterization 

IV.3.1. Effect of surfactant 

Typically, thermal decomposition methods for nanoparticle synthesis involve some type of 

surfactant, to stabilize the particles against immediate aggregation[230]. To investigate the 

effect of the surfactant on the iron nanoparticle synthesis, a series of surfactants molecules 

including oleic acid (OA), oleylamine (OAm), oleylalcohol (OAl), octadecylamine (ODA), 

octadecanethiol (ODT) and octadecanenitrile (ODN) were applied to the synthesis. A control 

experiment in the absence of any surfactants was also carried out. These surfactants were 

selected to have the same chain length (18 carbon atoms) in order to study the effect of the 

hydrophilic moiety independently. Interestingly, the surfactant was found to have an 

important role during the decomposition reaction. Indeed, the amount of carbon monoxide 

gas released from the Fe(CO)5 precursor strongly depends on the nature of the surfactant 

used as shown in Figure 31. This observation indicates that the first step during the formation 

of the iron nanoparticles is a ligand exchange between a CO ligand and a surfactant molecule 

on the iron. Considering the general reaction (Fe(CO)5 → Fe + 5 CO), the degree of ligand 

exchange (i.e. ligand exchange conversion) can be defined considering the reaction at partial 

conversion: 

��(��)� + � �� → ��(��)������ + � �� (12) 

 

The degree of ligand exchange is calculated as: 

������ ���ℎ���� ������(%) = 100 ×
�

5
 (13) 

Note that this ligand exchange degree represents the conversion for the ligand exchange 

reaction. However, it was chosen not to simply name it conversion to avoid confusion as it is 

not necessarily the same as the conversion of Fe(CO)5 precursor into iron nanoparticles, 

because the intermediate species ��(��)������ can be stable, as the following results will 

demonstrate. 

The degree of such ligand exchange increases as the nucleophilicity of the surfactant 

increases, because of faster ligand exchange. Amines and thiols (ODA, ODT, OAm) are good 
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nucleophiles resulting in over 70% of removed CO while poor nucleophiles such as carboxylic 

acids or alcohols (OA, OAl) lead to less than 20% of ligand exchange. On the other hand, oleic 

acid, oleyalcohol and octadecanethiol form a stable iron-surfactant complex after the ligand 

exchange and no iron nanoparticles are formed. During the formation of these stable iron-

surfactant complexes, CO is still released and thus, the degree of ligand exchange is a relative 

measure of the conversion of the first step in the process. An optimum balance between 

nucleophilicity and Fe-SF bond strength was found for nitrogen-based surfactants (amines 

and nitriles). 

 

Figure 31: Effect of surfactant on the degree of ligand exchange in the Fe(CO)5 precursor. The striped 
bars represent the fact that no nanoparticles were formed, indicative of the formation of a stable 

iron-surfactant complex. OA = oleic acid, OAm = oleylamine, OAl = oleylalcohol, ODA = 
octadecylamine, ODT = octadecanethiol, ODN = octadecanenitrile, none= reaction without any 

surfactants. Conditions: 200°C, Inlet flow rate: 0.5 mL/min, Fe:SF molar ratio 5.7 : 1. 

 

Iron nanoparticles were formed in all cases for the nitrogen-based surfactants (OAm, ODN, 

ODA) and in the no surfactant control although with different degrees of conversion (Figure 

31). However, in the case without surfactants, particle aggregation and fouling were very 

severe and particle yields were very low. In all the cases where particles were formed, the 

obtained nanoparticles had similar particle sizes and size distributions (Figure 32). It is 

interesting that the particles synthesised without any surfactant had a similar size to the other 
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cases with surfactant, but their shape was more irregular, suggesting the surfactant is 

responsible for the spherical shape of the nanoparticles. Oleylamine resulted in the highest 

degree of ligand exchange and produced iron nanoparticles with better polydispersity than 

octadecylamine and octadecanenitrile. As a result, oleylamine was selected as the optimal 

surfactant for the rest of the work. 
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Figure 32: TEM micrographs of iron nanoparticles synthesised using nitrogen-based surfactants and 
in the absence of surfacants.  

Conditions: 200°C, Liquid flow rate: 0.5 mL/min, Fe:SF molar ratio 5.7 : 1. All particles were 
functionalised post-synthesis with oleic acid. 
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IV.3.2. Effect of iron:surfactant molar ratio 

In some cases for nanoparticle synthesis by thermal decomposition, the amount of surfactant 

introduced in the reaction was found to influence the final particle size[231]. In general, 

increasing the surfactant concentration leads to smaller particles as their larger surface area 

can be stabilized. The iron:surfactant (Fe:SF) molar ratio  was varied between 1:1, 1:5.7 and 

1:12 to study its effect on the resulting nanoparticles. It was found that the Fe:SF ratio had 

little influence on the ligand exchange degree and final particle size for the continuous flow 

system although a small systematic increase in mean particle diameter from 7.4 to 9.2 nm 

was observed as the Fe:OAm molar ratio increased from 1:1 to 12:1 (Figure 33, Figure 34).  

 

Figure 33: a) Measured ligand exchange degree at different iron:oleylamine molar ratios. b) Mean 
size and standard deviation of iron nanoparticles as a function of of iron:oleylamine molar ratio in 

batch and flow reactors (error bars represent polydispersity).  
Conditions: Flow: OAm surfactant, 1 mL/min inlet flowrate, 200°C 

Batch: OAm surfactant, 30 min reaction time, 200°C 

Note that the mean values are within one standard deviation of each other. However, in the 

batch case, a large difference in size is observed, with smaller particles obtained at high SF 

concentrations. Indeed, in the batch case, fairly monodisperse 4 nm nanoparticles were 

obtained at a Fe:OAm ratio of 1:1. Increasing the Fe:OAm molar ratio lead to larger particles 

around 13 nm while considerably increasing the polydispersity of the particles, in agreement 

with previous studies[232]. 
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Figure 34: Representative TEM micrographs of particles synthesised at different iron:oleylamine 
molar ratios in flow (a, b, c) and their respective batch counterparts (d, e, f). 

Conditions: Flow: OAm surfactant, 1 mL/min inlet flowrate, 200°C 
Batch: OAm surfactant, 30 min reaction time, 200°C 

 

These differences between the batch and flow systems indicate that the resulting particle size 

and polydispersity are not only a function of the Fe:OAm molar ratio but are also related to 

heat and mass transfer rates in each system, which will influence the nucleation conditions. 

The hot injection method in the batch synthesis, where a small volume containing the iron 

precursor is quickly injected into a solution containing the solvent and the surfactant, leads 
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to localised Fe:OAm environments where the nucleation takes place[233]. Such random 

localised Fe:OAm environments are one of the main factors responsible of the batch-to-batch 

variations observed in the batch syntheses. Under appropriate mixing conditions (e.g. rapid 

stirring), relatively quick heat transfer rates are expected because of the large difference in 

the volumes of both solutions (i.e. small volume of cold iron precursor and large volume of 

hot solvent/surfactant). However, the mixing time strongly depends on the respective 

volumes used. In the flow system on the other hand, a single solution containing the reaction 

mixture is injected, so it is necessary to take into consideration the gradient of temperatures 

during the nucleation stage as well as the mixing conditions, which is the focus of the 

following section. 

IV.3.3. Effect of temperature 

The effect of reaction temperature was investigated at 160, 180 and 200°C. In the batch 

system, these temperatures resulted in 8, 10 and 13 nm particle sizes respectively (Figure 

35b, Figure 36a-c).  

 

Figure 35 a) Measured ligand exchange degree at different reaction temperatures. b) Mean size and 
standard deviation of iron nanoparticles as a function of temperature in batch and flow reactors  

(error bars represent the standard deviation).  
Conditions: Flow: OAm surfactant, Fe:SF molar ratio 5.7, 1 mL/min inlet flowrate  

Batch: OAm surfactant, Fe:SF molar ratio 5.7, 30 min reaction time 

A similar trend of increasing particle sizes with increasing temperature was observed 

previously in similar conditions[234]. Monitoring the colour change of the solution from yellow 

to black provided some insight into the kinetics of the reaction. At 160°C the colour change 

takes around 5 min, only 10 s at 180°C and is almost instant at 200°C. This result highlights 

the kinetic limitation of the reaction system at lower temperatures. 
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In the continuous flow case, no particles are formed at 160°C and no ligand exchange is 

measured (Figure 35a), because the reaction is kinetically limited under those conditions (3 

min residence time compared to 30 min reaction time in batch). However, as soon as some 

ligand exchange occurs, fully formed nanoparticles are formed. This is a very important 

observation because it indicates that the ligand exchange is the kinetically limiting step and 

that comparatively, subsequent nucleation and growth processes are much faster. It also 

means that the ligand exchange degree is an accurate measure of the reaction conversion 

into nanoparticles for the case of oleylamine surfactant. The particles obtained in batch are 

also systematically larger than the ones obtained in flow (for Fe:SF = 5.7:1) , probably because 

of this difference in residence/reaction time (Figure 35b, Figure 36).  
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Figure 36: Representative TEM micrographs of particles synthesised at different reaction 
temperatures in flow and their respective batch counterparts. 
Conditions: OAm surfactant, 1 mL/min inlet flowrate, 200°C. 

 

As demonstrated in section IV.2.4, the heat-up time in flow is around 10 s and thus is relatively 

slow compared to a batch hot injection, so the maximum nucleation rate that can be achieved 

in flow is limited. This effect explains why in the previous section, changing the surfactant 

concentration does not have a strong influence on the final particle size (unlike in batch). 
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IV.3.4. Effect of flow rate and mixing 

As mentioned in section IV.2.5, the flow rate is an extremely important consideration as it 

affects the mass and heat transfer inside the reactor, as well as the residence time. The flow 

rate was varied from 0.05 to 30 mL/min to study its effect on the resulting iron nanoparticles 

at 200°C.  

Because of the CO gas generated in situ, the actual residence time in the reactor is very short 

(2 - 21 s) and varies little with large changes in flow rate (see Table 6 and section IV.2.3 for 

the residence time calculations). Using the CO generated as a measure of the conversion, it 

follows that almost full conversion can be achieved within around 12 s of residence time. 

Considering a 10 s heat up time (see section IV.2.4), this means the actual reaction time at 

200°C is around 2 s. Most of the residence time is required to reach the desired temperature, 

whilst the decomposition reaction is fast once that temperature is reached. Thus, small 

variations in residence times have a drastic effect on conversion. For example, 84% 

conversion is achieved at an initial flowrate of 0.75 mL/min and 43% at an initial flowrate of 

1 mL/min, with residence times of 12.3 and 11.4 s respectively, because considering 10 s of 

heat-up time, this time difference represents a 40% reduction in effective residence time. 

Similarly, doubling the reactor length from 2 to 4 m allows a much higher conversion (from 

43 to 92%) to be achieved at 1 mL/min, despite it only increasing the total residence time by 

2.3 s (13.7 s). It is important to note that residence time is not directly proportional to reactor 

length due to the formation of CO gas as the reaction progresses which accelerates the flow 

and the heat-up time. 

At the very fast flow rate of 30 mL/min, fully formed nanoparticles are obtained despite the 

short 2.2 s residence time (Figure 37f). This is possible because of the greatly enhanced heat 

transfer associated with the Dean flow, which allows the fluid to reach 180°C in 2 s in this 

particular case, although conversion is low under these conditions. This observation that, as 

soon as some ligand exchange is observed, nanoparticles are formed, supports the hypothesis 

that the growth rate of the particles is very quick.   

While the mean particle size is within error for all tested flow rates, particle size dispersity 

varies vastly with the flow rate (Figure 37). Narrower size distributions are obtained at higher 

flow rates (if a high degree of conversion is simultaneously achieved).  
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Figure 37: TEM micrographs of iron nanoparticles obtained at different inlet flowrates in flow 
reactors.  Conditions: OAm surfactant, Fe:SF molar ratio 5.7 : 1, 200°C. Reactor length was 2 m 
(a,b,c,d,f) except for e (4 m). g) Ligand exchange degree (light blue bars), residence time (black 

squares), nanoparticles size and size distributions (dark blue dots) at different inlet flow rates. h) 
Evolution of the dispersity of the FeNPs size distribution as a function of the inlet Dean number in 

cases a, b, c and e with comparable residence times and full conversion.  

 

The dramatic decrease in particle size dispersity with increasing flow rate can be explained 

based on the relative kinetics of the different steps taking place. Because of the very fast 

growth step, the rate of growth of the particles is only limited by the mass transfer of the 

precursor species. When mixing is dominated by diffusion, growth is expected to be slow 

while in mixing conditions dominated by advection, the growth will be greatly enhanced. 

These results can be explained by relating to the flow regimes distinguished in section IV.2.5. 

Three flow rate regions can be distinguished: 

Low flow rates (< 0.5 mL/min) result in bimodal particle size distribution because of the two 

different mixing zones either in standard Taylor flow (inner vortex and outer vortex) or Dean-

Taylor flow (outer vortex shifted against the wall due to centrifugal force) (Figure 30a and b 

and Figure 37a). 
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Medium flow rates (0.5 – 0.75 mL/min) lead to good mixing (as the Taylor flow vortices are 

perturbated by Dean flows) leading to narrow particle size distributions (Figure 30c and Figure 

37b,c). 

High flow rates (≥ 1 mL/min) provide good mixing however decrease the residence time, 

leading to lower conversions and broader particle size distributions (Figure 37d,f,g). 

Increasing the reactor length (from 2 m to 4 m) allows to maintain the good mixing conditions 

for slightly longer residence times (11.4 to 13.7 s), allowing to obtain very monodisperse 

particles without compromising conversion (Figure 37e). 

When considering cases where high conversion was achieved, a very clear and drastic 

reduction in the particle distribution as a function of the inlet flow rate (and therefore Dean 

number) is observed (Figure 37h). 

IV.3.5. Post-synthesis nanoparticle functionalization 

The reaction produces metallic iron nanoparticles, which once exposed to air oxidise partially 

to form core-shell structures (as shown in the different TEM pictures). Both the core and the 

shell of the iron nanoparticles produced by the synthetic method investigated in this work 

were found to be amorphous, which precluded any diffraction analysis. This amorphous 

characteristic is probably due to the fast particle growth and relatively low temperature of 

the process. The nature of the metallic iron core and oxide shell were confirmed by a previous 

study using STEM-EELS techniques[235]. 

The as-prepared particles aggregate when exposed to air because molecular oxygen replaces 

the stabilizing oleylamine surfactant on their surface. Figure 38b shows a representative 

picture of the large (100 nm – 1 μm) aggregates formed by oxidation of the colloidal 

suspension in contact with air. This phenomenon is due to the high affinity of oxygen to iron 

(407 kJ/mol[236]). The aggregation can be avoided by collecting the nanoparticles in an excess 

of oleic acid under an inert atmosphere. The oleic acid will bind strongly to the iron 

nanoparticles and does not get replaced by molecular oxygen, leading to highly stable 

nanoparticle suspensions. Moreover, thanks to this strong binding property, oleic acid is not 

replaced by molecular oxygen when in contact with air, although the particles still get partially 

oxidised forming core–shell structures, probably because of oxygen diffusing through the 

oleic acid surfactant shell. Functionalization with oleic acid results in hydrophobic iron@iron 

oxide nanoparticles which form very stable suspensions in non-polar solvents. Figure 38a 
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shows the absence of agglomerate formation after post-synthesis functionalization with oleic 

acid where the nanoparticles arrange in a monolayer forming close packed superlattice films.  

 

Figure 38: Representative TEM micrographs of iron nanoparticles a) functionalised post-synthesis 
with oleic acid b) oxidised in air in the absence of post-synthesis functionalisation.  

 Inset: Photographs of the respective nanoparticle suspensions.  
Conditions: OAm surfactant, 200°C, inlet flow rate: 0.5 mL/min, Fe:SF molar ratio 5.7 : 1. 

 

Such post-synthesis functionalized particle suspensions show little to no sedimentation after 

10 months of storage (Figure 38a inset). On the other hand, nanoparticles produced without 

a post-synthetic modification step settled within few minutes (Figure 38b inset). Similar 

behaviour was observed in in the batch synthesized samples. It is important to note that if 

oleic acid is used during the synthesis of the nanoparticles, it tends to form thermally stable 

complexes which prevent the formation of the nanoparticles as discussed in section IV.3.1. 

IV.3.6. Proposed mechanism of iron nanoparticle formation 

The systematic study of the parameters governing the synthesis of iron nanoparticles in flow 

reactors enables to elucidate the different steps taking place in the formation mechanism of 

these nanoparticles. The overall reaction for the formation of iron nanoparticles by 

decomposition of iron pentacarbonyl can be defined by the general reaction Fe(CO)5 → Fe + 

5 CO. Identifying all the elemental steps in this reaction is far too complex and goes beyond 

the scope of this project. However, the data presented herein suggest a mechanism with 

three main steps consisting of: i. an initial substitution of CO ligands from the precursor, ii. 

formation of nuclei species and iii. growth/agglomeration into 8–10 nm particles, eventually 
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followed by a post-synthetic functionalization. These steps are summarized and represented 

in Figure 39. 

 

Figure 39: Proposed reaction mechanism for the formation of iron nanoparticles via thermal 
decomposition of Fe(CO)5 in the presence of oleylamine (OAm) surfactant.  

The first step in the reaction is the substitution of CO molecules in the precursor complex by 

the surfactant forming a precursor species Fe(CO)5-x(OAm)x where the CO ligands are partially 

replaced by oleylamine (OAm) ligands. This ligand exchange reaction is kinetically limited at 

low temperatures (Figure 35a). However, at 200 °C, this step is relatively fast and full 

conversion can be achieved within 2 s of reaction time at 200 °C (Figure 37). After ligand 

exchange, we hypothesise the formation of cluster-type nulei species (Fen(CO)(5n-nx-y)(OAm)nx) 

followed by extremely quick growth/coalesce/agglomeration (referred to as growth across 

this chapter) based on the fact that as soon as CO evolution from the ligand exchange occurs, 

8–10 nm particles are observed. The growth is mostly limited by mass transfer and therefore 

is highly dependent on the mixing in the reactor. A homogeneous mixing is particularly 

important to ensure homogeneous growth in the particle population and consequently 

narrow size distributions. Finally, the growth rate dramatically decreases when the particles 

reach their critical size imposed by the surfactant. The maximum particle size that can be 

stabilised by the capping ligands is determined by their steric effect on the particle surface.  

Once the nanoparticles are formed, they can be functionalised post-synthesis by ligand 

exchange with oleic acid leading to stable hydrophobic suspensions. Their contact with air 

leads to the formation of an oxide shell both in the presence and absence of oleic acid.  
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IV.4. Chapter IV conclusions 

This chapter investigated the continuous synthesis of metallic iron nanoparticles through a 

thermal decomposition route and was achieved for the first time. To accomplish this goal, a 

custom reactor system was design and characterized and the different parameters affecting 

the properties of the obtained nanoparticles were systematically studied.  

Selecting the right reactor material for this reaction was essential, as commonly used 

fluoropolymers are not compatible with the precursor. Glass was found to be optimal in this 

case. The main mechanistic steps of iron nanoparticle formation by thermal decomposition 

of Fe(CO)5 in the presence of oleylamine surfactant were elucidated. The surfactant has a key 

role in a first ligand exchange steps and accelerates the reaction rate. Nitrogen-based 

surfactants such as oleylamine were found to be optimal, enabling quick reaction kinetics, 

essential to carry out the reaction to completion in continuous flow. Furthermore, they do 

not form a stable Fe – surfactant complex. Post-synthetic ligand exchange with oleic acid was 

essential to avoid aggregation and produce highly stable nanoparticles suspensions. The final 

particle size dispersity is strongly affected by the mixing inside the reactor, better mixing leads 

to more monodisperse samples. Because of the CO gas generated in situ, Dean-Taylor flow is 

achieved in the reactor, leading to excellent mixing at moderately high flow rates but also 

greatly reducing the effective residence time. 

After optimising the reaction parameters (flow rate, residence time), monodisperse 

nanoparticles with 10.1 ± 0.8 nm sizes (8% dispersity) could be obtained in high yields (2.52 

g/hour), opening the door to large scale production of this type of nanomaterial. 
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Chapter V: Continuous synthesis of iron 

oxide nanoparticles 

V.1. Introduction 

Controlled iron oxide nanoparticle synthesis has been achieved but typically relies on high 

temperature decomposition methods, carried out in organic solvents in the presence of 

surfactants[237], such as the method demonstrated in the previous chapter. These synthetic 

methods produce iron oxide nanoparticles coated with a layer of hydrophobic capping ligands 

such as oleic acid, which greatly hinder their potential in possible applications such as catalysis 

or bionanotechnology. Employing these hydrophobic iron oxide nanoparticles for biomedical 

applications requires an extensive purification and ligand exchange procedures to stabilize 

the nanoparticles under aqueous and biological conditions[19]. These ligand exchange 

processes are time consuming and difficult to scale. 

The present chapter (V) and the following (VI) have the same overarching objective: achieving 

the direct production of functionalized iron oxide nanoparticles that are stable in biological 

environments, from a single reaction setup without the need of post-synthesis processing. In 

principle, it is possible to circumvent the classical ligand exchange step by producing bare iron 

oxide nanoparticles and immediately functionalizing them with an appropriate stable 

biocompatible coating. Making use of continuous flow technology, a nanoparticle synthesis 

reactor can be connected in series to a functionalization reactor to completely integrate the 

process. This concept is the focus of a research article that was recently published: 

“Green, scalable, low cost and reproducible flow synthesis of biocompatible PEG-

functionalized iron oxide nanoparticles”[238]. 

Precipitation synthesis methods were employed to prepare iron oxide because they produce 

“bare” nanoparticles, i.e. particles that do not have capping ligands on their surface. Note 

that precipitation methods lead to iron oxide unlike in the previous chapter where a metallic 

iron phase could be isolated using thermal decomposition methods. While metallic iron 

nanoparticles present a higher saturation magnetization, iron oxide nanoparticles synthesis 
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by precipitation methods can be carried out in aqueous systems, making it a green and highly 

efficient process that does not require the use of any toxic chemicals. 

This chapter focuses on the continuous synthesis of iron oxide nanoparticles, and how 

different synthesis parameters affect the resulting nanoparticles. Chapter VI focuses on the 

subsequent continuous functionalization of the iron oxide nanoparticles. There is a certain 

degree of overlap between the two chapters, as in some cases functionalization of the 

nanoparticles proved to be essential to achieve successful nanoparticle characterization. 

In this chapter, two slightly different precipitation methods were investigated for the 

synthesis of bare iron oxide nanoparticles: reduction-precipitation and co-precipitation. Both 

methods are based on the alkaline hydrolysis of iron ionic species. To obtain magnetite 

(Fe3O4) which is the desired magnetic iron oxide phase, a ratio of Fe2+/Fe3+ of 1:2 must be 

used.  

���� + 2 ���� + 8 ��� → ����� + 4 ��� (14) 

Such conditions can be achieved either by directly introducing Fe(II) and Fe(III) precursors in 

the appropriate quantities (co-precipitation), or by partially reducing a Fe(III) precursor 

(reduction-precipitation). Note that maghemite (γ-Fe2O3) is another magnetic phase which is 

very similar to magnetite as both phases have the same crystalline inverse spinel structure. 

Magnetite can easily be oxidized to maghemite and the oxidation reaction is characterised by 

a change from a black colour to orange/brown[38]. Since their properties are comparable but 

they are difficult to distinguish quantitatively, the distinction between the two was 

considered outside of the scope of this work and all iron oxide nanoparticles were assumed 

to be magnetite. 

V.2. Experimental set-up  

The synthesis and the functionalization of iron oxide nanoparticles require the design of 

complex multi-step systems with several inter-connected reactors. For clarity, in this chapter 

and the following, the reaction conditions employed for every experiment are described using 

block diagrams. The blocks represent reactor units, akin to a unit operation in a chemical 

process. Each of the reactor unit blocks are colour-coded and correspond to a step in the 

synthesis and functionalization of the iron oxide nanoparticles. These reactor units were 

connected either in series or in parallel to build the reaction setups in a plug-and-play fashion. 
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In all cases, reactant injection was achieved with syringe pumps. The syringes and their 

contents are represented by the white boxes and the set flow rate is indicated next to them. 

The reactors consisted of 1/16 inch PTFE tubing and are represented by a black coil below 

which the respective residence time (τ) and pH are indicated. Pre-heating  reactor coils were 

used to ensure the precursor solutions reached the desired reaction temperature before 

reaching the T-mixer. A table of the block diagrams representing the reactor units used in this 

work is illustrated on Figure 40. 

 

Figure 40: Block diagram representation of the different reactor units used in this research project, 
with typical reaction conditions. The functionalization, anchor binding, PEG(COOH)2 activation and 

amide coupling reactor units are discussed in chapter VI. 
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Note that some of these reactor units only relate to nanoparticle functionalization aspects 

that are covered in Chapter VI but are included here to create a complete picture of the setups 

involved in the research project.  

V.3. Reduction-precipitation synthesis method 

The following section focuses on employing the reduction-precipitation method i.e. mixing a 

Fe3+ precursor solution with a reducing agent and base solution to obtain magnetite or 

maghemite iron oxide nanoparticles. The general reaction conditions employed for the 

reduction-precipitation synthesis are described on Figure 41.  

 

Figure 41: General set-up and reaction conditions for the synthesis of iron oxide nanoparticles by 
reduction-precipitation method. 

The FeCl3 precursor aqueous solution must be kept under acidic conditions (pH = 1-2) to 

prevent spontaneous precipitation, in this case with hydrochloric acid. It is important to note 

that while equimolar amounts of NaBH4 compared to Fe were used, this represents a large 

excess to what is theoretically needed (1/24 equivalents of NaBH4 with respect to Fe). The 

excess of NaBH4 was used because this compound can also react with H+ species present in 

the acidic iron precursor solution. Previously a large excess of reducing agent was found to 

lead to the formation of the magnetite phase in similar conditions, the system likely self-

regulating to achieve the 1:2 Fe2+:Fe3+ ratio [189,239].  

As NaBH4 reacts with H+ in solution, some hydrogen gas is generated in-situ and thus the setup 

is under biphasic gas-liquid flow. In this case, the gas flow rate was measured to be only 10% 

of the liquid flow rate and thus had a negligible impact on the residence time. However, the 

biphasic gas-liquid flow significantly affected the fluid dynamics of the reaction. Whenever 

possible, a back pressure regulator (40 psi/2.76 bar) was incorporated at the outlet of the 

reactor to minimise flow irregularities. Using a back pressure regulator necessitates the 
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working solution to be well colloidally suspended, otherwise large solid aggregates can cause 

clogging issues. In the case of the reduction-precipitation method, colloidal stability could 

only be achieved after functionalization under acidic conditions (see chapter VI for details). 

The iron oxide nanoparticles produced through reduction-precipitation aggregated quickly 

after the initial T-mixer junction where precursor solutions are put in contact with each other. 

This lack of colloidal stability, despite the high solution pH, was attributed to the Na+ base 

counter cation which has been known to cause precipitation of colloidal iron oxide solutions 

[110]. The next sub-sections investigate the influence of several reaction parameters on the 

final iron oxide nanoparticles. 

V.3.1. Effect of temperature 

The effect of temperature on the nanoparticle synthesis was tested by carrying out the 

reaction at 25 and 70°C respectively (Figure 42).  
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Figure 42: a) Set-up and reaction conditions for bare iron oxide nanoparticle synthesis by reduction-
precipitation at different temperatures. The inset pictures show the obtained product solutions at 25 
and 70°C. b) Transmission electron micrographs of the obtained iron oxide nanoparticle samples at 

25°C and c) at 70°C with particle size distribution and calculated lattice spacing confirming the Fe3O4 
inverse spinel phase 

Non-magnetic brown particles were obtained at 25°C. TEM shows very small non-crystalline 

nanoparticles around 2 nm in diameter that were too aggregated and small for accurate size 

distribution determination. This result indicates that at 25°C the magnetite phase does not 

form under these conditions, and instead an iron oxyhydroxide phase likely formed[38]. At 

70°C, black and magnetic particles were obtained. These nanoparticles had an average 

diameter of 6.1 nm with 2.1 nm standard deviation (34 % dispersity). The obtained particles 

were crystalline, and the magnetite phase was confirmed by analyzing the lattice spacings of 

several nanoparticles. In both cases, the particles visibly aggregated immediately after the T-

mixer junction. The marked effect of temperature suggests there might be some kinetically 

limited step in the reaction mechanism of the formation of magnetite nanoparticles by 

reduction-precipitation. It is important to note that this synthetic method was found to have 

reproducibility issues, where in one case larger nanoparticles (average size 14 nm) were 

obtained despite using the same reaction conditions as the ones depicted in Figure 42. This 

effect was only observed once and thus deemed to be an outlier likely caused by flow 

irregularities because of the bubbles of gas present in the flow and highlighted the possible 

reproducibility problems that can occur with the reduction-precipitation method. 

V.3.2. Effect of functionalization 

The bare iron oxide nanoparticles produced by the reduction-precipitation method (pH = 13) 

were highly aggregated (Figure 42a). Therefore, reversing this aggregation by functionalizing 

the nanoparticles with a suitable stabilizer is highly desirable as it enables better TEM samples 

to be prepared, allowing for a more accurate sample characterization. Before being able to 

derive conclusions from functionalized iron oxide nanoparticles samples and directly 

extrapolating that information to the bare particles produced upstream in the reactor 

sequence, it is crucial to elucidate any effects the functionalization process might have on the 

particles. 
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TEM micrographs were taken of bare iron oxide nanoparticles before functionalization (Figure 

42c) and after functionalization with alendronic acid - polyethethylene glycol - carboxylic acid 

stabilizer (ALD-PEG-COOH) under acidic conditions (Figure 43b).  

 

 

Figure 43: a) Set-up and reaction conditions for bare iron oxide nanoparticle synthesis by reduction-
precipitation and functionalization with ALD-PEG-COOH stabilizer under acidic conditions. b, c) 

Transmission electron micrographs of the resulting iron oxide nanoparticle samples with particle size 
distributions and calculated lattice spacings confirming the Fe3O4 inverse spinel phase. Samples b) 
and c) exhibit very different particle sizes desipte having been prepared under identical conditions. 
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The functionalized iron oxide nanoparticles had a size distribution of 6.8 ± 2.7 (40% 

dispersity). As expected, the functionalized sample appeared much less aggregated on the 

TEM images compared with the unfunctionalized nanoparticles. The functionalized 

nanoparticles appeared to be slightly larger and more polydisperse than the unfunctionalized 

sample (6.1 ± 2.1 nm), however this difference can be attributed to the experimental error, 

particularly because the aggregation state of the unfunctionalized nanoparticles complicates 

accurate particle size measurements. Notably functionalization under acidic conditions does 

not result in significantly smaller nanoparticles sizes, indicating that no particle dissolution 

occurs during the process. 

V.3.3. Effect of residence time 

The effect of residence time on the reduction-precipitation synthesis was investigated by 

modifying the synthesis reactor length (R1), while keeping the flow rate of the inlet streams 

constant. The sudden decrease in pH from ~13 to ~2 in the second functionalisation reactor 

quenches the nanoparticle synthesis and growth (Figure 44). 
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Figure 44: a) Set-up and reaction set-up and conditions for bare iron oxide nanoparticle synthesis by 
reduction-precipitation and functionalization with ALD-PEG-COOH stabilizer under acidic conditions. 
b) Transmission electron micrographs of the resulting iron oxide nanoparticle samples prepared with 

3.7 s and c) 7.2 min residence time with particle size distributions and calculated lattice spacings 
confirming the Fe3O4 inverse spinel phase.  

 

Using a very short residence time of 3.7 s enabled very small 2.4 nm nanoparticles to be 

isolated. These particles exhibited crystallinity and the crystal lattice spacings of magnetite, 

indicating that they are nuclei species involved in the formation and growth of the iron oxide 

nanoparticles. The observation of nuclei around 2 nm is consistent with a proposed magnetite 

nanoparticle growth mechanism where the 2 nm nuclei coalesce by oriented attachment to 

form larger Fe3O4 nanoparticles[240]. This theory was derived from cryo-electron microscopy 

data which allowed the reaction to be rapidly quenched. This similar observation 

demonstrates that flow chemistry can be used to investigate the early reaction stages of 

nanoparticle formation if used in conjunction with an adequate quenching and stabilization 

procedure.  

Increasing the residence time from 3.7 min (Figure 43) to 7.2 min (Figure 44c) produced 

nanoparticles with 6.2 ± 1.9 nm (30% dispersity) which are within experimental error of the 

nanoparticles obtained after 3.7 min of residence time (6.8 ± 2.7 nm). If that is the case, 

increasing the residence time to more than 3.7 min does not appear to have a significant 

effect on the final nanoparticle size, although the nanoparticles obtained with 7.2 min 

residence time appeared slightly more aggregated. This observation suggest that the 

nanoparticles are fully formed after 3.7 min or less. Since 2 nm particles are formed in 3.7 s 

and grow to 6-7 nm after 3.7 min, there must be a specific residence time bracket situated 

between 3.7 s and 3.7 min where this growth occurs. In theory, it should be possible to control 

the final nanoparticle size by varying the reaction residence time across this time zone. More 

experiments are needed to accurately measure the growth time. 

 

V.3.4. Effect of flow rate 

The effect of the flow rate on the synthesis was investigated by doubling the flow rate and 

simultaneously doubling the reactor length, thus keeping a constant residence time. As the 

reactor has a coiled geometry, an increase in flow rate will correspond to an increase in the 
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Dean number and in the mixing efficiency in the reactor[26]. The total flow rate in the synthesis 

reactor was increased from 0.4 mL/min (Dn= 7.4, Figure 43) to 0.8 mL/min (Dn= 15, Figure 

45). 
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Figure 45: a) Set-up and reaction set-up and conditions for bare iron oxide nanoparticle synthesis by 
reduction-precipitation and functionalization with ALD-PEG-COOH stabilizer under acidic conditions 

at different total flow rates: 0.4 mL/min resulting in a Dn of 7.4 and 0.8 mL/min resulting in Dn of 15. 
b) Transmission electron micrographs of the resulting iron oxide nanoparticle samples prepared at 
Dn= 15 with particle size distributions and calculated lattice spacings confirming the Fe3O4 inverse 

spinel phase. 

 

The iron oxide nanoparticles synthesised at higher flow rate and Dean number (Dn= 15, 6.0 ± 

2.2 nm, 37% dispersity) seem to be slightly smaller and less polydisperse than the particles 

synthesised at lower flow rate (Dn= 7.4, 6.8 ± 2.8 nm, 40% dispersity). In this case the obtained 

nanoparticles are also close in size to Figure 43, indicating that the Dean number and thus the 

mixing inside the reactor has little influence on the final iron oxide nanoparticles. 
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V.3.5. Nanoparticle growth by distributed feed 

In an effort to control and increase the nanoparticle size, 0.5 equivalents of iron precursor 

were added to the iron oxide nanoparticles in a downstream reactor to induce particle growth 

(Figure 46).  The pH in the growth reactor was set to 7 to minimise secondary nanoparticle 

nucleation and favour nanoparticle growth. With this approach, 10.3 ± 2.5 nm (24% 

dispersity) iron oxide nanoparticles could be produced.  
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Figure 46: a) Set-up and and reaction conditions for bare iron oxide nanoparticle synthesis by 
reduction-precipitation, followed by pH adjustment to 7, growth by addition of 0.5 equivalents of Fe 

and functionalization with ALD-PEG-COOH stabilizer under acidic conditions. b) Transmission electron 
micrographs of the resulting iron oxide nanoparticle samples with particle size distributions and 

calculated lattice spacings confirming the Fe3O4 inverse spinel phase. 

 

Assuming perfectly spherical particles and the density of bulk magnetite, 1.9 equivalents of 

Fe are needed to result in a size increase from 7 to 10 nm, assuming a monomer incorporation 

growth mechanism. Therefore, it is likely that the growth results from the extra Fe precursor 

acting as a binder and selectively causing smaller nanoparticles to coalesce with the larger 

ones, as opposed to a simple atomic layer deposition mechanism for the growth. Smaller 

nanoparticles have a higher surface energy and thus should preferentially participate in this 

growth[241]. This hypothesis is further supported by the significant reduction in dispersity 

(from 30-40% down to 24%) compared to the nanoparticles synthesized without a growth 
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step (Figure 43, Figure 44, Figure 45). Furthermore, section V.3.3 demonstrate that longer 

residence times do not result in further particle growth or coalescence. 

V.4. Co-precipitation synthesis method 

The following section focuses on employing the reduction-precipitation method i.e. mixing a 

Fe2+/Fe3+ precursor solution with a base solution to obtain iron oxide nanoparticles. The 

general reaction conditions employed for the co-precipitation synthesis are described in 

Figure 47.  

 

Figure 47: General reaction set-up and conditions for the synthesis of iron oxide nanoparticles by co-
precipitation method. 

 

The main differences compared to the reduction precipitation method is that there is no gas 

evolution thus the system is under single phase liquid flow, and tetraethylammonium (NEt4
+) 

was used as the base counter cation. Note that tetraethylammonium was not investigated in 

the case of the reduction-precipitation method because of the limited availability of NEt4BH4 

salt needed for a proper comparison. 

The synthesized iron oxide nanoparticles aggregated immediately after the T-mixer junction, 

but this aggregation was fully reversed in the span of the reaction residence time (< 3 min). 

This phenomenon is known in the literature[242]. The reversal of the initial aggregation 

occurred only in the presence of the NEt4
+ cation, which enabled highly stable alkaline 

colloidal suspensions of bare iron oxide nanoparticles to be obtained. A similar observation 

was already made by Mascolo[243] and by Massart with NMe4OH[110].This stabilization effect is 

likely due to the sterically bulkier NEt4
+ ion compared to Na+ which forms the Stern layer of 

the electrostatically stabilized nanoparticles. As a result, a stable colloidal suspension of bare 
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iron oxide nanoparticles could be obtained in this case unlike with the reduction-precipitation 

method. Therefore, the iron oxide nanoparticles prepared by co-precipitation method could 

easily be analysed in their bare state by TEM. All the iron oxide nanoparticles colloidal 

suspensions presented a black opaque colour characteristic of magnetite, which turned to a 

lighter shade of brown over the course of around 2 weeks, indicative of oxidation to 

maghemite. 

The next sub-sections investigate the influence of several reaction parameters on the final 

iron oxide nanoparticles. 

 

V.4.1. Effect of temperature 

The effect of temperature on the nanoparticle synthesis was tested by carrying out the 

reaction at 25 and 70°C (Figure 48). The iron oxide nanoparticles appeared slightly larger and 

more polydisperse at 70°C (8.1 ± 2.4 nm, 30% dispersity) compared to 25°C (6.9 ± 1.5 nm, 22% 

dispersity) on TEM micrographs. 
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Figure 48: a) Reaction set-up and conditions for bare iron oxide nanoparticle synthesis by co-
precipitation at different temperatures. The inset pictures show the obtained product solutions at 25 

and 70°C.  b) Transmission electron micrographs of the resulting iron oxide nanoparticle samples 
synthesised at 25°C and c) 70°C with particle size distributions and calculated lattice spacings 

confirming the Fe3O4 inverse spinel phase.  

 

The biggest difference observed was in colloidal stability. Iron oxide nanoparticles prepared 

at 25°C formed a completely stable colloidal suspension while the particles synthesised at 

70°C precipitated after 1 - 2 days, indicating that a higher synthesis temperature might cause 

aggregation, perhaps by perturbing the electrostatic stabilization layer introduced by the 

NEt4
+ cation. Furthermore, the iron oxide nanoparticles synthesised at 25°C were significantly 

more monodisperse, with a dispersity of 22% which is particularly remarkable for 

nanoparticles obtained by co-precipitation[244]. Therefore, further experiments with the co-

precipitation method were carried out at 25°C. 

 

V.4.2. Effect of functionalization 

The effect of the functionalization procedure (in this case with nitrodopamine - polyetheylene 

glycol - carboxylic acid NDA-PEG-COOH stabilizer, see chapter VI for more details) was 

assessed, to make sure functionalization did not influence the size of the synthesised 

nanoparticles (Figure 48). 
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Figure 49: a) Reaction set-up and conditions for bare iron oxide nanoparticle synthesis by co-
precipitation and functionalization with NDA-PEG-COOH stabilizer under alkaline conditions. b) 

Transmission electron micrographs of the resulting iron oxide nanoparticle samples with particle size 
distributions and calculated lattice spacings confirming the Fe3O4 inverse spinel phase.  

 

No significant difference in particle size and size distribution could be observed when 

comparing bare Fe3O4NP (6.9 ± 1.5 nm, 22% dispersity, Figure 48b) after reactor 1 (R1) to 

functionalized Fe3O4NP-NDA-PEG-COOH nanoparticles (7.0 ± 2.0 nm, 29% dispersity, Figure 

49) after reactor 2 (R2), indicating that this type of functionalization does not have an effect 

on the particle size. The slight increase in particle dispersity is most likely due to the fact that 

functionalized nanoparticles are better scattered on the TEM micrographs, facilitating the 

measurement of smaller particles. 
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V.4.3. Effect of mixing 

The effect of the mixing during the synthesis on the resulting size of iron oxide nanoparticles 

was investigated. Two configurations were considered (Figure 50), namely a set-up with a 

smaller 0.01 inch T-mixer and a set-up with an alternating axis reactor geometry, which were 

compared to the standard conditions (0.02 inch T-mixer, helical reactor). Changing the mixer 

configuration enables to investigate the early mixing phenomena (~ 900 ms) whilst changing 

the reactor geometry provides insight into later mixing effects. 
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Figure 50: a) Reaction set-up and conditions for bare iron oxide nanoparticle synthesis by co-
precipitation with a 0.01 inch T-mixer and a helical reactor and b) with a 0.02 inch T-mixer and an 

alternating axis reactor. c) Sizes and standard deviation of iron oxide nanoparticles synthesised under 
different mixing conditions d) Transmission electron micrographs of the iron oxide nanoparticle 
samples synthesised with a 0.01 inch T-mixer e) in an alternating axis reactor with particle size 

distributions and calculated lattice spacings confirming the Fe3O4 inverse spinel phase. 

 

Reducing the diameter of the T-mixer from 0.02 inches to 0.01 inches increases the mixing 

potential  by a factor of 2 at the junction where the iron precursor and the base solution 

meet[245,246]. The mixing potential is a quantification of the extent of mixing, alternative to the 

mixing index, that takes into account the length scale at which the mixing occurs[246]. 

Increasing the mixing at the micromixer should increase the surface contact area between 

the two reactive solutions and lead to the formation of more nuclei per time unit[247]. A 1 nm 

decrease in the mean particle size from 6.9 ± 1.5 nm to 5.9 ± 1.5 nm was observed when the 

T-mixer diameter was decreased from 0.02 to 0.01 inches. This particle size decrease is 

consistent with an enhanced nucleation associated with the increase in mixing potential 

although this effect is modest and could be attributed to the experimental error. 

6.4 ± 1.4 nm iron oxide nanoparticles were obtained with the alternating axis reactor, which 

is similar to the particles formed with the standard coiled reactor (6.9 ± 1.5 nm). Modifying 

the reactor design from a helical coil to an alternating axis reactor increases the mixing in the 

reactor itself, and thus if this modification has an effect it is expected to affect particle growth 

rather than nucleation[247].  The similar nanoparticle sizes obtained despite increased mixing 

in the alternative axis reactor suggests that the formation of the nanoparticles is very fast and 

essentially complete as soon as mixing of the precursor solutions is achieved, therefore 

changes in the mixing downstream do not affect the final nanoparticles. Interestingly, the 

enhanced mixing greatly and visibly increased initial nanoparticle aggregation. As in the other 

cases with a helical reactor, this aggregation eventually reversed overtime. However, unlike 

with a helical reactor, the 3.6 min residence time was not sufficient to de-aggregate the 

nanoparticles. Instead, in the case of the alternating axis reactor, ± 10 min in the collection 

vial were required before the iron oxide nanoparticles resuspended to form a completely 

stable colloid. Thus, for nanoparticle synthesis by co-precipitation, minimizing passive mixing 

in the reactor appears to be preferential to facilitate de-aggregation. 
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V.4.4. Nanoparticle growth by distributed feed 

Following the previous approach explored with the reduction-precipitation method, 

nanoparticle growth was induced by adding additional precursor in a downstream reactor 

(distributed feed). This growth strategy was initially attempted while maintaining the reaction 

pH at 13 (Figure 51).  

 

 

Figure 51: a) Reaction set-up and conditions for bare iron oxide nanoparticle synthesis by co-
precipitation followed by 3 sequential additions of 1 equivalent of Fe. b-d) Transmission electron 

micrographs of the iron oxide nanoparticle samples optained after 0 (R1), 2 (R3) and 3 equivalents 
(R4) addition of Fe respectively e) Sizes and standard deviation of iron oxide nanoparticles obtained 

at the different stages of the growth reactor 

 

The constant pH= 13 was ensured by adding an excess of base in the initial reactor (NEt4OH 

concentration was increased from 100 to 500 mM), which did not affect the resulting 

nanoparticles (Figure 51b). Under such conditions, no overall growth of the nanoparticles was 

achieved. However, the nanoparticles size distribution widened with each sequential Fe 
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precursor addition. It is likely that at pH= 13, secondary nucleation is favoured over particle 

growth. Hence while a few of the particles do increase in size, this is compensated by a large 

number of smaller nanoparticles that form because of secondary nucleation. 

To direct the reaction towards growth instead of nucleation, a reaction pH of 7 was targeted 

in the growth reactor (Figure 52), as a lower hydroxide concentration should reduce 

supersaturation.  

 

 

Figure 52: a) Reaction set-up and conditions for bare iron oxide nanoparticle synthesis by co-
precipitation, followed by HEPES buffer addition, growth by addition of 0.5 equivalents of Fe and 

functionalization with NDA-PEG-COOH stabilizer under alkaline conditions. b) Transmission electron 
micrographs of the resulting iron oxide nanoparticle samples with particle size distributions for a 

residence time in the growth reactor of 1.8 min and c) 24 s. 
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This was achieved by first adding a 10 mM of HEPES buffer after reactor 1 (R1) where the 

initial ~ 7 nm particles are formed. In this way, the pH is stabilised at around 7 once the acidic 

iron precursor is added in the growth reactor (R3). Such conditions resulted in successful 

growth of the nanoparticles by around 2 nm in diameter (from 6.9 ± 1.5 nm to 9.0 ± 2.9 nm). 

Unfortunately, colloidal stability was lost, and the resulting nanoparticles were highly 

aggregated (Figure 52b). This aggregation issue was solved by shortening the growth reactor, 

resulting in a residence time decrease from 1.8 min to 24 s. This shorter growth residence 

time was still sufficient to achieve the same particle size increase (8.7 ± 3.0 nm and dispersity 

of 34%) whilst keeping the nanoparticles fully stable (Figure 52c). This result indicates that 

the growth process by precursor addition is fast, however it can also cause aggregation if the 

nanoparticles are not quickly stabilized by functionalization. Similarly to the growth observed 

with the reduction-precipitation method, a simple atomic layer deposition growth 

mechanism cannot explain the change in size observed (0.5 equiv. of Fe should result in a 1 

nm size increased assuming uniform deposition on the surface). Thus, some particle 

coalescence must be occurring in this case as well. During this growth, the overall sample 

dispersity increased from 22% to 34% contrarily to the case of distributed feed growth with 

the reduction-precipitation method, which could indicate the particle growth mechanism is 

slightly different in this case. 

 

V.5. Chapter V conclusions 

This chapter presents a systematic study of the effects of the reaction conditions on iron oxide 

nanoparticles synthesised in continuous flow. Two methods were investigated: reduction-

precipitation and co-precipitation. Table 7 summarizes the different conditions investigated 

and the resulting nanoparticle sizes and distributions. 

The reduction-precipitation method employed herein demonstrated interesting possibilities 

for iron oxide nanoparticle synthesis, particularly in terms of the range of particle sizes that 

could be achieved: 2 - 9 nm. Unfortunately, this synthesis method presented two major 

drawbacks. Firstly, the bare iron oxide nanoparticles synthesised through reduction-

precipitation could not be electrostatically stabilized, resulting in aggregation and difficulties 

in their functionalization (see Chapter VI). Secondly, the method presented reproducibility 
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issues, which are particularly problematic considering the focus of this research project on 

the development of continuous flow strategies to improve reproducibility of nanoparticle 

syntheses. Therefore, the reduction-precipitation method was not further explored. 

The co-precipitation method presented a suitable approach to continuously synthesize bare 

iron oxide nanoparticles. The temperature was found to have little influence on particle size 

however carrying the reaction at lower temperature (25°C) leads to minimal aggregation and 

long-term colloidal stability. While aggregation occurs immediately after the T-mixer, this 

aggregation can be reversed in the presence of NEt4
+ which acts as an electrostatic stabilizer. 

The functionalization procedure with NDA-PEG-COOH does not affect the particle size. 

Particles produced by co-precipitation methods tend to have the same size (~7 nm) 

independent of reaction parameters such as the temperature. Reducing the mixer diameter 

from 0.02 to 0.01 inch leads to enhanced nucleation and slightly smaller nanoparticles (6 nm). 

The iron oxide nanoparticles can be grown to 9 nm by adding additional iron precursor 

solution downstream. It is likely possible to achieve even larger sizes by adding more 

precursor. The dispersity of the particles obtained from the method is around 20-30%, which 

is good compared to similar co-precipitation carried out in batch. 

Continuous synthesis of iron oxide nanoparticle via co-precipitation was found to be overall 

preferable to the reduction-precipitation as it resulted in more reproducible results, likely 

because no gas was generated in the co-precipitation method. The gas generation from 

NaBH4 decomposition into H2 can cause fluid instabilities and thus, lack of reproducibility. 

Furthermore, under co-precipitation conditions, nanoparticle colloidal stability could be 

achieved without the use of any strongly bound capping agents, simply by using a bulky base 

counter cation (NEt4
+). Contrarily to the thermal decomposition method in the previous 

chapter, introduction of a gas phase is detrimental to precipitation synthesis of iron oxide 

nanoparticles. The main difference is that in the precipitation methods used in this chapter, 

there are no surfactants to direct the synthesis and thus the particle size is much more 

sensitive to irregularities such as the ones introduced by a biphasic gas-liquid flow. 

Particles sizes between 6 and 9 nm could be readily achieved by tuning the mixer size or 

growing nanoparticles by distributed feed precursor addition. Whilst growth of noble metal 

nanoparticles by distributed feed has been demonstrated in continuous setups before[248], to 

the best of our knowledge this is the first time this approach was attempted for the growth 
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of iron oxide nanoparticles. Based on these results, the co-precipitation was the method of 

choice for the investigation of continuous functionalization of iron oxide nanoparticles 

explored in the following chapter. 

Table 7: Summary of the different reaction conditions investigated for the continuous synthesis of 
iron oxide nanoparticles 
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Chapter VI: Continuous functionalization of 

iron oxide nanoparticles 

 

VI.1. Introduction 

The previous chapter developed methods to synthesize bare iron oxide nanoparticles under 

continuous flow conditions. This chapters builds on that basis to explore methods to 

continuously functionalize iron oxide nanoparticles with appropriate stabilizing agents, in 

order to obtain nanoparticles fit for direct use in biomedical applications. 

As is explained in the literature review chapter, biomedical applications require a coating on 

the surface of iron oxide nanoparticles, which serves several purposes. It should be 

hydrophilic to enable dispersion in aqueous media and must prevent aggregation through 

steric repulsions. This coating should be irreversibly bound to the iron oxide surface through 

a strong anchoring group to avoid desorption or replacement. Finally, this coating should 

ideally also possess some reactive chemical moieties to allow further derivatization of the 

nanoparticles with compounds of interest such as fluorophores, antibodies, etc. Therefore, 

the stabilizing agent typically displays the general structure of Anchor – Hydrophilic Polymer 

– Reactive Moiety. This work focuses on the use of polyethylene glycol (PEG) as the 

hydrophilic polymer, as it is the most employed in the literature, owing to its excellent 

biocompatibility. Carboxylic acids were used as the reactive moiety, as they provide accessible 

functionalization chemistry through amide coupling, and are easily derived from oxidation of 

PEG diols. Lastly, the effectiveness of two categories of anchoring groups was explored: 

catechols and bisphosphonates. Thus, the target nanostructure of this work can be 

abbreviated as: Fe3O4NP – Anchor – PEG - COOH.  The ultimate goal of this chapter is to 

develop a method that will enable continuous functionalization of iron oxide nanoparticles 

synthesized in a flow reactor, in order to integrate both synthesis and functionalization in the 

same setup. 

Achieving the Fe3O4NP – Anchor – PEG - COOH target structure can be done through two main 

pathways (Figure 53).  
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Figure 53: Schematic representation of the reaction setups for the two investigated strategies to 
obtain the Fe3O4NP-Anchor-PEG-COOH nanostructure: Grafting To and Grafting From. 

 

One way is to first synthesise the Anchor – PEG – COOH construct followed by mixing it with 

bare iron oxide nanoparticles to get Fe3O4NP – Anchor – PEG – COOH. This method is generally 

referred to as “Grafting to” as the stabilizer is grafted to the surface of the nanoparticles[19,220]. 

The alternative pathway is the “Grafting from” method, where an anchor molecule is bound 

to the nanoparticle surface yielding a Fe3O4NP – Anchor structure. In a second step, the PEG 

stabilizer is linked to the anchor molecule via a coupling reaction. Both these functionalization 

strategies are explored in this chapter to identify the most suitable method for iron oxide 

functionalization in continuous flow. Once the optimal functionalization method has been 

selected, the manufactured nanoparticles are tested for stability in biologically relevant 

media and are functionalized with a fluorophore as a proof-of-concept of their derivatization 

potential. The cytotoxicity and MRI properties of the manufactured functionalized iron oxide 

nanoparticles are evaluated to determine their suitability for biomedical applications. Finally, 

a cost analysis is carried out to evaluate the commercial viability of this new approach to 

produce functionalized iron oxide nanoparticles. 
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VI.2. Fe3O4NP-Anchor synthesis 

The functionalization process with different anchoring groups was studied by mixing bare iron 

oxide nanoparticles with anchor molecules under different conditions, to obtain Fe3O4NP-

Anchor nanostructures. The bare iron oxide nanoparticles (7.0 ± 2.0 nm) were synthesised in 

continuous flow by precipitation methods and the full details of the procedure are described 

in the previous chapter. The anchor group should have a strong, irreversible binding affinity 

with the iron oxide surface, to avoid any desorption of the stabilizer of choice (PEG). This 

anchor group is particularly important in biological media because of the presence of other 

compounds such as phosphates and proteins which can easily bind to iron oxide and cause 

desorption of the stabilizer. Simultaneously, the anchor molecule should ideally provide a 

chemical moiety allowing further chemical bonding and derivatization, for example an amine, 

which can be coupled to a carboxylic acid PEG by an amide bond. 

Two candidate moieties that bind very strongly to iron oxide were selected, and relevant 

derivatives possessing a free primary amine function were selected (Figure 54a): 

 Catechols such as dopamine (DA), L-DOPA (DO) or dihydroxybenzlamine (DHBA) 

 Bisphosphonates such as alendronic acid (ALD) 

The preferential binding modes of both catechols and bisphosphonates to iron oxide and their 

electrostatic charges are illustrated on Figure 54b. Catechol compounds are thought to bind 

to the same iron atom with both oxygen atoms (chelation)[249], while each of the 

phosphonates of a bisphosphonate attaches to a different adjacent iron atom[250,251]. Note 

that at neutral pH, dopamine binding to the iron oxide surface results in an overall positive 

surface charge due to the amine group while alendronic acid confers a negative charge to the 

particles as the two free phosphonate groups are deprotonated. 
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Figure 54: a) Structure of the catechol and bisphosphonate molecules used as anchors in this study. 
b) Schematic illustration of the binding modes of catechol (dopamine) and bisphosphonate moieties 

on an iron oxide surface. 

 

The binding efficiency of the different anchor molecules to the iron oxide nanoparticles was 

evaluated by studying the kinetics of the reaction under semi-batch conditions. The iron oxide 

nanoparticles were freshly synthesised in a continuous flow setup before being transferred 

to a stirred vessel, followed by addition of the desired amount of the anchor molecule. A timer 

was then started, and aliquots were taken at different time intervals and quenched by 

injecting into a buffer solution to induce a sudden pH change. 

As the bare iron oxide nanoparticles are unstable around their point of zero charge (PZC, pH= 

7, see previous chapter), the functionalization reaction can be effectively quenched by 

adjusting the reaction pH to 7. If functionalization of a nanoparticle with the anchor is 

successful, then that particle should be charged either negatively (alendronic acid) or 

positively (dopamine) and thus will be electrostatically stabilized at pH= 7. All the 

unfunctionalized particles on the other hand, will aggregate and precipitate. This can be 

assessed quantitatively by simple visual inspection. It can also be quantitatively determined 

by filtering off the aggregates and measuring the amount of stabilized Fe in the supernatant. 
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VI.2.1. Bisphosphonates 

Phosphate ions are problematic for Fe3O4NP stability in biological media because of the high 

affinity of phosphate for iron. However, this property can be leveraged if phosphates are used 

as the anchoring point for PEG functionalization. Phosphate-terminated PEGs can be used to 

functionalize Fe3O4NP, but they are also liable to be replaced overtime by free phosphates 

present in the biological matrix. For this reason, bisphosphonates were chosen, as they have 

two phosphate moieties providing an extra entropic stabilization effect. Alendronic acid 

(ALD), a common drug for osteoporosis treatment, was chosen as the bisphosphonate anchor 

as it is the simplest commercially available amino-bisphosphonate. Furthermore, unlike 

catechols, alendronic acid presents no risk of side reactions such as polymerization or 

cyclization (see the next section). 

Using a semi-batch method, Fe3O4NP synthesised by reduction-precipitation were 

functionalized with ALD under acidic conditions (pH= 2, Figure 55a) while Fe3O4NP 

synthesised by co-precipitation method were functionalized with ALD in alkaline conditions 

(pH= 13, Figure 55b) to identify the optimal reaction conditions for ALD binding on iron oxide. 

While in both cases stabilization of the Fe3O4NP is achieved (and thus Fe3O4NP-ALD was 

obtained), there is a clear difference between the two samples series obtained in the semi-

batch kinetic test. Functionalization of co-precipitation-synthesized iron oxide nanoparticles 

with ALD in alkaline conditions seemed faster (less than 5 min) than functionalization of 

reduction-precipitation-synthesised nanoparticles in acidic conditions (10 min). Additionally, 

the former conditions also seemed more efficient, as the nanoparticle suspensions were 

visibly more concentrated in the co-precipitation + alkaline functionalization case. This 

observation can be attributed to the partial dissolution of the particles in acidic conditions, 

particularly in the presence of a strong coordinating agent such as ALD. 
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Figure 55: a) Semi-batch functionalization setup and reaction conditions for Fe3O4NP synthesised by 
reduction-precipitation and functionalized with ALD under acidic conditions (pH= 2), with a picture of 
the resulting quenched aliquots taken at different time points.  b) Semi-batch functionalization setup 

and reaction conditions for Fe3O4NP synthesised by co-precipitation and functionalized with ALD 
under alkaline conditions (pH= 13), with a picture of the resulting quenched aliquots taken at 

different time points.   In all cases, for synthesis and functionalization, the reaction temperature was 
set to 70°C.  

To further understand the observations, an additional control experiment was carried out to 

determine the effect of the synthesis method on the functionalization. Using a continuous 

flow setup, nanoparticles prepared by reduction-precipitation method in a first reactor (R1) 

were functionalized with ALD under alkaline conditions (pH= 13) in a second reactor (R2).  

FeCl3 and Fe(acac)3 were investigated as the Fe precursor and two reaction temperatures 

were investigated in the case of FeCl3 (Figure 56).  

Only partial stabilization could be achieved (see picture insets on Figure 56). The poor 

stabilization results obtained with the reduction-precipitation method are likely a 

consequence of the initial aggregation state of the nanoparticles. As explained in the previous 

chapter, if iron oxide nanoparticles are prepared through a reduction-precipitation method 

they will completely aggregate, likely because of the presence of Na+ ions. 
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Figure 56: Continuous flow synthesis and functionalization setup and reaction conditions for Fe3O4NP 
synthesised by reduction-precipitation and functionalized with ALD under alkaline conditions (pH= 

13), with a picture of the resulting quenched aliquots taken at different time points. 

 

In contrast, bare iron oxide nanoparticles synthesised by the co-precipitation method using 

NEt4OH as the base are completely colloidally stable at alkaline pH. The surface of the well 

dispersed co-precipitation particles is therefore truly bare and accessible by the anchor 

compound. Conversely, the aggregation state of the reduction-precipitation particles 

unfortunately prevents anchor molecules from accessing their surface and effectively 

stabilizing them. 

To further illustrate that these conditions are optimal, Fe3O4NP synthesised by the co-

precipitation method were functionalized in continuous flow with ALD under alkaline 

conditions (Figure 57). The functionalization occurred in the second reactor (R2) and was 

quenched in the third reactor (R3) by adjusting the pH to 7 through addition of a buffer 

(HEPES). After only 2.4 min of residence time in R2, successful ALD functionalization was 

achieved, confirmed by the high stability of the nanoparticle suspension when the pH was 

adjusted to 7. Unlike with the reduction-precipitation method were the iron nanoparticles 

aggregate in the synthesis reactor (R1), colloidal stability was maintained throughout the 

entire reaction sequence using the co-precipitation method (see picture insets in Figure 57). 
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Figure 57: Schematic diagram illustrating the reaction setup and standard conditions for continuous 
flow synthesis of Fe3O4NP by co-precipitation, functionalization with ALD in alkaline conditions, 

followed by quench at pH 7. Inset pictures show that a colloidally stable suspension was obtained at 
every stage of the reaction. 

 

The obtained Fe3O4NP-ALD particles were characterized with zeta-potential, dynamic light 

scattering (DLS) and transmission electron microscopy (TEM) and compared to bare Fe3O4NP 

(Figure 58). The zeta-potential measurement further confirmed the successful binding of ALD 

to the Fe3O4NP as an expected shift of the PZC from 7 to 3 was observed after 

functionalization (Figure 58a). DLS indicated that the particle average hydrodynamic diameter 

was around 25 nm and was mostly unaffected by the functionalization with ALD (Figure 58b). 

TEM images taken of the nanoparticles before and after functionalization similarly did not 

show significant differences (Figure 58c). In both cases, the nanoparticles were crystalline and 

showed characteristic magnetite inverse spinel lattice spacings. The average iron oxide core 

diameter was measured around 7 nm. The difference with the 25 nm hydrodynamic radius 

can be attributed to either a large hydration radius on the highly charged nanoparticle surface 

or to a slight clustering behaviour of the nanoparticles in solution. 



121 
 

 

 

 

Figure 58: a) Zeta-potential as a function of pH, b) particle size distribution by volume measured by 
dynamic light scattering at pH= 7 and c) transmission electron micrographs and calculated particle 

size distribution of bare Fe3O4NP and d) Fe3O4NP-ALD synthesised in continuous flow conditions.  
Conditions: 70°C, co-precipitation method, ALD functionalization at pH= 13, quench at pH= 7. The 

final nanoparticle suspension was filtered through 200 nm syringe filter to remove any large 
aggregates. 
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Overall, alkaline conditions and co-precipitation method were found to be optimal for ALD 

binding on iron oxide. Under those conditions, quick irreversible adsorption and stabilization 

can be achieved while avoiding particle redissolution.  

 

VI.2.2. Nitrocatechols 

Catechols have been greatly investigated in surface science as they have strong binding 

affinity towards metal oxide surfaces[252]. Inspiration to use these molecules for such 

applications comes from nature, as catechols have been shown to be the main component in 

the adhesive proteins which allow mussels to robustly anchor themselves on solid 

substrates[253]. This high affinity for metal oxide surfaces is due to the strong metal chelating 

properties of the catechol moiety[254]. 

Catechols such as dopamine and L-DOPA can easily undergo polymerization to form 

polydopamine structures (Figure 59) [253]. This reaction is characterised by the solution quickly 

darkening and eventually becoming completely black. Polymerization to polydopamine 

occurs spontaneously at slightly alkaline pH (≥ 8), which are coincidentally also the best 

conditions for functionalization. Therefore, to use catechol as the anchor, the polymerization 

side-reaction must be prevented. 

 

Figure 59: Mechanism of polydopamine polymerization from dopamine [255]. 

 

To mitigate this polymerization, a previously developed approach is to use a nitrocatechol 

derivative[256]. The electron withdrawing effect from the nitro group greatly reduces the 

electron density on the aromatic centre and consequently, the tendency of the molecule to 

polymerize. 
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The hydrogen sulfate salts of nitrodopamine (NDA), nitro-L-DOPA (NDO) and 

nitrodihydroxybenzylamine (NDHBA) were prepared by nitration according to a procedure 

described in the literature[221] (Figure 60a). This nitration procedure leads to the 6-

nitrodopamine derivative[257]. The characteristic nitro vibration bands at 1300 and 1500  

cm-1 on the FTIR spectra confirm the successful nitration of the catechols (Figure 60). 

 

 

 

 

 

Figure 60: a) Nitration reaction of catechol compounds, shown here with the synthesis of dopamine 
as an example. b-d) ATR-FTIR spectra of catechol compounds before (black line) and after nitration 

(red line). Appearance of nitro bands at 1300 and 1500 cm-1 confirms success of the reaction. 

 

The resulting yellow solids are poorly soluble in water, but dissolve readily after addition of a 

base, presumably because of the deprotonation of a hydroxyl group of the catechol moiety. 

This deprotonation results in a dramatic colour change, and the solution takes a dark red 

colour. It is important to note that this transformation is completely pH-reversible, the red 
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colour disappears if the pH is readjusted below pH= 7. Therefore, this colour change is not 

due to a cyclization of the compound such as is the case in the formation of dopaminochrome 

or dopachrome, as these reactions are irreversible[258]. The amine function is thus unaffected. 

As the nitrocatechol compounds are poorly soluble at acidic pH but very soluble at basic pH, 

only the alkaline conditions were tested for the semi-batch kinetic functionalization tests. 

NDA and NDHBA were mixed with bare iron oxide nanoparticles synthesized by co-

precipitation method under semi-batch conditions to determine the kinetics of the 

functionalization process. The reaction was quenched by adjusting the pH to 7. Catechol-

functionalized nanoparticles retain colloidal stability as the protonated amine surface groups 

result in electrostatic stabilization. In both cases, partial stabilization was achieved after 2 min 

and the functionalization appeared complete after 10 min (Figure 61). Since the results are 

similar for both catechols, NDA was chosen as the anchor of choice as dopamine is a cheaper 

precursor than DHBA. 

 

Figure 61: Semi-batch functionalization set-up and reaction conditions for Fe3O4NP synthesised by co-
precipitation and functionalized with nitrodopamine (NDA) and nitrodihydroxybenzylamine (NDHBA) 

under alkaline conditions (pH= 13), with a picture of the resulting quenched aliquots taken at 
different time points.  In all cases, for synthesis and functionalization, the reaction temperature was 

set to 70°C. 
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Both bisphosphonates and nitrocatechols were found to efficiently functionalize and stabilize 

iron oxide nanoparticles, with similar surface binding kinetics. Out of all the compounds 

tested, ALD was the most promising candidate, as it did not require a preliminary chemical 

modification step, unlike catechols which must be nitrated to avoid undesirable side 

reactions. 

VI.3. Fe3O4NP-Anchor-PEG synthesis 

As mentioned in the introduction of this chapter, two main possible pathways to build the 

target Fe3O4NP-Anchor-PEG nanoconstruct were explored. The first method, designated as 

“Grafting From”, involves first mixing anchor molecules with iron oxide nanoparticles to form 

a Fe3O4NP-Anchor structure, followed by a coupling reaction to attach a PEG polymer to the 

particles to obtain the final Fe3O4NP-Anchor-PEG desired product (Figure 62a). Both these 

reaction steps were carried out in flow using sequential reactors. The second method is the 

most common in the literature and is commonly referred to as the “Grafting To” approach 

(Figure 62b). The method consists of initially preparing an Anchor-PEG stabilizer molecule, 

and directly mixing it with target nanoparticles, so the Anchor-PEG is grafted directly to the 

surface of the iron oxide particles. In this work, the synthesis of the Anchor-PEG stabilizer was 

carried out in batch, while the functionalization step was done in continuous flow conditions. 

In all cases, the PEG used was a 574 g/mol PEG dicarboxylate (PEG(COOH)2) which 

corresponds to 12 ethylene glycol monomer units. 

 

Figure 62: Illustration of the two different strategies to obtain a Fe3O4NP-Anchor-PEG nanoconstruct. 
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A simple colloidal stability test can be used to determine if the desired Fe3O4NP-Anchor-PEG 

structure has been achieved. Indeed, if the desired PEG coating is present, the nanoparticles 

will be sterically stabilized and will retain colloidal stability independently of the ionic strength 

of their media. Conversely, Fe3O4NP and Fe3O4NP-Anchor nanoparticles both are only 

electrostatically stabilized, so they will precipitate in a high salt concentration environment, 

such as 1 M NaCl. 

 

VI.3.1. Grafting From strategy 

The first step of the Grafting From strategy, the synthesis of Fe3O4NP-Anchor nanoparticles, 

was demonstrated in the previous section. Therefore, this section will focus on the second 

step, which is the attachment of a PEG polymer to the Fe3O4NP-Anchor by amide coupling. 

To achieve this reaction in continuous flow conditions, a carboxylic acid PEG must be activated 

by carbodiimide chemistry (EDC/NHS) in a parallel reactor to form an intermediate O-acylurea 

and an activated NHS-ester (Figure 63).  
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Figure 63: a) Reaction mechanism of the EDC/NHS amide coupling reaction. b) Continuous flow 
synthesis set-up for the preparation of Fe3O4NP-Anchor-PEG-COOH target nanostructures using the 

Grafting From strategy.  

 

This activated PEG NHS-ester is then added to the main reaction stream, at a pH around 7-8 

which is optimal for the coupling reaction. 
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VI.3.1.1. Bisphosphonates 

Fe3O4NP-ALD were investigated as an intermediate in the Grafting From strategy. A semi-

batch test what set up to evaluate the ideal amount of PEG to add, independently of the 

reaction time (Figure 64). To achieve this, Fe3O4NP-ALD were prepared in flow using alkaline 

conditions. Two solutions, one containing the PEG(COOH)2 and the other containing EDC/NHS 

were prepared. These solutions were mixed and stirred for 20 min to activate the PEG(COOH)2 

and form the PEG-CO-NHS ester. The appropriate amount of this PEG-CO-NHS solution was 

then added to the Fe3O4NP-ALD and the solution was stirred overnight. The effect of the 

concentration of PEG(COOH)2 on the final nanoparticles was studied by varying the PEG 

concentration, between 0.5, 1 and 10 equiv. The molar ratio of PEG:EDC:NHS was kept 

constant at 1:1:1 in an effort to minimise activation of both the carboxylate groups on the 

same molecule, which could lead to crosslinking and aggregation. 

 

Figure 64: Semi-batch “Grafting From” functionalization set-up and reaction conditions for 
functionalization of Fe3O4NP-ALD with various amounts of PEG(COOH)2, with inset picture of the 

resulting nanoparticle suspensions and colloidal stability tests in NaCl 0.1M. 

 

When using a large excess of PEG (10 equiv.), essentially all the nanoparticles precipitated 

and aggregated on the magnetic stir bar. This loss of colloidal stability can be attributed to 
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either undesired cross-linking or to the greater increase in the ionic strength of the solution 

compared to the samples prepared with less PEG. Note that the sample could be temporarily 

resuspended through vigorous shaking, but the particles would precipitate overtime (approx. 

30 min settling time).  

The stability of the nanoparticles at high ionic strength was tested by mixing them with NaCl 

solutions to obtain a final concentration of 0.1 M NaCl. Under those high ionic strength 

conditions, the unfunctionalized Fe3O4NP-ALD sample precipitated immediately. The PEG 

functionalized samples demonstrated enhanced colloidal stability compared to the 

unfunctionalized, indicating that the PEG coupling was at least partially successful. However, 

they all precipitated over time (after 1 h), suggesting that the functionalization with PEG did 

not completely stabilize the particles sterically, presumably because a sufficient PEG grafting 

density was not achieved. A possible explanation for the low coupling efficiency is the limited 

availability of the amine group on alendronic acid molecules, which can have strong 

electrostatic interaction or form a hydrogen bond with the phosphonate groups (Figure 65). 

 

Figure 65: Prossible electrostatic/hydrogen bond interaction explaning the apparent low reactivity of 
surface amines of Fe3O4NP-ALD. 

 

VI.3.1.2. Nitrocatechols 

The Grafting From strategy was also attempted in continuous flow using NDHBA the anchor 

molecule (Figure 66). Precipitation of the Fe3O4NP-NDHBA nanoparticles occurred at pH= 7. 

This precipitation could be due to either the limited residence time in the second reactor (2.4 
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min) or the increase in ionic strength caused by the buffer addition destabilized the 

electrostatically stabilized nanoparticle suspension. 

 

Figure 66: Reaction set-up and conditions for continuous synthesis of Fe3O4NP-NDHBA-PEG-COOH 
nanostructure by the “Grafting From” method: Fe3O4NP synthesis by co-precipitation, 

functionalization with NDBHA in alkaline conditions, quench at pH= 7 and functionalization with 
PEG(COOH)2 by EDC/NHS coupling. Reaction temperature: 25°C. Inset pictures show that 

precipitation occurred as the pH was adjusted at 7. 

 

Further insights of the effect of residence time on the resulting functionalisation can be 

achieved in the future using a semi-batch functionalisation approach as shown in section 

VI.3.1.1.   

While evidence of partial effectiveness was observed in the case of ALD, the Grafting From 

strategy did not seem to be effective at functionalizing the Fe3O4NP-Anchor nanoparticles, at 

least in the range of conditions investigated here. In the case of bisphosphonate anchor 

molecules, the method is limited by the inefficiency of the amide coupling with the Fe3O4NP-

ALD nanoparticles. For nitrocatechols, colloidal stability at the amide coupling pH was lost, 

perhaps because of incomplete functionalization with NDHBA. However, further studies could 

lead to unlocking the ideal conditions for this reaction.  
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VI.3.2. Grafting To strategy 

To achieve the “Grafting To” functionalization strategy, a stabilizer with the general structure 

Anchor-PEG-COOH was first synthesized in batch conditions. This stabilizer was then mixed 

with bare Fe3O4NP under semi-batch conditions to study the kinetics of the functionalization 

reaction. Based on the findings of the Fe3O4NP-Anchor investigation, the functionalization in 

this section was carried out under alkaline conditions (pH= 13).  All the bare Fe3O4NP in this 

investigation were prepared by co-precipitation method, as this produces colloidally stable 

nanoparticle suspensions. The stability and functionalization kinetics were measured through 

a semi-batch aliquoting procedure. Finally, the functionalization was carried out in continuous 

flow conditions. 

VI.3.2.1. Batch synthesis of Anchor-PEG-COOH stabilizer  

The following section describes the synthesis of the Anchor-PEG-COOH stabilizer molecule, 

which was carried out with batch procedures. Both Bisphosphonate-PEG-COOH and 

Nitrocatechol-PEG-COOH compounds were synthesised. 

VI.3.2.1.1. Bisphosphonate-PEG-COOH 

ALD-PEG-COOH was synthesised through amide coupling using EDC/NHS as the coupling 

agent (Figure 67). Molar ratios of 1:1:1:1 for PEG(COOH)2:ALD:EDC:NHS were used to modify 

only one of the carboxylate groups of the PEG. 

 

Figure 67: Synthesis scheme for ALD-PEG-COOH by EDC/NHS amide coupling.  
Conditions: H2O, 70°C, 20 min activation time with EDC/NHS followed by ALD addition and overnight 

reaction. 

The amide coupling was carried out in water because of the poor solubility of alendronic acid 

in common organic solvents. Using water as the solvent for this type of reaction is not ideal 

because it facilitates the unwanted hydrolysis of the NHS-ester intermediate species. 

However, the reaction was at least partially successful as the formation of the amide bond 

was confirmed through ATR-FTIR spectroscopy (Figure 68). The characteristic amide carbonyl 

peak (1650 cm-1) appeared, while the carboxylic carbonyl peak (1750 cm-1) intensity 
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decreased. The conversion was roughly estimated to be 28% based on the carboxylic acid 

carbonyl peak reduction in intensity.  

 

Figure 68: ATR-FTIR spectra of PEG(COOH)2 before (black curve) and after (green curve) coupling with 
ALD, showing the appearance of the characteristic peak at 1650 cm-1 corresponding to stretching of 

secondary amide carbonyl. 

 

VI.3.2.1.2. Nitrocatechol-PEG-COOH 

NDA-PEG-COOH and NDO-PEG-COOH were synthesised through the same EDC/NHS amide 

coupling reaction (Figure 69). As in the case of ALD, molar ratios of 1:1:1:1 for 

PEG(COOH)2:nitrocatechol:EDC:NHS were used to modify only one of the carboxylate groups 

of the PEG. 

 

Figure 69: Synthesis scheme for NDA-PEG-COOH by EDC/NHS amide coupling.  
Conditions: 25°C, 20 min activation time with EDC/NHS followed by NDA addition and overnight 

reaction. 
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Both aqueous and organic conditions were explored for this reaction. However, as 

nitrocatechols are poorly soluble in water, it was found that the coupling was much more 

efficient in a mixture of dichloromethane and dimethylformamide (DMF). Dichloromethane 

was used as the solvent for the PEG(COOH)2 activation with EDC/NHS, followed by addition 

of a solution of NDA or NDO in dimethylformamide. 

The formation of the amide bond was confirmed through ATR-FTIR spectroscopy (Figure 70). 

The characteristic amide carbonyl peak (1650 cm-1) appeared, while the carboxylic carbonyl 

peak (1750 cm-1) intensity decreased. Additionally, some of the nitro group vibrations could 

also be distinguished. The conversion to NDA-PEG-COOH was estimated at 70% based on the 

reduction of the carboxylic peak height. 

 

Figure 70: ATR-FTIR spectra of PEG(COOH)2 (black curve), NDO-PEG-COOH (light blue curve) and 
NDA-PEG-COOOH (red curve), showing reduction of the carboxylic acid carbonyl peak at 1750 cm-1, 

the appearance of the characteristic carbonyl vibration of the amide at 1650 cm-1 and the nitro group 
peaks at 1300 and 1500 cm-1, which confirm the successful formation of the target nitrocatechol-

PEG-COOH compounds.   
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VI.3.2.2. Semi-batch kinetic optimization 

The binding efficiency of the stabilizers to the iron oxide nanoparticles was evaluated by 

studying the kinetics of the reaction under semi-batch conditions. The iron oxide 

nanoparticles were freshly synthesised in a continuous flow setup before being transferred 

to a stirred vessel followed by addition of the desired amount of the stabilizing agent (Anchor-

PEG-COOH). A timer was then started, and aliquots were taken at different time intervals and 

quenched by injecting into a buffer solution to quickly lower the pH from 13 to 7. Since the 

bare Fe3O4NP have a PZC at pH= 7, any unstabilized particles will aggregate and precipitate 

under those conditions. The efficiency of the functionalization can be quantified by filtering 

of the aggregated particles and measuring the concentration of Fe in the supernatant 

(stabilized Fe) through spectrophotometric determination. Note that NEt4OH was used as the 

base to adjust the pH of the stabilizer solution to pH= 13, as the previous chapter 

demonstrated that sodium ions can induce iron oxide nanoparticle aggregation. 

VI.3.2.2.1. Bisphosphonate-PEG-COOH 

Both 1 and 10 equiv. of ALD-PEG-COOH were used to stabilize the bare Fe3O4NP. 

Unfortunately, most of the particles precipitated after the quench at pH= 7 for both 1 and 10 

equiv. of PEG, indicating that the as-prepared ALD-PEG-COOH compound could not stabilize 

the iron oxide nanoparticle (Figure 71).  

 

Figure 71: Semi-batch functionalization setup and reaction conditions for Fe3O4NP synthesised by co-
precipitation and functionalized with ALD-PEG-COOH under alkaline conditions (pH= 13), with a 

picture of the resulting quenched aliquots taken at different time points.  The reaction temperature 
was set to 25°C for both synthesis and functionalization. 



135 
 

 

This result is surprising given that ALD by itself was able to completely stabilize the 

nanoparticles. Furthermore, the nanoparticles still partially precipitated at pH= 13 without 

any quench, which indicates that somehow the ALD-PEG-COOH perturbs the colloidal 

stabilization of the bare Fe3O4NP. This lack of stabilization could be explained by a low yield 

during the ALD-PEG-COOH synthesis and thus the as prepared ALD-PEG-COOH mixture 

consisted mostly of PEG(COOH)2. 

VI.3.2.2.2. Nitrocatechol-PEG-COOH 

Both NDA-PEG-COOH and NDO-PEG-COOH resulted in excellent particle stabilization under 

short reaction times, providing ideal conditions for adaptation of the functionalization into a 

continuous process (Figure 72). Furthermore, even after being dispersed in NaCl 1 M, 

nanoparticles showed no sign of precipitation, which confirmed that the stabilization effect 

achieved was a steric stabilization and that the Fe3O4-NDA-PEG-COOH structure was 

successfully obtained. 

The amount of stabilized Fe for the different aliquots was quantified by filtering the 

nanoparticle through a 200 nm filter and measuring the amount of Fe in the solution (see 

Materials and Methods chapter for full details). After 2 minutes, most of the Fe was already 

stabilized (80%), and the functionalization appeared complete after an hour (Figure 72). There 

was no reduction in the amount of stabilized Fe after dispersion in 1 M NaCl, indicating 

excellent sterical stabilization. 
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Figure 72: a) Semi-batch functionalization setup and reaction conditions for Fe3O4NP synthesised by 
co-precipitation and functionalized with NDA-PEG-COOH and NDO-PEG-COOH under alkaline 

conditions (pH= 13), with a picture of the resulting quenched aliquots taken at different time points.  
The synthesis of Fe3O4NP was carried out at 25°C and the functionalization at 70°C. b) Evolution of 

the amount of iron oxide nanoparticle stabilized as a function of reaction time for various amounts of 
stabilizer added (NDO-PEG-COOH, blue squares) and (NDA-PEG-COOH, burgundy triangles), after the 

pH was adjusted to 7.  

NDA-PEG-COOH was selected as the stabilizer for the rest the investigation, as it seemed to 

provide slightly enhanced stabilization compared to NDO-PEG-COOH. 
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This preliminary test was done using a large excess of stabilizer (10 equiv.), so further tests 

were done in similar conditions to identify the minimum amount of NDA-PEG-COOH required 

to fully stabilize the iron oxide nanoparticles (Figure 73).  

 

Figure 73: Evolution of the amount of iron oxide nanoparticle stabilized as a function of a) reaction 
time for various amounts of NDA-PEG-COOH stabilizer and b) functionalization reaction temperature. 

Inset pictures of the respective suspensions illustrate that good stabilization is achieved for 0.5 or 
more equivalents NDA-PEG-COOH. 

 

0.5 equiv. of NDA-PEG-COOH with respect to the iron concentration was found to be sufficient 

to stabilize the nanoparticles fully (Figure 73a). There is a clear cut off at 0.5 equiv. of NDA-

PEG-COOH, using less than 0.5 equiv. results in almost no stabilized particles, indicating that 

the NDA-PEG-COOH binds to all the nanoparticles uniformly. If enough NDA-PEG-COOH is 

added (0.5 equiv.), complete functionalization is achieved very quickly in under 1.5 minutes. 

0.5 equiv. corresponds to 3700 NDA-PEG-COOH molecules per particle and a grafting density 

of 24 NDA-PEG-COOH molecules per nm2, assuming 7 nm spherical particles. This value 

represents a slight excess compared to the expected 6.9 Fe surface atoms per nm2 based on 

a perfect FCC magnetite structure. Note that the reaction time to achieve the 

functionalization could be even shorter, as 1.5 minutes is the first aliquot that was collected. 

The effect of the temperature on the functionalization was also investigated by running the 

reaction at 25 and 70°C (Figure 73b). It was found that a higher temperature results in 

improved stabilization. A larger amount of Fe could be stabilized at a higher temperature, 

suggesting that functionalization of some surface Fe atoms presents a different activation 

energy.  
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VI.3.2.3. Continuous flow functionalization with nitrocatechol-PEG-COOH 

Given that the semi-batch test results with nitrocatechol-PEG-COOH were successful, 

functionalization of bare iron oxide nanoparticles was attempted under continuous flow 

conditions. The synthesis of the Fe3O4NP occurred in a first reactor (R1) and functionalization 

took place in a second reactor (R2) placed in series. The setup is illustrated on Figure 74a.  
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Figure 74 a) Reaction setup for continuous synthesis of Fe3O4NP-NDA-PEG-COOH nanostructures by 
the Grafting To method: Fe3O4NP synthesis by co-precipitation followed by functionalization with 
NDA-PEG-COOH in alkaline conditions. The table shows the percentage of Fe that was stabilized 

depending on the reaction temperature. b) Zeta-potential as a function of pH, c) ATR-FTIR spectra, d) 
particle size distribution by volume measured by dynamic light scattering at pH= 7, of bare Fe3O4NP 

and Fe3O4NP-NDA-PEG-COOH synthesised at 70°C in continuous flow conditions.  e) Transmission 
electron micrographs and calculated particle size distribution.  

 

The effect of temperature was also investigated by running the setup at 25 and 70°C (both 

synthesis and functionalization were kept at the same temperature in this case). A higher Fe 

stabilization yield was achieved at 70°C (70%) compared to 25°C (8%) in agreement with the 

semi-batch optimisation experiments. Additionally, the nanoparticles functionalized at 25°C 

appeared significantly more aggregated, which highlights the importance of using a slightly 

elevated temperature to ensure the functionalization is achieved (particularly at short 

reaction/residence times). The zeta-potential of the functionalized nanoparticles was 
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measured as a function of pH and compared to the zeta-potential of bare iron oxide 

nanoparticles (Figure 74b). There is a shift of the PZC from 7 for bare Fe3O4NP to 5 for the 

functionalized Fe3O4NP-NDA-PEG-COOH nanoparticles. This shift is expected, as following 

successful functionalization the surface should be dominated by carboxylic acid moieties (pKa 

≈ 5). FTIR confirmed the functionalization was successful as characteristic NDA-PEG-COOH 

vibrations appeared in the functionalized nanoparticle spectra: amide (1650 cm-1), nitro 

(1500, 1280 cm-1), PEG backbone C-O (1090 cm-1) and deprotonated carboxylate (1590 cm-1) 

(Figure 74c). The functionalization was achieved at both 25 and 70 °C although the FTIR 

spectra showed the NDA-PEG-COOH bands much more clearly on the sample prepared at 

70°C. The average hydrodynamic diameter of the Fe3O4NP-NDA-PEG-COOH was measured at 

42 nm by DLS, which is slighly larger than the bare Fe3O4NP (Dh= 25 nm) (Figure 74d). This 

slightly increased diameter compared to the core size measured by TEM and on the bare 

Fe3O4NP can be attributed to the PEG shell around the nanoparticles. It is also possible that 

the nanoparticles exist as clusters of a few particles in solutions, which is consistent with what 

is observed in TEM. Transmission electron micrograph of the Fe3O4NP-NDA-PEG-COOH show 

they are well dispersed over the grid and have an average particle size of 7 nm with 2 nm 

standard deviation (Figure 74e).  

In order to ensure complete reproducibility, it is important to introduce a quenching step in 

the flow system, to stop the reaction and guarantee that the reaction time in the 

functionalization reactor is exactly the same in all cases for comparison purposes. Quenching 

at the PZC of the nanoparticles (pH= 5) will cause the precipitation of all the particles that are 

only electrostatically stabilized, leaving behind only the desired sterically stabilized Fe3O4NP-

NDA-PEG-COOH. The quench at pH= 5 was achieved by addition of 2-(N-

morpholino)ethanesulfonic acid (MES) buffer in the third reactor (R3, Figure 75). 

Furthermore, since chapter V established that 25°C is the optimal temperature for the 

synthesis of iron oxide nanoparticles by co-precipitation and 70°C was found to be better for 

the functionalization, these reaction conditions were combined by designing a setup were the 

synthesis reactor (R1) is kept at 25°C while the functionalization and quench (R2, R3) are at 

70°C, taking advantage of the high heat transfer rates achievable in microreactors like the 

ones used in this study. 
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In this case, the stabilized Fe yield obtained after purification was 55%, which is slightly lower 

than performing the reaction without a quenching step (70%).  

 

Figure 75: Reaction setup for continuous synthesis of Fe3O4NP-NDA-PEG-COOH nanostructure by 
Grafting To method with a quench step: Fe3O4NP synthesis by co-precipitation followed by 

functionalization with NDA-PEG-COOH in alkaline conditions and quench at pH= 5 with MES buffer. 

Under these conditions, the combined synthesis iron oxide nanoparticles and 

functionalization with a strongly bound anchored PEG stabilization layer was successfully 

achieved. While continuous synthesis has been coupled with functionalization with small 

capping molecules[146,148,150,153], to the best of our knowledge this is the first time this 

combination has been achieved with a strongly bound steric stabilizer such as a nitrocatechol-

PEG, resulting in the production of application-ready nanoparticles in a single setup. 

VI.4. Purification procedure 

The following section explains the work up method that was developed to purify the Fe3O4NP-

NDA-PEG-COOH nanoparticles that were obtained by the Grafting To strategy with NDA-PEG-

COOH. Designing an appropriate purification procedure is particularly important when 

synthesizing nanoparticles for biomedical applications. Any excess reactants should be 

removed, particularly if they are toxic. 

The PEG coating on the nanoparticles renders them extremely soluble in water, which is the 

reaction solvent. Moreover, the small size of the nanoparticles (7 nm) combined with the 

excellent stabilization conferred by the PEG coating precludes magnetic decantation as the 

separation method. The water must thus be removed, which was achieved by rotary 

evaporation at 70°C and reduced pressure. It is important to note that rotary evaporation 

represents a scalable purification procedure, as opposed to the more commonly used freeze-

drying methods. Rotary evaporation in comparison is a “harsher” way to dry the particles and 

can result in aggregation. The fact that minimal aggregation was observed using rotary 
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evaporation is a testament to the excellent stability of the nanoparticles produced by the 

established synthesis method. Once the particles were dried, they were redissolved in ethanol 

and reprecipitated by adding hexane as an antisolvent. The precipitation was aided by a 

strong neodymium magnet. This dissolution-precipitation was repeated thrice in total (see 

Materials and Methods chapters for full details). Finally, the particles were dried in air, 

resuspended in deionised water and filtered through a 200 nm syringe filter to remove any 

large aggregates that formed during the synthesis or the purification. 

VI.5. Stability tests 

The stability of the functionalized iron oxide nanoparticles was tested in different pH and 

media conditions. The functionalized nanoparticles were stable in a wide range of pH (4-13), 

unlike bare nanoparticles which aggregated and precipitated outside of very acidic or alkaline 

conditions (Figure 76a).  

 

 

Figure 76 a) Average hydrodynamic diameter (by volume) as a function of pH for bare Fe3O4NP and 
functionalized Fe3O4NP-NDA-PEG-COOH and b) particle size distribution by volume of Fe3O4NP-NDA-
PEG-COOH in various dispersion media measured by dynamic light scattering. Inset pictures illustrate 

the different suspensions after a 1 month period. 

 

No aggregation was detected visually or by DLS even after 1 month of storage in harsh 

conditions such as 18 mM phosphate buffer, and minimal aggregation occurred in 1 M NaCl 
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(Figure 76b). Colloidal stability in phosphate buffer indicates strong binding of PEG to the 

particles. Phosphate ions have a high affinity to the iron oxide surface and cause aggregation 

and precipitation of poorly stabilized iron oxide nanoparticles. Colloidal stability in 

concentrated NaCl confirms that the stabilization obtained is of steric nature, as high salt 

concentrations collapse any electric double layer responsible for electrostatic stabilization. 

VI.6. Further derivatization 

One of the main goals of this project was to design a magnetic nanoparticle platform that 

could easily be derivatized with molecules of interest to impart new functionalities to the 

particles. For example, adding a fluorophore to the nanoparticles will enable fluorescence 

imaging or an antibody could be used for targeted trug delivery. 

The stabilizer molecule NDA-PEG-COOH was designed with this derivatization in mind, as the 

free carboxylic acid groups can be used to covalently couple molecules of interest to the 

nanoparticles through an amide linkage. This property of the Fe3O4NP-NDA-PEG-COOH 

nanoparticles was demonstrated by functionalization with a fluorophore (fluoresceinamine) 

using EDC/NHS amide coupling in water. This derivatization step was carried out in batch 

using Fe3O4NP-NDA-PEG-COOH purified according to the procedure described in section VI.4. 

The coupling was achieved with 5 mol% of fluoresceinamine, EDC and NHS with respect to 

the solution Fe concentration. The appearance of the characteristic fluorescein peak in the 

UV-vis spectrum of the nanoparticles confirms successful fluorescein attachment to the 

particles (Figure 77a). 
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Figure 77: a) UV-visible absorption spectra of functionalized Fe3O4NP-NDA-PEG-COOH before (red 
curve) and after coupling with fluoresceinamine (green curve). The appearance of the characteristic 

absorption peak of fluorescein at 494 nm confirms the successful functionalization. Inset pictures 
show the fluorescein-functionalized particles under visible light illumination (left) and UV illumination 

(right), exhibiting bright fluorescence. b) Particle size distribution of the functionalized iron oxide 
nanoparticles before (burgundy curve) and after coupling with fluoresceinamine (green curve), 

indicating that minimal aggregation occurs during the coupling process. 

 

The resulting Fe3O4NP-NDA-PEG-Fluorescein nanoparticles were purified through a work up 

process slighly different from the original Fe3O4NP-NDA-PEG-COOH. After rotary evaporation 

of the water, the particles were washed in EtOH followed by two washes in acetone in order 

to remove any unbound fluorescein and reaction by-products. The dry appearance of the 

particles changed from dark brown to a light brown after functionalization with fluorescein. 

After this second purification, 36% of the total Fe was recovered and DLS indicated that 

negligible aggregation of the nanoparticles occurred (Figure 77b). Based on the UV-vis spectra 

and considering fluorescein as a model compound for similar drug molecules, the drug loading 

efficiency and capacity could be measured. The drug loading efficiency, calculated as the 

amount of drug loaded on the drug carrier divided by the total amount of drug introduced 

was 21%, which is acceptable although ideally should be higher to avoid wasting drug 

material. However, the loading efficiency could likely be improved through optimization of 

the derivatization conditions, which was not further explored here. The drug loading capacity, 

which is the mass of drug compound divided by the total mass of the drug carrier was 15 wt% 

which is considered a high drug loading (> 10%)[259] suitable for drug delivery applications. 
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This value corresponds to 277 fluorescein molecules per particle, assuming 7 nm 

nanoparticles. 

Fluorescein serves here as a proof of concept, illustrating that the Fe3O4NP-NDA-PEG-COOH 

can act as a platform where any molecule with an amine group can be coupled to the particles. 

VI.7. Applications 

VI.7.1. Cytotoxicity assay 

A cytotoxicity assay was performed to assess the biocompatibility of the Fe3O4NP-NDA-PEG-

COOH. This work was done in collaboration with Dr Ljiljana Fruk’s laboratory and the 

cytotoxicity assay was performed by Christoph Frank and Luise Fanslau.  

The assay performed, called LDH assay, is based on the lactate dehydrogenase enzyme (LDH), 

which is present in the cytosol and rapidely released into the cell culture medium if the plasma 

membrane of the cells gets damaged. The assay uses a coupling reaction, where a LDH 

released from the cells oxidises lactade to generate NADH, which then reacts with a dye 

(water soluble tetrazolium or WST) and generates a yellow colour. The intensity of the colour 

can be measured with a cell plate reader and correlates directly with the number of lyzed 

cells. 

The cytotoxycity of both Fe3O4NP-NDA-PEG-COOH and Fe3O4NP-NDA-PEG-Fluorescein was 

evaluated (Figure 78).  
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Figure 78: Cell viability at 24h and 48h in the presence of various concentrations of Fe3O4NP-NDA-
PEG-COOH and Fe3O4NP-NDA-PEG-Fluorescein nanoparticles prepared by the Grafting To method in 
continuous flow conditions. Only the lower range of concentrations could be tested in the case of the 

fluorescein functionalized particles because of the low initial concentration of the sample. 

 

No significant decrease in cell viability was detected after 24h and 48h, even at the highest 

nanoparticle concentration of 100 µg/mL. This results supports the fact that the prepared 

nanoparticles are completely biocompatible and can be used in biomedical applications. 

 

VI.7.2. MRI properties 

Magnetic resonance experiments were carried out to determine the relaxivity of the different 

functionalized nanoparticle samples to evaluate their possible application as MRI contrast 

agents. The T1 and T2 relaxation times were measured, and their inverse was plotted as a 

function of Fe concentration to determine the molar relaxivity (r1 and r2) of each sample by 

linear regression (Figure 79). 
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Figure 79: a) Inverse T1 and b) T2 relaxation time as a function of Fe concentration with the 
corresponding linear regression fitting for the different functionalized nanoparticle samples. c) Table 

summarizing the different r1, r2 and r2/r1 properties for each sample. The error values were 
determined based on the error on the fitting parameters in the linear regression. The measurements 

were carried out at a magnetic field of 7 T.  The 10 nm nanoparticles were obtained through the 
growth by precursor addition described in Chapter V.  

 

The r2 values are relatively large compared to single core nanoparticle systems which suggests 

that the Fe3O4NP-NDA-PEG-COOH exist in clusters of multiple iron oxide particles, perhaps 

because of crosslinking with free carboxylate moieties[208]. Functionalization with fluorescein 

reduces the r2/r1 ratio, which supports this crosslinking hypothesis since less carboxylate 

groups are available in the case of the fluorescein functionalized sample. The larger 

nanoparticles have slightly larger relaxivity than their 7 nm counterparts. Note that in the case 

of the 10 nm particles, the relaxivity plots were not perfectly linear, which could be indicative 

of partial aggregation at higher concentrations. 

All samples have a high r2/r1 ratio which means this nanoparticle system can act as a good T2-

based contrast agent. These values are comparable to commercial iron oxide based contrast 

agent Resovist®, which demonstrated r1= 1.67, r2= 375, r2/r1= 224 at 9.4 T[260]. 
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VI.8. Cost analysis 

Currently, most commercially available iron oxide nanoparticles are simply stabilized with 

citric acid, oleic acid or PVP. Only one supplier, OceanNanotech (which also supplies Sigma-

Aldrich), was found to offer PEG stabilized iron oxide nanoparticles[261]. Note that these 

nanoparticles are oleic acid capped iron oxide nanoparticles, stabilized with an amphiphilic 

polymer and they do not present a reactive function for further derivatization. These 

nanoparticles are currently priced at 23 000 £/g, which illustrates the need to develop 

cheaper and scalable alternatives to the traditional batch synthesis processes. 

To show the commercial viability of the continuous synthesis and functionalization approach 

presented here, a cost analysis of the process was performed. The setup presented in Figure 

75 was considered for the preparation of Fe3O4NP-NDA-PEG-COOH nanoparticles in 

continuous flow. A single operation period of 8 h was considered, split into 1 h of solution 

preparation, 5 h of reactor operation and 2 h of work up. Within this operation period, two 

operating flow rates were considered: 0.2 mL/min (which was used for the experimental work 

previously presented) and 10 mL/min. It should be noted that the in terms of mass, the 

nanoparticles were considered to be pure magnetite Fe3O4 and the contribution of NDA-PEG-

COOH to the final nanoparticle mass was ignored. Therefore, the production rates are likely 

to be underestimated. 

An analysis of the chemical cost of the continuous flow reaction was carried out. First of all, 

the chemical costs for the batch syntheses of NDA (Table 8, Table A12 in the Appendix) and 

NDA-PEG-COOH (Appendix, Table A13) were calculated. Both these chemicals can be 

prepared on a realtively large scale compared to the amount of NDA-PEG-COOH required for 

a standard operation period of 5h. Indeed, 3 mmol of NDA-PEG-COOH can be synthesized per 

batch which represents enough compound for 463 mg of Fe3O4 (i.e. three 5 h-runs in flow at 

0.2 mL min-1). Interestingly, from a purely chemical perspective, it is clear that the main costs 

are associated with the solvents used during the purification procedure, as relatively large 

amounts of solvent are used to purify small quantities of nanoparticles (Appendix Table A14). 

The chemical costs of the Fe3O4NP-NDA-PEG-COOH were evaluated at 430 £/g (compared to 

61 £/g without considering the solvents in the work up procedure). Thus, the chemical costs 
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are 86% due to solvent use and optimising the work up procedure could lead to significant 

cost savings. 

Table 8: Chemical costs associated with each synthetic step expressed in £/g. The detailed cost 
breakdown is included in the Appendix. 

 

A fully accurate cost analysis requires careful consideration of all the associated capital, 

operational and labour costs of the process.  The equipment costs are summarized on Table 

A15 (Appendix) and were evaluated by assuming a 2-year lifetime averaged over 500 working 

days. For the energy costs, the nominal power of the hot plate was considered (the power 

required to drive the pumps is negligible in comparison). Finally for the labour costs, the 

typical salary of a senior laboratory technician is estimated at £30 000/year[262]. This value 

was multiplied by 2.5 to account for National Insurance contributions and other employer 

costs, resulting in an estimated salary cost of £75 000/year or £37.5/hour. 

The overall results of the cost analysis are compiled on Table 9. Note that there will not be 

any extra labour costs associated with NDA and NDA-PEG-COOH production as both syntheses 

for these compounds are not time intensive (1 to 2h each including work up) therefore they 

can be carried out by the technician during the 5h window when the reactor is running.  
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Table 9: Complete cost breakdown of the continuous flow synthesis of Fe3O4NP-NDA-PEG-COOH for 
operating flow rates of 0.2 and 10 mL/min. A yield of 50% was considered. A run consists of an 8 h 
work shift with 1 h of set up, 5 h of reactor operation and 2 h of work up. The pie charts illustrate 

how the cost distribution varies drastically with operating flow rate. 

 

When factoring all these parameters, the production cost of the Fe3O4NP-NDA-PEG-COOH 

was evaluated at 3775 £/g for 0.2 mL/min operating flow rate. This production cost could be 

reduced to 506 £/g (7-fold reduction) by operating at 10 mL/min. At lower operating flow 

rates, labour costs tend to dominate (86% of total costs at 0.2 mL/min), while at higher flow 

rates the chemical costs constitute the bulk of the costs (85% of total costs at 10 mL/min). As 

anticipated, increasing the production rate leads to an overall decrease in the production 

cost, as another example of the economy of scale. 

This increase in operating flow rate could easily be achieved and would only require longer 

reactors to maintain the same residence times and different pump types such as microannular 

gear pumps to handle larger precursor solution volumes (Both changes were factored into an 

increase in the equipment costs, see Appendix Table A15). As chapter V demonstrated, the 

flow rate does not have a significant effect on the particle size and therefore should not affect 

the final nanoparticle product during the scale up. Other factors to take into consideration 

should be the scale up of the NDA and NDA-PEG-COOH syntheses reactions and the increase 
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of precursor iron concentration, although the latter could lead to variations in the final 

nanoparticle size and morphology. 

Finally, the hypothetical production costs achieved in this work are compared to commercially 

available samples of similar composition: iron oxide nanoparticles stabilized by a PEG shell. 

OceanNanotech’s Fe3O4NP-PEG are marketed at a 23 000 £/g, which means even the 0.2 

mL/min flow rate setup at 3775 £/g is commercially viable, and this cost can be further driven 

down to 506 £/g at higher flow rates (10 mL/min). 

 

VI.9. Chapter VI conclusions 

This chapter developed a bespoke system to continuously manufacture and functionalize iron 

oxide nanoparticles with an appropriate stabilizer for biomedical applications, in a single 

reaction setup. A rational approach was applied to design a stabilizer based on the general 

Anchor – PEG – COOH structure. The anchoring moiety ensures that the stabilizer is strongly 

bound to the iron oxide nanoparticle surface. The PEG polymer confers water dispersibility 

and steric stabilization to the nanoparticles. The carboxylate group can be used for further 

derivatization of the nanoparticle platform. 

The best functionalization conditions were obtained at an alkaline pH with Fe3O4NP made by 

co-precipitation method. Both bisphosphonates and nitrocatechols anchoring groups were 

found to efficiently bind to the surface of iron oxide nanoparticles. Two different 

functionalization approaches were investigated to functionalize iron oxide nanoparticles 

under continuous flow conditions. The Grafting From method where the anchor molecule is 

bound to the iron oxide nanoparticles first, followed by attachment of the PEG by amide 

coupling, and the Grafting To approach where the Anchor-PEG-COOH stabilizer is first 

prepared in batch before being introduced in the continuous flow setup. Only the Grafting To 

approach resulted in efficient steric colloidal stabilization. In this Grafting To method, 

Catechol-PEG-COOH stabilizers provided excellent stabilization results unlike the 

Bisphosphonate-PEG-COOH stabilizer. However, a more efficient synthesis of the 

Bisphosphonate-PEG-COOH stabilizer might improve those results. 
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Overall, continuous flow synthesis of iron oxide nanoparticles by co-precipitation at 25°C 

followed by functionalization with NDA-PEG-COOH at 70°C were found to be optimal reaction 

conditions to obtain Fe3O4NP-NDA-PEG-COOH. The minimal amount of required NDA-PEG-

COOH stabilizer was identified to be as low as 0.5 equivalents compared to the moles of Fe. 

A quench step was introduced to ensure complete reproducibility of the reaction scheme. 

A scalable work up procedure using rotary evaporation was designed to enable purification 

of the obtained Fe3O4NP-NDA-PEG-COOH nanoparticles. The high stability of these 

nanoparticles was confirmed in several challenging conditions  such as 18 mM phosphate 

buffer and 1 M NaCl over a 1 month period. The versatility of the Fe3O4NP-NDA-PEG-COOH 

platform was demonstrated by derivatization with fluorescein. Based on this derivatization, a 

21% drug loading efficiency and 15 wt.% drug loading capacity were achieved. This possibility 

of easy modification with functional molecules of interest greatly widens the scope of the 

nanoparticles, which could incorporate targeting antibodies and active compounds for drug 

delivery. The Fe3O4NP-NDA-PEG-COOH were found to be completely biocompatible in a 

cytotoxicity assay and possess high r2 relaxivity making them good candidates for T2 contrast 

MRI applications. All these properties illustrate that the Fe3O4NP-NDA-PEG-COOH system 

developed in this work is an excellent functional nanoparticle platform for biomedical 

applications. Finally, the commercial viability of the continuous approach presented here was 

demonstrated through a detailed cost analysis of the process, taking capital, operational and 

labour costs into account. The total production costs were calculated at 3775 £/g and could 

be further lowered to 506 £/g with a few modifications, which is much lower than the only 

commercial alternative available presently (23 000 £/g). 
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Chapter VII: Continuous synthesis of 

aluminium nanoparticles 

VII.1. Introduction 

The following chapter investigates several bottom-up approaches for the chemical synthesis 

of aluminium nanoparticles (AlNP) and aims at developing a continuous flow setup for the 

synthesis of these AlNP, ideally with high control over the nanoparticle sizes and size 

distribution. 

Aluminium nanoparticles can be employed for a variety of applications such as for solid rocket 

fuel propellants[79,263], to enhance solar cell performance[264], in conductive inks [81] or for 

energy/hydrogen storage[80]. Recently, they have also been proposed as an earth abundant 

plasmonic material that could replace the rare and expensive silver and gold which have been 

the most commonly investigated plasmonic metals so far[78,122,265]. Aluminium presents 

excellent plasmonic properties and its plasmon resonance can be tuned to span from the UV 

to the IR, enabling both high energy and low energy photon harvesting[266]. Plasmonic 

materials have a wide application scope, they can be used for cancer photothermal 

therapy[69], sensors based on surface enhanced Raman spectroscopy[4] and plasmonic 

photocatalysis[267,268]. 

For aluminium nanoparticles to be used for these applications, it is imperative to develop 

synthetic methods to produce these nanoparticles on a large scale, ideally with precise 

control and tuneability over their properties. Continuous synthesis provides an ideal approach 

to solve the scale up issues that standard batch nanomaterial present such as mixing 

inconsistencies and irreproducibility[21]. Continuous synthesis can also make use of the 

plasmonic properties and UV-visible absorption by coupling the process with on-line analysis, 

which leads to fast parameter screening and process optimisation, as well as quality 

control[248,269]. 

A few synthetic methods have been proposed for continuous aluminium nanoparticle 

production such as plasma vaporisation[171] and wire electro-explosion[170]. However, only 

chemical bottom-up approaches can provide good control over the final nanoparticle size and 
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shape. The size and shape of the nanoparticles is of paramount importance for plasmonic 

applications since they determine the plasmon response and light interaction behaviour of 

the particles. Smaller (< 50 nm) aluminium nanoparticles mainly absorb light in the UV region, 

whilst larger (150-200 nm) have a broadband absorption ranging from UV to IR, enabling 

broadband light harvesting applications. Among the chemical methods, the thermal 

decomposition of aluminium precursors has been the most investigated[79,114,271–

274,115,116,118,120,121,123,125,270]. Common precursors include amine-alane complexes and alkyl 

aluminium compounds such as triisobutyl aluminium (TIBA) and diisobutyl aluminium hydride 

(DIBAH). This thermal decomposition has been found to be catalysed by titanium-based 

complexes[115]. Note that the precursors employed for these synthetic methods are extremely 

reactive and pyrophoric in most cases, so all the reactions must be carried out under an inert 

atmosphere using standard Schlenk techniques. 

This chapter focuses on thermal decomposition synthetic methods for the continuous 

production of aluminium nanoparticles. Thermal decomposition methods were chosen for 

this investigation as they can enable an excellent control over the final properties of 

aluminium nanoparticles such as size and size distribution[120,123,125]. The chapter is divided in 

two main sections. The first section evaluates the effects of different combinations of 

precursors, solvents, catalysts and catalyst concentration over the final aluminium 

nanoparticles and the kinetics of the reaction through standard batch chemistry methods. 

The second section applies the findings of the first section to adapt the synthetic process to a 

continuous flow process. This continuous synthesis was carried out under Taylor flow 

(biphasic gas-liquid flow) as a result of gases (hydrogen, isobutene and/or dimethylethyl 

amine) being generated in situ by the decomposition reaction (similarly to the iron 

nanoparticle synthesis in Chapter IV). Addition of a carrier phase to reduce reactor wall fouling 

was also investigated, resulting in triphasic gas-liquid-liquid flow. 

VII.2. Batch synthesis of aluminium nanoparticles 

The synthesis of aluminium nanoparticles through thermal decomposition was investigated 

using standard batch chemistry. Studying the synthesis reaction in batch conditions enables 

to get critical insights on the reaction properties and kinetics which are key to design an 

appropriate reactor to adapt the process into a continuous one. Such studies can cope with 

the inherent variability of the batch methods. 
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Two different thermal decomposition methods are explored, each employing a different type 

of aluminium precursor, the first one using an alane-amine complex and the second one using 

alkyl aluminium compounds. In both cases, a titanium (IV) compound was introduced to act 

as the catalyst. An aliquoting strategy enabled the reaction progress to be monitored 

accurately. Several aliquots were taken out of the reaction vessel and immediately quenched 

in an excess of dibutyl phosphate (DBP), which quenches any excess precursor and partially 

stabilizes the aluminium nanoparticles by capping their surface. DBP reacts with the alane to 

form the corresponding aluminium dibutyl phosphate salt and dihydrogen, limiting unwanted 

aluminium oxide formation. Following this quench, the reaction products can be safely 

exposed to air, and the aluminium nanoparticles become passivated by a thin 3-5 nm 

amorphous aluminium oxide layer which prevents further oxidation of their metallic core. 

Finally, the obtained nanoparticles were purified by 3 cycles of centrifugation and 

redispersion in isopropanol and characterised by UV-vis spectroscopy and electron 

microscopy techniques. 

VII.2.1. Thermal decomposition based on alane precursor 

The thermal decomposition of an alane – amine precursor (dimethylethyl amine - alane) in 

the presence of a titanium catalyst such as titanium (IV) isopropoxide (TTIP) was investigated 

as it is one of the most studied methods to produce aluminium nanoparticles (Figure 

80)[115,273,275].  

 

Figure 80: Reaction scheme for the synthesis of aluminium nanoparticles (AlNP) by thermal 
decomposition of an alane – dimethylethylamine compound with titanium (IV) isopropoxide as the 

catalyst. 

This method enables aluminium nanoparticles to be synthesised at fairly low temperature 

(40°C) although under such conditions long reaction times (1-2 hours) are often 

required[120,121]. The mechanism of the reaction is not the focus of this investigation, but it has 

been studied in detail by the Halas group. Through EPR spectroscopy studies, it was 

established that the reaction goes through an intermediate Al-Ti3+ species[121]. This species 

then goes on to catalyse the elimination of H2 and polymerize the alane into colloidally 
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unstable low-valent aluminium hydride clusters which coalesce into larger aluminium 

nanoparticles. The reaction is thought to follow Michael-Menten type kinetics, where the 

Ti(IV) catalyst acts as the “enzyme” binding to AlH3 precursor and converting it to elemental 

Al and H2
[125]. 

VII.2.1.1. Effect of the solvent 

Three ethereal solvents, tetrahydrofuran (THF), dioxane and anisole were investigated for the 

reaction, as previous studies have shown that the reaction solvent has a significant impact 

over the nucleation and final nanoparticles obtained. The hypothesis that was proposed is 

that increasing the available oxygen atoms in the solvent leads to enhanced coordination 

capacity and thus faster nucleation kinetics, therefore resulting in smaller nanoparticles[121]. 

This theory was also demonstrated to be valid for nitrogen-based solvents. Thus, larger 

nanoparticles up to 200 nm are obtained in THF which has only one oxygen atom for 

coordination while dioxane leads to smaller 60 nm nanoparticles because of its 2 oxygen 

atoms. Anisole was chosen because of its higher boiling point (154 °C) enabling higher 

reaction temperatures to be investigated. Anisole possesses only one oxygen in its structure, 

and thus could be expected to lead to larger nanoparticles (200 nm), like THF. 

The results of the aluminium nanoparticle synthesis in THF are shown on Figure 81. The 

synthesis progress could be tracked visually as the reaction medium changed colour from 

brown associated to the initial aluminium-titanium complex formation to an opaque light grey 

due to the formation of aluminium nanoparticles. Similarly, UV-vis spectra of the obtained 

nanoparticles appeared very distinct depending on the particle size/reaction progress (Figure 

81a). The maximum absorption peak due to the plasmon dipole is located around 300 nm[266]. 

As the particles grow to larger sizes, this dipole peak becomes red-shifted and quadrupole 

and octupole absorption peaks can also be detected[120]. 
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Figure 81: Synthesis of aluminium nanoparticles via decomposition of alane (0.1 M) at 40°C in THF in 
the presence of 1 mol% of TTIP catalyst. a) UV-vis spectra of the nanoparticle aliquots obtained at 

different reaction times. b) Picture of the aliquoted nanoparticle suspensions. c-e) Transmission 
electron micrographs and particle size distribution of the AlNP suspension obtained at different 

reaction times. f) Scanning electron micrographs and particle size distribution of the AlNP suspension 
obtained after 120 min of reaction time. 

A relatively long induction time was observed, as no nanoparticles seem to be formed until 

15 – 20 min (Figure 81b). After 30 min of reaction time, some polydisperse nanoparticles (40-

120 nm) can be observed by TEM, but there is still lots of amorphous residue indicating that 

the reaction is far from completion (Figure 81c). After 45 min, more particles are observed 

with average particle size around 96 nm, with less amorphous material present on the grid 

(Figure 81d). At the 1 h mark the average particle size was 135 nm with a 34 nm standard 

deviation (Figure 81e). Finally, the reaction appeared complete after 2 h, and 203 ± 40 nm 
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nanoparticles were obtained (Figure 81f). The nanoparticle size distribution narrows as the 

reaction progresses and the amount of extraneous aluminium oxide also decreases, because 

of the increase in conversion. 

The synthesis was carried out in dioxane under the same reaction conditions, 40 °C with 1 

mol% of TTIP catalyst (Figure 82). Smaller nanoparticles were obtained in this solvent 

compared to THF, with sizes of 41 ± 8 nm after 1 h of reaction time and a final size of 62 ± 18 

nm after 2 h. As explained above, the smaller nanoparticle sizes obtained in dioxane is due to 

enhanced nucleation because of the extra oxygen atom available for coordination. 
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Figure 82: Synthesis of aluminium nanoparticles via decomposition of alane (0.1 M) at 40°C in 
dioxane in the presence of 1 mol% of TTIP catalyst. a) UV-vis spectra of the nanoparticle aliquots 

obtained at different reaction times. b) Picture of the aliquoted nanoparticle suspensions. c,d) 
Transmission electron micrographs and particle size distribution of the AlNP suspension obtained at 

different reaction times. 

 

In both THF and dioxane, the reaction took around 2 h to achieve completion and for the 

aluminium nanoparticles to reach their final size. This final nanoparticle size was 200 nm and 

60 nm respectively which, considering an enhanced nucleation rate in dioxane, indicates that 

particle growth is faster in THF, since 86 nm nanoparticles can already be observed after 30 

min in this solvent. This effect could be attributed to more precursor species being converted 

to nuclei (Al-Ti species) in dioxane and thus not available as monomers for growth.  In any 

case, a 2 h reaction time scale is not compatible with flow synthesis in milli- or microreactors 

as it would require a very large reactor and/or a very slow flow rate. Therefore, solutions to 

increase the reaction kinetics were investigated. 

One of the possible solutions to increase the reaction rate is to increase the reaction 

temperature by using a solvent with a higher boiling point. For this purpose, anisole was 
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selected as an ether solvent having a relatively high boiling point (154 °C) compared to THF 

(66 °C) and dioxane (101 °C). Before investigating a higher reaction temperature, the 

aluminium nanoparticle synthesis by decomposition of alane precursor was carried out at 

40°C in anisole, with 1 mol% TTIP catalyst, to compare it directly to the synthesis in THF and 

dioxane in the same conditions. No nanoparticles were obtained under these conditions as 

the solution remained colourless and the UV-vis spectra did not significantly change (Figure 

83).  

 

Figure 83: Synthesis of aluminium nanoparticles via decomposition decomposition of alane (0.1 M) at 
40°C in anisole in the presence of 1 mol% of TTIP catalyst. a) UV-vis spectra of the nanoparticle 

aliquots obtained at different reaction times. b) Picture of the aliquoted samples. 
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This observation confirms that the solvent has an important role in the reaction synthesis. 

One possible hypothesis is that the rotation of the methyl group reduces the coordination 

capacity of the oxygen atom compared to the rigid structures of THF and dioxane, thus leading 

to a decreased nucleation rate[276]. 

VII.2.1.2. Effect of the catalyst type and concentration  

In an effort to enhance the reaction kinetics, the effect of changing the catalyst from TTIP to 

TiCl4, as well as the effects of an increase in catalyst concentration were investigated.  

THF was used as the solvent as TiCl4 is insoluble in dioxane and the above section indicated 

that a wider range of particle sizes can be achieved in THF (up to a maximum diameter of 200 

nm). The reaction temperature was kept at 40°C. When using the same amount of catalyst as 

with TTIP (1 mol%), the reaction with the TiCl4 catalyst appeared to be complete after 90 min 

(as the UV-vis spectrum stabilized) compared to 120 min with TTIP, thus resulting in a slight 

increase of the reaction kinetics. The results are illustrated on Figure 84.  
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Figure 84: Synthesis of aluminium nanoparticles via decomposition of alane (0.1 M) at 40°C in THF in 
the presence of 1 mol% of TiCl4 catalyst. a) UV-vis spectra of the nanoparticle aliquots obtained at 

different reaction times. b) Picture of the aliquoted nanoparticle suspensions. c-f) Transmission 
electron micrographs and particle size distribution of the AlNP suspension obtained at different 

reaction times. 

The final nanoparticle size obtained was about 2 times smaller at 99 ± 32 nm and the particles 

obtained were more polydisperse (32%) compared to the AlNP produced with TTIP catalyst 

(203 ± 40 nm, 20% dispersity). The difference in the reaction kinetics can be attributed to the 

higher reactivity of TiCl4 compared to TTIP. This observation confirms that the catalyst is 

inherently linked with the nucleation conditions. Employing a faster catalyst results in 

enhanced nucleation and thus more initial nuclei and a smaller final nanoparticle size 

distribution. 
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Increasing the catalyst concentration from 1 mol% to 10 mol% TiCl4 resulted in significant 

increase of the reaction kinetics, with a final nanoparticle size (at full conversion) of around 

40 nm reached after only 10 min (Figure 85). This increase of the catalyst concentration also 

resulted in a significant decrease in the final nanoparticle size (36 ± 12 nm compared to 99 ± 

32 nm for 1 mol%). These observations align with the proposed reaction mechanism, which 

implies that the amount of Ti(IV) catalyst introduced is directly related to the nanoparticle 

nucleation[121,125]. Thus increasing the catalyst concentration leads to enhanced nucleation 

and smaller final nanoparticle sizes.  
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Figure 85: Synthesis of aluminium nanoparticles via decomposition of alane (0.1 M) at 40°C in THF in 
the presence of 10 mol% of TiCl4 catalyst. a) UV-vis spectra of the nanoparticle aliquots obtained at 

different reaction times. b) Picture of the aliquoted nanoparticle suspensions. c-f) Transmission 
electron micrographs and particle size distribution of the AlNP suspension obtained at different 

reaction times. 
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Therefore, changing the catalyst concentration is an adequate and simple method to tune the 

nanoparticle size, however this approach does require longer reaction times (> 1h) to reach 

larger particle sizes (100-200 nm). Unfortunately, in this temperature range (40 °C) it does not 

appear to be possible to obtain larger nanoparticles under shorter reaction times by only 

modifying the catalyst type or concentration. 

 

VII.2.1.3. Effect of temperature 

As mentioned in paragraph VII.2.1.1, anisole was also investigated as a potential solvent 

because of its relatively high boiling point (154 °C), enabling higher reaction temperatures to 

be investigated. The alane thermal decomposition was thus carried out on anisole at 120 °C 

with 1 mol% of TTIP catalyst (Figure 86) and 1 mol% TiCl4 (Figure 87). With TTIP catalyst, the 

solution became black after 3 minutes of reaction time (Figure 86b). However, no large 

aluminium nanoparticles were detected by UV-vis or TEM.  
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Figure 86: Synthesis of aluminium nanoparticles via decomposition of alane (0.1 M) at 120°C in 
anisole in the presence of 1 mol% of TTIP catalyst. a) UV-vis spectra of the nanoparticle aliquots 
obtained at different reaction times. b) Picture of the aliquoted nanoparticle suspensions. c-e) 

Transmission electron micrograph and particle size distribution of the AlNP suspension obtained at 
different reaction times. 
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The black colour (as opposed to the grey characteristic of aluminium nanoparticles) can 

possibly be attributed to small aluminium nuclei, which fully oxidise once exposed to air 

because their small size does not enable a metallic core to remain stable. Therefore the 

structures visible on the TEM images likely consist of amorphous aluminium oxide aggregates. 

When employing TiCl4 as catalyst, the reaction solution immediately turned black after 

injection of the catalyst solution (Figure 87b).  
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Figure 87: Synthesis of aluminium nanoparticles via decomposition of alane (0.1 M) at 120°C in 
anisole in the presence of 1 mol% of TiCl4 catalyst. a) UV-vis spectra of the nanoparticle aliquots 

obtained at different time points. b) Picture of the aliquoted nanoparticle suspensions. c-e) 
Transmission electron micrograph and particle size distribution of the AlNP suspension obtained at 

different reaction times. 

 

Small nanoparticles (21 ± 8 nm) could be observed after only 10 s of reaction time (Figure 

87c). However, the nanoparticles obtained under these conditions were mostly amorphous 

and appeared significantly aggregated. The small nanoparticles obtained suggest that very 

high nucleation rates are reached at higher temperature. Anisole appears to be a poor solvent 

choice for aluminium nanoparticle synthesis, perhaps due to solvent coordination effects as 

mentioned above. 

 

VII.2.2. Thermal decomposition based on alkyl aluminium precursor 

In addition to the alane-amine precursor, alkyl aluminium compounds were also investigated 

as precursors for the synthesis of aluminium nanoparticles. Thermal decomposition of this 

type of precursors tends to be carried out at substantially higher temperatures  (> 200 °C) 

than the alane. The synthesis of aluminium nanostructures was demonstrated by 
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decomposition of triisobutyl aluminium (TIBA) in trioctylamine and dioctyl ether at 250 

°C[118,119]. The reaction temperature could be further reduced down to 200 °C by adding TTIP 

or Tebbe’s regent ((C5H5)2TiCH2ClAl(CH3)2) as a catalyst. The reaction temperature decrease 

afforded by titanium catalysts is not as significant as with alane as the precursor, presumably 

because of steric effects of the alkyl substituents on the Al centre. The advantage of operating 

at high temperatures is that the kinetics of the reaction are dramatically faster, achieving full 

conversion in only a few minutes compared to hours necessary for the alane decomposition 

at 40 °C. In the decomposition of triisobutylaluminium, TIBA was found to convert to DIBAH 

as an intermediate through a ß-hydride elimination with isobutene as a reaction product[118]. 

Similarly, decomposition of DIBAH likely involves two sequential ß-hydride eliminations. 

Direct decomposition of DIBAH was investigated here as it bypasses the first ß-hydride 

elimination intermediate step and reduces the amount of gas produced by the decomposition 

reaction by one equivalent (since one less mole of isobutene gas is evolved compared to the 

decomposition of TIBA). A scheme for the reaction is presented in Figure 88. 

 

Figure 88: Reaction scheme for the synthesis of aluminium nanoparticles (AlNP) by thermal 
decomposition of DIBAH precursor with titanium (IV) isopropoxide as the catalyst. 

Dioctyl ether (DOA) was used as the solvent with 1 mol% of TTIP catalyst and the reaction was 

carried out at 200 °C (Figure 89). A modified hot injection method was used where a solution 

of the DIBAH precursor (1/10th of total solvent volume) was quickly added to a pre-heated 

solvent (9/10th). The reaction solution immediately turned dark grey after the injection of the 

precursor, and the appearance of the product solution remained of a similar colour to the 

naked eye during the reaction (Figure 89b). TEM images indicated that the reaction was 

incomplete after just 1 min of reaction time, with mostly undesirable aluminium oxide 

aggregates observed (Figure 89c). The aluminium oxide likely originates from small aluminium 

nuclei, since the reaction was incomplete at this stage. As previously mentioned, these nuclei 

fully oxidise and aggregate once exposed to air. 
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Figure 89: Synthesis of aluminium nanoparticles via decomposition of DIBAH (0.1 M) at 200°C in DOE 
in the presence of 1 mol% of TTIP catalyst. a) UV-vis spectra of the nanoparticle aliquots obtained at 

different reaction times. b) Picture of the aliquoted nanoparticle suspensions. c-d) Transmission 
electron micrograph and particle size distribution of the AlNP suspension obtained at different 

reaction times. 
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Full conversion into aluminium nanoparticles was achieved under 10 min (Figure 89d), as only 

aluminium nanoparticles were present on the grid a large peak centred around 680 nm 

appeared in the UV-vis spectra of the nanoparticles (Figure 89a), that could be attributed to 

an octupole plasmon excitation[120]. This peak disappeared after 30 min of reaction time, 

perhaps because of excessive nanoparticle aggregation. The nanoparticles obtained through 

this method were highly crystalline and fairly polydisperse (67 ± 32 nm). These results confirm 

the fast reaction kinetics expected at elevated temperature.  

VII.2.3. Conclusion on the batch synthesis of aluminium nanoparticles  

By changing the solvent, catalyst and its concentration, a wide range of aluminium 

nanoparticle sizes can be achieved (Figure 90). Tuning these three parameters, aluminium 

nanoparticles with sizes between 30 to 200 nm can be synthesised with full conversion (Figure 

90b, c).  
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Figure 90: Summary of the results obtained for batch synthesis of aluminium nanoparticles via 
catalytic alane thermal decomposition with varying catalysts and their concentrations. a) UV-vis 

spectra of AlNP of different sizes with their respective synthetic reaction conditions. b) AlNP diameter 
and standard deviation as a function of the reaction time for different reaction systems. c) Table 
compiling the different sizes and standard deviations for the data presented on b). Bold numbers 

indicate samples where full conversion was achieved. 

 

Quenching the reaction at different reaction times and levels of conversion is also a viable 

way to control the final nanoparticle size but results in larger amounts of undesirable 

aluminium oxide which should be minimized, as this approach will present low atom 

efficiency and require the separation of the nanoparticles from the unreacted precursor. For 

this reason, the ideal method to tune the final nanoparticle size is to vary the amount of 

catalyst to tune the nucleation conditions. Based on the obtained results, UV-vis spectroscopy 

seems to be a very powerful method to characterize the aluminium nanoparticles as 

nanoparticles of different sizes have very different UV-vis spectra, particularly in the 50-200 

nm size range (Figure 90a). 

Unfortunately, the catalytic alane thermal decomposition method requires long reaction 

times to access large nanoparticle sizes (100-200 nm, which are more suitable for broadband 

light harvesting) and therefore is challenging to adapt into a flow process. Anisole was 

investigated as an alternative solvent with a higher boiling point compared with THF and 

dioxane, however resulted in poor AlNP quality. Increasing the reaction temperature could 

be a possible solution to increase the kinetics of this reaction, but an appropriate solvent must 
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be identified. The thermal decomposition of alkyl aluminium compounds such as DIBAH at 

high temperature (200 °C), albeit producing polydisperse AlNP, enables full conversion to be 

achieved under 10 min of reaction time and thus appears as a more suitable candidate for 

continuous flow adaptation. 
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VII.3. Continuous aluminium nanoparticle synthesis 

This section explores the continuous flow synthesis of aluminium nanoparticles in 

microreactors, following the valuable insights on the kinetics of the different synthetic 

methods and the effects of different synthetic parameters produced by the prior batch 

investigation (Section VII.2). 

Longer reaction times and thus residence times complicate the adaptation of a batch process 

into a flow one, as they require a larger/longer reactor and also necessitate the reaction to 

be run on a much larger scale as a consequence of the increase in reactor volume. For this 

reason, only the reaction conditions that enabled short reaction times (i.e. < 15 min) were 

selected to be investigated for the continuous flow synthesis of aluminium nanoparticles. 

Such fast reactions include alane decomposition at 40 °C using 10 mol% of TiCl4 catalyst and 

DIBAH decomposition at 200 °C with 1 mol% TTIP.  

In the following section, a range of continuous flow set-up configurations were explored, 

depicted by block diagrams with their respective conditions as done in previous chapters. All 

microreactors consisted of 1/16 inch (1.59 mm) PTFE tubing with specific reactor volumes 

represented by a black coil in the block diagrams. As in the batch investigation, all the 

synthesised AlNP were purified through 3 cycles of centrifugation and redispersion in 

isopropanol before characterisation. 

VII.3.1. Biphasic gas-liquid flow 

To achieve continuous synthesis of aluminium nanoparticles, two solutions containing the 

aluminium precursor (alane or DIBAH) and the titanium catalyst respectively were pumped 

through the reactor system using syringe pumps. The solutions were mixed at room 

temperature in a T-mixer followed by fast heating to the desired reaction temperature in a 

microreactor immersed in an oil bath. This setup was chosen as opposed to placing the mixer 

in the oil bath to avoid premature decomposition of the aluminium precursor before mixing 

with the catalyst solution, which could have resulted in multiple nucleation events. The 

reaction solution was then quenched in a second T-mixer with a solution of dibutyl phosphate 

(DBP). 

Since the thermal decomposition strategies employed here to synthesize aluminium 

nanoparticles all generate a gaseous by-product (hydrogen and dimethylethyl amine or 
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hydrogen and isobutene depending on the precursor), this translates into a self-generated 

biphasic gas-liquid flow (or Taylor flow) in the microreactors, akin to the iron nanoparticle 

synthesis described in Chapter IV. The gas flow rate can be measured to give an indication of 

the reaction conversion, based on the mass balance and stoichiometry of the decomposition 

reactions (Figure 80, Figure 88). 

The synthesis of aluminium nanoparticles via the alane-based decomposition method was 

attempted in a continuous flow setup (Figure 91).  

 

Figure 91: a) Flow set up and reaction conditions for the synthesis of aluminium nanoparticles via 
decomposition of alane (0.1 M) at 40°C in THF in the presence of 10 mol% of TiCl4 catalyst. b) Picture 

of the microreactor during operation and c) after clogging at the end of a reaction run (~50 min), 
showing significant amounts of reactor fouling. 

 

When 10 mol% of TiCl4 catalyst and THF solvent were used as in batch, aluminium 

nanoparticles could be obtained under 3 min in these reaction conditions. Unfortunately, 

these reaction conditions also resulted in severe reactor fouling and eventually clogging of 

the reactor as illustrated on Figure 91b and c. Therefore, the fouling issue should be addressed 

before further investigations under these reaction conditions. 
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The thermal decomposition of diisobutyl aluminium hydride (DIBAH) in both dioctyl ether 

(DOE) and trioctylamine (TOA) solvents at 200°C with various amounts of TTIP catalyst was 

also investigated for the continuous synthesis of aluminium nanoparticles (Figure 92). The 

reaction conversion was estimated using the measured gas flow rate, based on the reaction 

scheme in Figure 88. The residence time estimations were calculated by taking the average 

flow rate between the minimum flowrate (at 0 % conversion, single phase liquid flow) and 

maximum flowrate measured at the exit of the reactor (combined gas and liquid flow rate). 

Note that this approximation assumes a 0th order reaction rate and thus linear gas generation 

along the reactor, which aligns with the proposed Michaelis-Menten-type kinetics 

(considering the “substrate” Al precursor is in large excess compared to the Ti(IV) catalyst 

“enzyme”). 
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Figure 92: a) Flow set-up and reaction conditions for the synthesis of aluminium nanoparticles 
decomposition of DIBAH (0.1 M) at 200°C. b) UV-vis spectra of the nanoparticle samples obtained for 
different reaction conditions. c) Picture of the obtained nanoparticle suspensions. d-i) Transmission 
electron micrograph and particle size distribution of the AlNP suspension obtained under different 

reaction conditions. 
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Under these conditions, significant fouling also occurred although reactor clogging was not 

observed during the reaction runs (~40 min). Although in all cases the reaction solution 

quickly turned grey or dark grey after entering the heated microreactor indicative of 

aluminium nanoparticle formation, poor results and very few nanoparticles were observed 

by TEM when low amounts (≤ 4 mol%) of TTIP catalyst were introduced. These results are 

most likely due to the limited residence time available in the microreactors (< 2 min), leading 

to a kinetic limitation of the aluminium nanoparticle synthesis. 

As expected from the batch investigation, increasing the catalyst concentration to 10 mol% 

TTIP accelerated the reaction kinetics sufficiently to obtain nanoparticles despite the short 

residence time (~ 1.3 min). In this way, small aluminium nanoparticles (23 ± 14 nm) were 

obtained, achieving the proof-of-concept for this chapter. To the best of our knowledge, this 

is the first time continuous synthesis of aluminium nanoparticles was achieved through a 

chemical route. However, large aggregates of aluminium oxide were still present and 

observed by TEM, suggesting the reaction was still incomplete after the estimated 1.3 min of 

residence time. 

The reactor volume was significantly increased from 1.43 mL to 10 mL (5 m of 1/16 inch inner 

diameter PTFE tubing) to increase the residence time of the reaction. This increase in reaction 

time from ~1.3 to ~8.5 min appeared to only slightly increase the estimated conversion from 

17% to 19% based on the outlet gas flow rate (Figure 92f), suggesting that significantly longer 

residence/reaction times are needed for this reaction. However, since in batch the same 

system achieved full conversion into aluminium nanoparticles after 10 minutes, it is more 

likely that the residence time was overestimated in this case. The shorter residence times can 

be explained by a non-zeroth order reaction rate, which translates to a lot of gas being 

generated at the reactors inlet and greatly reduced residence times compared to the simple 

minimum-maximum average approximation that was used. This observation also means that 

the mechanism of the decomposition of alkyl aluminium compounds is different to the 

decomposition of the alane precursor. To determine accurate residence times based on 

conversion, an extensive kinetic investigation should be carried out, as was done in Chapter 

IV in the case of Fe(CO)5 thermal decomposition. Overall, if the hypothesis of a > 0 order 

reaction is correct, it would likely mean a reactor of a significantly larger volume is required 

to reach high conversion values for this reaction. 
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Finally, using TOA as the solvent appeared to enhance the reaction kinetics compared to DOE 

as 50 nm AlNP could be observed both with 1 and 4 mol% TTIP catalyst (Figure 92h, i). 

However, extraneous aluminium oxide was also detected, and the aluminium nanoparticles 

produced appeared highly aggregated. The observed kinetic enhancement might be 

attributed to a lower coordination capacity of the TOA solvent compared to DOE due to the 

additional octyl chain steric effect.  

In all cases, conversion values were below 20% based on the measured gas flow rate, 

suggesting the system was operating under kinetically limited conditions (Figure 92c). 

Additionally, the highly aggregated appearance of the nanoparticles could indicate that the 

excellent mixing offered by the Taylor flow in the microreactor is responsible for nanoparticle 

aggregation. Little information was obtained from the UV-vis spectra of the AlNP, likely 

because the samples were relatively polydisperse. 

 

VII.3.2. Triphasic gas-liquid-liquid flow  

The previous section highlighted the significant challenge that reactor fouling represents for 

continuous flow aluminium synthesis. The best solution to address fouling issues in 

microreactors demonstrated so far is the use of a liquid-liquid biphasic flow, by introducing 

an immiscible carrier phase[226,277]. Fouling can be completely suppressed under such 

conditions, if the carrier phase is wetting the wall, as fouling is mostly due to particle-wall 

interactions and heterogeneous nucleation as depicted in Figure 93. 

 

Figure 93: Schematic diagram illustrating how liquid-liquid biphasic flow can prevent reactor fouling 
by preventing the reactive phase from contacting the reactor walls. 

When paired with aluminium synthesis by thermal decomposition, addition of an immiscible 

carrier phase results in triphasic gas-liquid-liquid flow because of the in-situ gas generation, 

but the overall liquid-liquid behaviour is expected to have a similar impact. Three different 
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compounds were considered for the carrier phase, perfluoromethylcyclohexane (PFMCH), 

perfluorodecalin (PFD) and Fomblin® Y (FY). 

 

Figure 94: Chemical structures of the three perfluorinated compounds investigated as possible carrier 
phases for the continuous synthesis of aluminium nanoparticles. 

The solvent and carrier phase must both be completely inert towards the precursor and 

catalyst, which limits the choice of compounds to alkanes and ether compounds.  

Perfluorocarbons were selected as the best candidates as they are inert and generally 

immiscible with most solvents and are expected to preferentially wet the PTFE microreactor 

walls (Table 10). Other common carrier phases such as dodecane, paraffin oil or silicone oil 

were miscible with the typical ether solvents necessary for the aluminium synthesis reaction 

and thus unsuitable. Highly polar compounds also had to be excluded as they typically contain 

some reactive moiety which will react with the precursor and catalyst.  

Table 10: Miscibility results for different solvents and carrier phases. White dots indicate miscibility 
at room temperature, black dots represent immiscible combinations (at room temperature), the 

temperature are the miscibility points. The dashes indicate untested combinations. 

 

Another important parameter when selecting a carrier phase is the boiling point as it will 

define the maximum reaction temperature (Table 11).  
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Table 11: Boiling points of the various solvents and carrier phases considered in this work. 

 

All these solvent properties were considered in order to design a reaction setup operating 

under triphasic gas-liquid-liquid flow for the continuous synthesis of aluminium 

nanoparticles. Generation of the initial liquid-liquid biphasic flow was achieved by adding the 

carrier phase in a second T-mixer downstream from the first T-mixer used to mix the 

precursor and catalyst solutions. This initial biphasic liquid-liquid flow transformed into a 

triphasic gas-liquid-liquid flow as gas was generated in situ in the microreactor as the 

decomposition reaction takes place. 

 

VII.3.2.1. Perfluoromethylcyclohexane carrier phase 

Continuous synthesis of aluminium nanoparticles by alane decomposition in THF with 10 

mol% TiCl4 using perfluoromethylcyclohexane (PFMCH) as carrier phase was attempted 

(Figure 95). Note that under these reaction conditions, nanoparticles were formed after only 

3 min in batch while in biphasic gas-liquid flow the reactor quickly became fouled and clogged.  
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Figure 95: a) Flow set-up and reaction conditions for the synthesis of aluminium nanoparticles via 
alane decomposition at 40°C in THF in the presence of 10 mol% of TiCl4 catalyst with PFMCH carrier 
phase. b) Picture of the microreactor under operation, exhibiting triphasic gas-liquid-liquid flow. c) 
Picture of the final product solution, the top phase is the reactive phase exhibiting a brown/amber 

colour characteristic of Al-Ti complex, the clear bottom phase is the PFMCH. 

 

Interestingly, when adding PFMCH as a carrier phase, the aluminium nanoparticle synthesis 

reaction appeared to be hindered. A brown colour, characteristic of the formation of the 

initial Al-Ti complex was observed. However, the reaction solution did not change colour to 

the grey tones characteristic of aluminium nanoparticles and no nanoparticles were obtained 

even at low flow rates (0.04 mL/min, estimated residence time 24 min). The conversion was 

estimated at around 62 % based on the gas flow rate, suggesting that alane decomposition 

still proceeds but does not lead to nanoparticle formation. 

These observations indicate that the PFMCH carrier phase prevents nucleation, perhaps by 

impeding heterogeneous nucleation on the wall. Since homogeneous nucleation requires a 

higher activation energy, it might become impossible for nanoparticles to nucleate at the low 

temperature of 40 °C. With the PFMCH carrier phase no fouling was observed, but it is 
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possible the absence of fouling is due to the lack of nucleation, as the two processes are 

intimately linked. 

 

VII.3.2.2. Perfluorodecalin carrier phase 

Perfluorodecalin (PFD) was also investigated as a carrier phase for the continuous flow 

synthesis of aluminium nanoparticles (Figure 96). PFD possess similar properties compared to 

PFMCH, but its higher boiling point (142 °C in comparison with 72°C for PFMCH) enables 

higher reaction temperatures to be investigated. 

 

 

Figure 96:  a) Flow set-up and reaction conditions for the synthesis of aluminium nanoparticles via 
alane decomposition at 40°C in THF in the presence of 10 mol% of TiCl4 catalyst with PFD carrier 
phase. b) UV-vis spectra of the product solutions obtained at the different flow rates. c) Pictures 

illustrating the obtained product solutions at different flow rates. d) Batch results obtained in the 
same conditions with added PFD. 

 

An unidentified side reaction occurred when the aluminium synthesis was attempted. No 

nanoparticles were produced, instead brightly coloured solutions were obtained, likely due 

to some transition metal complex formation (Figure 96b,c). Different solutions with colours 

such as red, orange, yellow and pink were obtained depending on the flow rate (and thus 

residence time) employed. A similar result was obtained when the reaction was carried in 
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batch with added PFD (Figure 96d). This side-reaction was attributed to some impurity 

present in the PFD used (purity grade 90%). This phenomenon was not further investigated 

as it falls outside the scope of this work. 

VII.3.2.3. Fomblin® Y carrier phase 

Finally, Fomblin® Y (FY) was also tested as carrier phase (Figure 97). FY is a perfluoroether oil 

with a high boiling point (>270 °C). Therefore, using FY could allow the thermal decomposition 

of alkyl aluminium compounds at high temperatures. 

Unfortunately, it was discovered that aluminium precursor compounds were incompatible 

with FY. The reaction failed to generate aluminium nanoparticles and produced an 

unidentified white precipitate when using alane precursor at 40 °C but also with more 

sterically hindered alkyl aluminium complexes with or without hydride moieties such as 

AlMe3, DIBAH and TIBA at 200°C. The white precipitate was assumed to be either aluminium 

oxide or aluminium fluoride and was observed  at the reaction temperature (200°C) (Figure 

97b).  

 

 

Figure 97: a)  Flow set up and reaction conditions for the synthesis of aluminium nanoparticles via 
decomposition of DIBAH at 200°C in TOA in the presence of 1 mol% of TTIP catalyst with Fomblin® Y 

carrier phase. Flow rate 0.1 mL/min. b) Picture illustrating the cloudy white appearance of the 
product solution. 

 

The incompatibility of FY and aluminium precursors is presumably due to a combination of 

increased reactivity because of the ether moieties present in FY that are absent in the other 

perfluoroalkanes (PFMCH and PFD) and the Lewis acidity of Al. Note that the specification 
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sheet for FY also indicated aluminium compounds were not recommended for use with FY, 

particularly above 100 °C. The difference in bond dissociation energies between the C-F bond 

(514 kJ/mol) and Al-F bond (675 kJ/mol) also provides a thermodynamic drive for a possible 

dehalogenation reaction[278]. 

���� + ����� → ���� + �����                     ∆�� =  −286 ��/���  (15) 

Therefore, FY was found to be unsuitable as a carrier phase for aluminium nanoparticle 

synthesis. 

Adapting batch aluminium nanoparticles synthetic methods into a continuous flow process 

has been found particularly challenging. Reactor fouling is a significant issue as high precursor 

concentrations are needed to reach adequate supersaturation for nucleation and can lead to 

clogging and dynamic systems. Moreover, when a continuous phase is employed to prevent 

contact with the wall and fouling, heterogeneous nucleation is prevented which further 

increases the energy barrier required for nanoparticle nucleation. Continuous processing is 

also difficult because of the high reactivity of the alane and alkyl aluminium precursors, which 

greatly limits the types of solvents and carrier phases that can be employed. Furthermore, as 

was observed in Chapter IV for the synthesis of iron nanoparticles, the large amounts of 

gasses generated by the decomposition synthetic methods lead to greatly reduced residence 

times and require large reaction scales and reactor sizes to reach high conversion. 

 

VII.4. Chapter VII conclusions 

In this chapter, several catalytic thermal decomposition synthetic methods were investigated 

for the manufacturing of aluminium nanoparticles, such as decomposition of alane (AlH3) and 

diisobutyl aluminium hydride (DIBAH) in the presence of titanium (IV) catalysts. 

The methods were initially tested under standard batch conditions to evaluate the effect of 

several reaction parameters such as the precursor type, solvent, catalyst type, catalyst 

concentration and temperature on the reaction kinetics, in order to design a flow reactor for 

continuous synthesis. All the above parameters were found to have a strong influence on the 

obtained AlNP properties. The coordination capacity of the solvent correlated with the 

nucleation rate, with solvent possessing more available coordination sites like dioxane 
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resulting in smaller final AlNP sizes (60 nm) while THF resulted in larger AlNP (200 nm) and 

nanoparticles failed to nucleate in anisole at 40 °C due to this solvent poor coordination 

capacity. By changing the solvent, catalyst and catalyst concentration, a wide range of 

aluminium nanoparticle of sizes between 30 to 200 nm could be synthesised with full 

conversion. 

Aliquoting provided crucial kinetic information to be gathered in order to design flow set-ups 

to adapt these batch processes into a continuous flow process. Overall, it was found that the 

rate of the decomposition of alane precursor at 40°C was very slow, often requiring 1-2 h of 

reaction time making it difficult to be effectively used in a continuous flow setup. Increasing 

the catalyst concentration was identified as a possible way to increase the reaction kinetics, 

enabling particles to be obtained after only 3 minutes of reaction time and leading to small 

nanoparticles (20-40 nm) because of the enhanced nucleation. Decomposing alkyl aluminium 

precursor such as diisobutyl aluminium hydride at high temperatures (200°C) enabled 

reaction completion to be reached in 10 minutes of reaction time, although producing 

polydisperse nanoparticles (67 ± 32 nm).  

When adapting the above batch processes into continuous flow processes reactor fouling was 

found to be a critical issue, sometimes even causing reactor clogging. The fouling is due to 

heterogeneous nucleation and particle deposition on the reactor walls. The fouling was 

considerable for both alane and alkyl aluminium-based synthetic methods but appeared 

somewhat less pronounced for the decomposition methods carried out at high temperature.  

As was found for iron nanoparticles prepared by thermal decomposition in Chapter IV, the 

large amount of gas generated in situ by the decomposition methods further complicates 

adaption to flow because the gasses greatly reduce the effective residence time inside the 

reactors. Nevertheless, the target proof-of-concept of this chapter was achieved as small 

nanoparticles (23 ± 14 nm) could be obtained in a continuous flow setup by combining a high 

catalyst concentration (10 mol%) and thermal decomposition of DIBAH at 200 °C. To the best 

of our knowledge, this is the first time continuous synthesis of aluminium nanoparticles was 

achieved through a chemical route. 

Finally, introducing an inert and immiscible carrier phase to reduce reactor fouling was 

attempted with 3 perfluorinated compounds (perfluoromethylcyclohexane, perfluorodecalin 
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and Fomblin® Y). The fouling, which is due to particle nucleation and deposition on the reactor 

walls, can theoretically be avoided by preventing contact of the reactive phase with the walls. 

The candidate carrier phase compounds were selected among inert perfluorinated 

compounds as the high reactivity of the aluminium precursor and the titanium catalyst greatly 

limit the range of possible solvent/carrier phase combinations. Perfluorodecalin appeared to 

be reacting with the precursors and forming some sort of colourful metal complex but the 

observed side reaction might be due to impurity present in the compound (purity 90%). 

Fomblin® Y reacted with the precursors and produced a white precipitate, even at 40 °C, 

which was attributed to aluminium oxide or aluminium fluoride, likely because of the 

enhanced reactivity of ether groups present on Fomblin® Y compared to pure 

perfluoroalkanes. Finally, PFMCH did not appear to cause an unwanted reaction, but it 

prevented nanoparticle nucleation entirely and thus, fouling. Additionally, because of its 

relatively low boiling point (72°C), it was not possible to increase the temperature to increase 

supersaturation and nucleation. 

In conclusion, the high reactivity of the precursors involved in aluminium nanoparticle 

synthesis combined with the high nucleation barrier of the system and the generation of gases 

through decomposition method render the adaptation to a continuous flow mode of 

operation for such aluminium nanoparticle synthesis extremely challenging. However, this 

chapter has demonstrated that it is possible and therefore further research in this area could 

unlock the potential of earth-abundant aluminium plasmonics. 
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Chapter VIII: Conclusions and future work 

 

The overall aim of this thesis was the continuous production of nanomaterials in continuous 

flow microreactors to achieve their controllable, reproducible and scalable manufacturing. 

Several materials were selected based on their properties, potential for novel applications, as 

well as the challenges associated with their synthesis and reactivity.  

Metallic iron nanoparticles were investigated because of their high saturation magnetization 

property, making them ideal for magnetic hyperthermia cancer treatment applications. Iron 

oxide nanoparticles were studied because of their capacity to be obtained through 

precipitation methods, which are low-cost, green and can produce “bare” nanoparticles for 

efficient functionalization. Finally, aluminium nanoparticles were identified as an earth-

abundant plasmonic material which could potentially replace precious metals such as gold 

and silver in plasmonic catalysis applications.  

The wide range of different synthetic methods and target materials explored herein provides 

an overview of the possibilities offered by continuous flow synthesis for the production of 

nanomaterials. This approach requires synergy between the chemistry of the synthesis 

reaction considered and the engineering involved in the design of the corresponding 

microreactor set-up. The main lessons gathered from this investigation are summarized in the 

following section and opportunities for future work are outlined. 

VIII.1. Continuous flow methods for nanomaterial production 

This thesis demonstrates the viability of continuous flow processes for the manufacturing of 

nanomaterials. Continuous processes enable inherently straightforward scale-up of 

nanomaterial production because of the continuous production they provide avoiding any 

downtimes and because of the highly reproducible mixing conditions that can be achieved 

using microreactor technology. 

In this work, continuous chemical synthesis was demonstrated for the first time for materials 

such as metallic iron and aluminium nanoparticles, illustrating that even challenging 

nanomaterial syntheses involving highly reactive precursors and gas generation can be carried 
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out under continuous flow conditions. Because of their great flexibility and control over the 

fluid dynamics and mass transfer, continuous flow methods provide highly controlled 

synthesis conditions and enable new opportunities for nanoparticle size control. Continuous 

flow processes also enable integration of several reaction steps into a single set-up, which 

greatly simplifies and improves the scalability of multistep synthetic protocols. This capability 

was demonstrated through integration of synthesis and functionalization of iron oxide 

nanoparticles in a single setup, resulting in application-ready nanoparticle production.   

 In order to design a successful continuous flow set-up for nanomaterial synthesis it is key to 

understand the mechanism and the kinetics of the nanoparticle synthesis as well as the 

reactivity of the reactants and solvents involved. All this information must be integrated to 

identify an appropriate reactor material, volume and geometry: there is no “one-size fits all” 

and the design of a reactor setup should be optimized for each system. 

 

VIII.2. Chemical reaction design 

Two air-sensitive synthetic methods for metallic iron and metallic aluminium nanoparticle 

synthesis were successfully implemented for the first time into a continuous flow reaction 

setup. Microreactors are well suited to carry out such air and moisture-free chemistry and 

only require minor adaptations such as handling the precursor solutions using standard air-

free methods and flushing the reactor with inert gas prior to the reaction. While protecting 

the precursors from the environment is easily achieved, using reactive precursors can greatly 

limit the range of compatible reactor materials and solvents. This was observed in the case of 

Fe(CO)5 precursor diffusing through fluoropolymers  or organoaluminium compounds limiting 

the possibilities of solvents and carrier phases available for the synthesis reaction. 

The kinetics of the process of interest are perhaps the single most important parameter to 

consider when designing a flow process since reaction rate will determine other essential set-

up parameters such as reactor volume, flow rate and residence time. Slow reactions, for 

example aluminium nanoparticle synthesis based on thermal decomposition of alane 

precursor at low temperature (40 °C), are not compatible with continuous flow as the long 

residence times (2 h) necessary to reach high conversion would require unpractically large 

reactor volumes and/or slow flow rates. In the case of iron oxide nanoparticle synthesis, 
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optimization of the kinetics by adjusting the mixing in the reactor was key to achieve full 

conversion. As a result, implementing aliquoting strategies is essential to study the kinetics of 

the reaction processes, as was demonstrated for aluminium nanoparticle synthesis and 

functionalization of iron oxide nanoparticles.  

The use of surfactants has advantages and drawbacks. In some cases, such as for iron 

nanoparticle synthesis, the surfactant has a pivotal role in the synthesis and greatly affects 

the reaction kinetics. Using surfactant-type molecules enables excellent control over the 

particle size dispersity. Indeed, the best nanoparticle dispersity achieved in this work was in 

the case of iron nanoparticles in the presence of oleylamine (8% dispersity). In comparison 

precipitation methods which were carried out without any surfactants achieved 22% 

dispersity at best. However, avoiding surfactants enables to produce “bare” nanoparticles, 

which enable rapid and efficient functionalization. 

The choice of solvent is particularly important. It can influence the reaction mechanism 

directly, for instance in the case of aluminium nanoparticles were the coordination capacity 

of the solvents correlates with the nucleation rate. The ideal solvent is water, as it is green 

and inexpensive, and is one of the main advantages of the precipitation synthetic methods 

over thermal decomposition for magnetic nanoparticle preparation. The cost analysis carried 

out for the iron oxide synthesis and functionalization process demonstrated that solvents 

have a considerable influence on the chemical costs of a process.  

The reaction temperature should be optimized, particularly in the case of thermal 

decomposition methods as it is closely interlinked with the reaction rate. However, for highly 

thermodynamically favourable reactions such as precipitation synthesis, the temperature was 

not found to have a significant effect on the final nanoparticles obtained. While the fast 

reaction kinetics generally associated with decomposition methods carried out at high 

temperature are an advantage for continuous flow synthesis adaptation, they usually involve 

gas generation, leading to biphasic Taylor flow. Gas generation is problematic because it 

greatly reduces the residence time compared to a single phase flow in the same reactor. 

Nevertheless, the Taylor flow can be leveraged to significantly enhance the mixing in the 

reactor, as was demonstrated for iron nanoparticle synthesis. In general, in situ gas 

generation should be avoided if surfactants are not present to control the nanoparticle size, 
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because irregularities in the flow rate can lead to lack of reproducibility, e.g. in the case of 

iron oxide synthesis by reduction-precipitation. 

Finally, the availability of a quick and straightforward method to characterize the 

nanoparticles is invaluable for any nanoparticle synthesis. Aluminium nanoparticles for 

instance, thanks to their plasmonic properties, could be analysed by UV-vis spectroscopy, 

which, combined with Mie theory, can give qualitative information on the particle size. No 

such characterization technique is available for iron-based nanoparticles unfortunately, and 

thus costly and time-consuming electron microscopy was essential to obtain valuable 

information on the synthesis and the obtained nanoparticles. 

 

VIII.3. Engineering and reactor design 

As stated above, to appropriately design a microreactor for a continuous flow process it is 

necessary to have a good understanding of the reaction mechanism and kinetics, as most of 

the reactor parameters revolve around these two factors. 

The reactivity of the precursors and final products determines the choice of the reactor 

material. If the chemical compatibility of the system allows, fluoropolymer tubing should be 

used as it is inexpensive, provides rapid prototyping capabilities and geometry screening by 

combining the tubing with a 3D printed resin support and still retains optical access. Glass 

possesses better chemical compatibility but is more expensive and limited in reactor design 

flexibility.  

Depending on the particle formation mechanism, mixing can have a crucial influence on the 

system, particularly when the reaction is mass transfer limited. As was observed with iron 

nanoparticles, enhancing the mixing efficiency in the reactor by increasing the flow rate led 

to a dramatic reduction in particle size dispersity (from 72 down to 8 %), beyond what could 

be achieved in the batch system. Following this observation, in mass transfer limited reactions 

the reactor geometry is also important. Curving the reactor improves the mixing, as seen with 

Dean-Taylor flow in the case of iron nanoparticles. However, in other cases, such as with iron 

oxide precipitation, the reactor geometry had no influence on the final nanoparticles, because 

the reaction was extremely fast and essentially complete in the mixer. Changing the mixer 
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had a slight influence on the particle size which could be slightly decreased (from 7 to 6 nm) 

by increasing the mixing potential in the T-mixer. Particle dispersity as low as 22% was 

achieved for iron oxide nanoparticles which is impressively low for a precipitation-based 

method, highlighting the well-controlled mixing provided by the microreactor flow set-ups. 

The heat transfer should be carefully considered, particularly for endothermic reactions such 

as the thermal decomposition methods. Much like the mass transfer, the heat transfer can 

also be improved by inducing secondary flows. When compared to the heat transfer in a batch 

vessel, microreactors provide enhanced heat transfer because of their high surface area. 

However, this work on iron nanoparticles demonstrated that the heat transfer can be just as 

excellent in a batch set-up using a the hot-injection technique. Yet hot injection procedures 

present a lot of room for variability whereas microreactors are much more reproducible.  

One of the great advantages that continuous flow demonstrates over batch method is the 

straightforward integration of multi-step procedures. This capability can be implemented 

simply using a semi-continuous approach as was demonstrated for iron nanoparticle post-

synthetic modification where the weakly bound oleylamine ligands could be replaced by 

higher affinity oleic acid surfactant. But it can also be fully carried out in continuous flow as is 

the case for the strategy developed to achieve functionalization of iron oxide nanoparticles. 

The iron oxide nanoparticles could be synthesized in a first reactor, followed by immediate 

functionalization with an appropriate stabilizer compound in a downstream reactor.  

Reactor fouling is likely the main limitation of continuous nanomaterial synthesis, as it can 

lead to dynamic systems and reactor clogging. Thus, it should be limited and ideally 

completely avoided. Lower reaction temperatures and lower concentrations can help 

mitigate the fouling, as is seen in the case of iron oxide nanoparticles synthesis by 

precipitation where minimal fouling was observed.  The best strategy to eliminate fouling is 

to implement a biphasic liquid-liquid flow, with a carrier phase wetting the reactor wall. 

Unfortunately, as was observed in the case of aluminium nanoparticle synthesis, such 

implementation is challenging, particularly when working with reactive compounds, as 

chemical compatibility of the carrier phase must be considered. Interestingly, successful 

fouling suppression was found to directly influence the synthesis mechanism, by blocking 

heterogeneous nucleation.   
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VIII.4. Future work 

In this work, different strategies to control the size and size distribution of the synthesized 

nanoparticles were developed.  Nevertheless, such control should be further improved.  

Regarding iron oxide nanoparticles, it would be excellent to be able to tune their size easily 

between 1-20 nm, ideally by varying a single synthesis parameter, to tailor them towards 

different applications, such as very small particles for T1 contrast agents. Potential parameters 

that could be further investigated are the reaction pH and ionic strength, as they were shown 

to enable control of particle size in some studies. Other promising methods to tune the size 

are quenching the reaction in its early stages to produce iron oxide nanoparticles in the 2-7 

nm size range. On the other hand, the distributed feed method can enable larger sizes to be 

accessed (> 9 nm). It would also be interesting to explore the use of on-line magnetic 

measurements to quickly gather size information about the synthesized nanoparticles.  

For metallic iron nanoparticles, a larger size around 15 nm would be ideal for hyperthermia 

applications, therefore methods to increase the particles size should be investigated such as 

growth induced by distributed feed.  

While small (23 nm) aluminium nanoparticles could be produced, further work should be 

devoted to improving the reaction conversion and achieving different particles sizes (50-200 

nm) for flexible plasmonic applications. Given the complications arising from the large 

amounts of gas produced in the thermal decomposition methods, I would be interesting to 

develop a synthetic method producing less or ideally no gaseous by-product, by investigating 

other precursors or methods. As nanoparticle growth is less controlled at higher 

temperatures, new surfactants systems should be developed to help control the aluminium 

nanoparticle formation. This is a challenging task because most common surfactants bind too 

strongly to aluminium, so more research is required in alternative surfactants. Lastly, in the 

case of low temperature synthesis where the carrier phase was found to hinder 

heterogeneous nucleation, using a seed-mediated nucleation approach could help lower the 

activation barrier for the synthesis. In this manner, nucleation could occur whilst fouling 

should still be prevented by the carrier phase. 

There are several possibilities to build upon the strategies developed for nanoparticle 

functionalization in this work. Future work on this subject could focus on exploring different 
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PEG terminal moieties. For instance, it would be interesting to use a methoxy-capped PEG to 

assess if removing the carboxylic acid group reduces clustering and produces single core 

nanoparticles, which would have better T1 contrast properties. Furthermore, other 

derivatization moieties could be explored, for instance click chemistry compatible groups 

such as alkynes. Click chemistry could enable very fast and efficient derivatization with 

desired compounds and could enable integration of the derivatization step in the continuous 

flow setup. Similarly, acid-labile bonds could also be investigated for drug delivery 

applications. It would also be interesting to explore analogous functionalization of the 

metallic iron nanoparticles, which could be accomplished either by post-synthetic 

functionalization or in a second reactor placed in series. Alternatively, subjecting the metallic 

iron nanoparticles to a galvanic displacement reaction with other metals in a downstream 

reactor could lead to new core-shell structures. 

Finally the methods developed in this thesis could easily be applied to other materials. For 

instance, the iron nanoparticle synthesis could be directly adapted to the synthesis of other 

metals available as stable carbonyl complexes, such as cobalt or manganese. Similarly, the 

precipitation method coupled to functionalization could conveniently be adapted for the 

production of other insoluble oxide materials of biomedical interest.  
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Appendix 

Table A12: Chemical cost breakdown of the batch synthesis of nitrodopamine (NDA) on a 5 g scale. A 
reaction yield of 60% was considered. The prices per gram of the precursors are derived from 

considering the cheapest option on common chemical supplier websites. 

 

 

 

Table A13: Chemical cost breakdown of the batch synthesis of NDA-PEG-COOH on a 3 mmol scale 
using the previously derived chemical cost of NDA. A reaction yield of 80% was considered. The prices 

per gram of the precursors are derived from considering the cheapest option on common chemical 
supplier websites. 

 

Table A14: Chemical cost breakdown of the continuous flow synthesis of Fe3O4NP-NDA-PEG-COOH on 
a 0.4 mmol scale using the previously derived chemical cost of NDA-PEG-COOH. A yield of 50% was 
considered. The prices per gram of the precursors are derived from considering the cheapest option 

on common chemical supplier websites. 
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Table A15: Cost breakdown of the different components of the continuous flow reaction setup for 
flow rates of 0.2 and 10 mL/min. The length of tubing must be increased as the flow rate is increased 

to maintain the same residence time. The larger operating volumes necessitate more expensive 
pumps (such as microannular gear pumps) which can operate with larger volumes of reactant 

solutions. 

 

 

Table A16: Cost breakdown for the labour and energy required to run the continuous flow reaction 
setup. A standard run consisted of an 8h work shift and the energy-demanding equipment was 

assumed to be on for 7h during this run. 
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