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Abstract 

 

Synthesis of functional iron oxide nanoparticles (Fe2O3) has attracted considerable attention 

recently due to their potential diverse applications such as catalysis, optical magnetic 

recording, gas sensors, electronic devices and biomedical applications. This work establishes 

the science of the synthesis of functional iron oxide nanoparticles from premixed flames.   

The optimal experimental conditions were conducted at the equivalence ratio of rich condition 

(ϕ >1), a constant precursor gas flow rate of 0.10 lmp, and 0.2 lpm flow rate of propane with 

a 4.32 lpm flow rate of air. This thesis has advanced flame-synthesis of particles by achieving 

nanoparticle sizes of less than 3 nm. In the present work, a detailed overview of the gas phase 

synthesis of nanoparticles, focusing on the types and natures of nanoparticles, common 

properties of nanoparticles, current classification and their applications, common methods for 

producing ferric oxide nanoparticles particularly sol-gel, hydrothermal, co-precipitation and 

microwave with comparative assessment for these methods, and the combustion synthesis of 

nanoparticles. Of all the methods, combustion based synthesis method was found to be the 

most appropriate due to numerous advantages it presents. A brief experimental work to 

evaluate the efficacy of diffusion burner based ferric oxide nanoparticle synthesis method was 

undertaken, and it was concluded that diffusion flame burner system was not suitable to 

achieve functional ferric oxide nanoparticle synthesis instead, an experimental methodology 

for single gas phase synthesis of nanoparticles using a pre-mixed flame configuration was 

used and a novel thermophoretic sampling method was developed to capture particle 

inception and growth in the premixed flame space. A novel discovery was that inception of 

primary spherical particles and aggregates were taking place within the precursor droplet. The 

growth of particles after inception takes place by several independent pathways, including 

hexagonal coalesced particles, hard agglomerates of hexagonal coalesced particles, aggregates 

of hexagonal coalesced particles, soft agglomerates of hexagonal coalesced particles, 

aggregates of primary particles formed inside both the inner and outer flame zones. Using 

these research findings, a new particle growth model has been constructed in the present 

work. Next, experimental studies were undertaken on the effects of precursor (Fe(CO)5) flow 

rates on the size and morphology of end particles. It was found that at low rates (0.07 - 0.1 

lpm) a large number of functional primary particles were produced in the range 1-10 nm, and 

at higher rates (0.12 - 0.15 lpm) a cloud of small vapour spheres was produced. The phase 
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purity of the particles was also affected as the maghemite concentration is highest at 0.2 lpm 

and low at 0.07 lpm. Particle size was found to increase at greater heights above the burner. 

Different morphologies of the particles were also observed at increasing heights above the 

burner. Finally, experimental work was undertaken to validate the use of UV-visible 

spectroscopy in determining the particle sizes of known gold nanoparticles.  In this work, the 

spectra of iron oxide nanoparticles in the size range 5-30 nm were deconvoluted. A ratio of 

the absorbance of the peak at shortest wavelength divided by the absorbance at 450 nm 

against particle size showed a linear relationship. The results show that the UV-VIS 

methodology developed in the present work accurately predicted the particle size and volume 

concentration of iron oxide particles in the suspension sample. It can be concluded from the 

present work that the UV-Vis technique can be applied to determine iron oxide nanoparticle 

size and volume concentration.  
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Chapter 1.  

Introduction  

 

1.1 Motivation 

 

Nanoparticles (NP) have attracted significant researcher interest in the last few years due to 

the unique electronic, physical and chemical properties they have as a result of their very high 

surface area to volume ratio in comparison to the bulk particles [1-2]. Currently in the 

literature, the definition of the nanoparticle encompasses any atomic particle with size less 

than 100 nanometers (nm) and which behaves as a whole unit in terms of its functional, 

transport, and structural properties and its interaction with other species and its environment 

[1]. Particles in the size range of 100-2500 nm are classified as fine particles.  The field of 

nanotechnology involves the synthesis, control, integration and manipulation of atoms to form 

structure, materials, devices, components, and system at the nanoscale with unique properties 

and features, and with a wide range of potential applications. These include photo catalyst [3-

5], future lithium batteries [6], gas sensors [7-8], solar cells [9], Pigments[10], fuel cell [11-

12], optical fibres and telecommunication [13-15], optics [16-18], nanofluids [19], magnetic 

storage media [20], bio-sensors [21],photo-detectors [22], supercapacitors [23], energetic 

materials [24], sequestration of pollutants [25-26], and drug delivery [27-29]. To achieve 

these, the field of nanotechnology presents both exciting and demanding research challenges 

which still need to be overcome. Recently, a range of metal oxide nanoparticles have been 

attracting research and industry interest; these include Al2O3, MgO, ZrO2, CeO2, TiO2, ZnO, 

Fe2O3, SnO and Al2O3 oxide particles. Oxide nanoparticles possess unusual physical and 

chemical properties due to their small size and high density. Therefore, metal oxides can play 

a significant role in many areas such as physics, chemistry and materials science. Also, there 

are many fields of industrial applications that can also use oxides in such areas; for example, 

the fabrication of microelectronic circuits, piezoelectric devices, sensors, catalysts, fuel cells, 

and coatings for the passivation of surfaces against corrosion [30-32].  

In recent years, iron oxide nanoparticles have attracted a great deal of interest due to their 

unique magnetic, electric, optical, and catalytic properties. Therefore, iron oxide nanoparticles 

have been widely used in many potential applications. In particular, nanoparticles of 

controlled morphology, size and composition called ‘functional nanoparticles’ have drawn 
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significant attention in the scientific literature due to their numerous practical applications 

[33-36]. Scientific advancement in functional nanoparticle synthesis is essentially needed due 

to their significant impact on micro and nanoscale device and their potential applications. The 

chemical and physical properties of functional particles are strongly affected by the size, 

composition, and shape of nanocrystals. Lian et al. [37] demonstrated that ultrafine 

nanoparticles of iron oxide with size range from 3-8 nm have a significant influence on health 

effects. Moreover, the environmental problems have been receiving considerable attention 

recently and great efforts have been made to overcome this issue; one such environmental 

challenge is waste water treatment. Hematite iron oxide porous nanorods have been used by 

many scientists to resolve this problem due to higher removal capacity. In addition, iron oxide 

hollow spindle and microsphere have been used in the waste treatment. Thus, an important 

area of active research investigation is the removal of toxic ions and organic pollutants by 

iron oxide from the water. 

   

1.2 Engineering issues  

 

In recent years, many industrial applications have concentrated on the capability to develop 

novel synthesis pathways to yield particles with controlled particle size, morphology and 

phase. Therefore, many engineering sectors have set this issue as a top priority with a great 

deal of interest in developing these particles [38]. The main scientific challenge and 

engineering task is to produce functional nanoparticles through a simple and optimised 

synthesis method allowing for good control on synthesis parameters enabling the desired 

particle size, phase and morphology. For example, single crystal gamma Fe2O3 nanowires 

with diameters 40-60 nm exhibit unique superior magnetic properties and crystallinity [39]. 

Whereas, with γ- Fe2O3 nanoparticles with the size diameters between 4 and 20 nanometers, 

the particles showed single crystals. In addition, the particles exhibit size effects, such as the 

reduction of the superparamagnetic blocking temperatures and saturation magnetisation [40]. 

Furthermore, Chirita and Grozescu [41] clarified that the hematite nanoparticle with size 

range less than 8 nm has superparamagnetic properties but these dimensions are strongly 

dependent on the synthesis methods. Also, maghemite Fe2O3 nanoparticles in size range less 

than 15 nm are used effectively and show potential in many purposes such as cell separation, 

drug delivery and MRI contrast. γ- Fe2O3 crystallites with average size less than 12 nm show 

magnetic characteristics which strongly differ from those of the bulk γ-Fe2O3 phase [42]. 

Thus, magnetic nanoparticles in the size range of 10-50 nm exhibit several advantages [43]. 
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The performance of iron oxide nanoparticles is strongly influenced by their size, morphology 

and porosity. Therefore, morphology of nanoparticles has a significant effect on various 

properties. In terms of nanoparticles morphology, there are different morphologies of 

nanoparticles associated with the characteristics process such as spherical, nanotubes, 

nanospheres and nanoboxes. For example, alpha Fe2O3 nanorod array structure is found to 

have significant value in photocatalysis due to its shortened distance for the photogenerated 

holes. Also, α- Fe2O3 nanorod has a greater surface area compared with bulk materials and it 

is promising in gas sensing and detection [41]. Thus, a good control over the morphology and 

particle size distribution is very important during particle synthesis and hence their end 

applications. Measurements of functional nanoparticles are also considered greatly 

challenging in terms of the length of time needed to quantify the phase and morphology of 

particles [44-46], therefore, a simplified particle size measurement methods are needed to 

fully quantify the particle size distribution in a smallest possible time period.  

 

1.3. Significance of ferric oxide nanoparticles and its composites  

 

A fundamental effort has been devoted to synthesise ferric oxide nanoparticles and their 

composites. This role contributes to and enhances the motivation of development and 

establishes new pathways involving high performance, and low cost (£300-£500) electronic 

devices, gas sensors, and pigments in the biomedical sector. Therefore, iron oxide 

nanoparticles have been widely used in many applications; these include environmental 

pollutant clean-up agent, electrode material, and magnetic material.  In addition, iron oxide 

nanoparticles have optimum physical properties for industrial and biomedical applications, 

particularly particles with diameters smaller than 4 nm and uniform size and shape. Iron 

oxides are found in different forms such as hematite and maghemite. However, γ- Fe2O3 

nanoparticles less than 4 nm possess unique physical properties are ideal for specific 

applications such as automotive combustion catalyst in diesel engines [33].  

Furthermore, many studies have concentrated on gamma iron oxide (Fe2O3), particularly in its 

cubic phase. These materials exhibit good sensing features towards hydrocarbon gases and 

carbon monoxide [47]. Over the past two decades, enormous effort and special attention has 

been given to the development and characterisation of new nanoparticles with unique 

magnetic, electrical, and other properties [48]. Moreover, the α- Fe2O3 nanoparticle is the 

most stable iron oxide; its features include high resistance to corrosion, low cost, 

environmentally friendly and non-toxic and semiconducting behaviour [49]. Moreover, Raja 
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et al. [50] stated that hematite Fe2O3 nanoparticles have been extensively used as 

anticorrosive agents, high-density magnetic recording, media, printing ink, nanofillers and 

magnetic resonance imaging (MRI) contrast agents. Thus, to produce iron oxide nanoparticles 

with desired size, morphology and crystallinity it is important to follow a novel technique to 

obtain the desired magnetic and electrical properties [38]. 

The advancement in the synthesis methods leads to the generation of nanoparticles with 

specific sizes, very narrow size distribution and best controlled magnetic properties. This 

scientific effort is driven by a huge potential to include magnetic nanoparticles due to their 

wide use in different applications. The stability of particles plays an important role in the 

application of magnetic nanoparticles. For example, when the size of the nanoparticles 

becomes very small, the magnetic moments of nanoparticles become unstable. Therefore, it is 

essential that the magnetic moments are stabilised due to their effect on enhancing and 

improving the storage capacity of magnetic storage devices [43]. Semiconductor 

nanomaterials have been recognised as crucial materials with potential use in a wide range of 

fields. Hematite Fe2O3 nanoparticles with n-type semiconductor at band gap (Eg_2.1 eV) offer 

the most thermally stable phase for iron oxide. They have been also extensively investigated 

in catalysts, gas sensors, electromagnetic devices, and magnetic recording media due to their 

unique characteristics such as high resistance to corrosion, non-toxicity, and low processing 

cost [37]. In addition, Naval et al. [51] demonstrated that n-type semiconductors of α-Fe2O3 

nanoparticles are considered the best sensitive materials which can be successfully used for 

detection of toxic, explosive and harmful gases in both local and industrial applications.  

Nanocomposite materials have drawn wide interest and are now essential for many industrial 

applications such as catalysts, reinforced lightweight materials, optics, sensors, fuel cells and 

medical imaging due to their chemical, mechanical, optical and functional properties 

compared with bulk materials. Therefore, valuable research has been conducted on the 

preparation of nanocomposite materials by multi-step liquid phase synthesis and gas phase 

spray-flame synthesis methods. However, the large-scale production of nanocomposites with 

well-controlled size, shape, and morphology with low cost is still highly challenging. In 

addition, Naval et al. [51] demonstrated that n-type semiconductor of α-Fe2O3 nanoparticles 

are considered as the best sensitive materials which can be successfully used for detection of 

toxic, explosive and harmful gases in both local and industrial applications. Nanocomposite 

materials have been of wide interest and have been now become essential for many industrial 

applications such as catalysts, reinforced lightweight materials, optics, sensors, fuel cell, and 

medical imaging, due to their chemical, mechanical, optical, and functional properties 
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compared with bulk materials. Therefore, a valuable research has been conducted on the 

preparation of nanocomposite materials by multi-step liquid phase synthesis and gas phase 

spray flame synthesis methods. Basak et al. [52] synthesised γ-Fe2O3/SiO2 nanocomposites by 

using a premixed precursor to achieve better chemical, surface reactivity, mechanical, and 

suspension stability. In addition, it has been found that uncoated γ-Fe2O3 nanoparticles have 

improved properties. Recently, a great deal of interest has been paid to nanoenergetic 

materials which are based on metastable intermolecular composites. These materials called 

nanocomposites provide unique properties such as high burning rate, high energy density, and 

high heat production [53, 47]. For example, nanocomposite Al/Fe2O3 is considered one of the 

most important nanoenergetic materials due to its special properties such as high adiabatic 

temperature and energy density [49]. Furthermore, it is used in airbag ignition materials, 

hardware destruction devices, and welding torches [51].                                                                                                       

1.4. Background/previous work on gas phase synthesis of nanoparticles  

 

The development of nanomaterials with well-defined and controlled morphology is attracting 

increasing interest. Typically, controlling the size, phase, shape and dimensionality is 

essential due to their technological significance [54]. The synthesis of nanomaterials with 

uniform size and shape is difficult and large-scale synthesis of nanomaterials remains a 

challenge [55]. Therefore, scientists have carried out intensive research to improve and 

establish new pathways for the synthesis of nanoparticles and to overcome the challenges 

mentioned above. Among the main techniques for producing nanoparticles, gas phase 

combustion synthesis is one of the most effective routes with respect to uniform size and 

shape [56]. Scientific history dating back to ancient China shows that flame technology was 

used to synthesise carbon black and manufacture carbon nanoparticles for artwork inks.  In 

the late 1970s, the flame technology contributed to produce silica fibre [57]. Modern 

systematic scientific investigation on the use of flames for producing metal oxide 

nanoparticles is to the pioneering work by Ulrich [58] in 1984, who synthesised silicon oxide 

nanopowders from flames. Ulrich and co-workers [59] and Formenti et al. [60], initiated the 

investigation of the synthesis of ceramic powder from flame. Additionally,  Pratsinis [61] 

reviewed the history of flame aerosol synthesis of ceramic powders  such as pigmentary 

titania, fumed silica, and alumina. In the decades following this Zachariah et al. [62] were 

pioneers in this field regarding fabrication of iron oxide-silica nanoparticles from flames. 

However, an intensive amount of research has been carried out on flame synthesis of carbon 

black or soot formation in hydrocarbon flames by the Partinsi group [63]. Further, 
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Wooldridge [64] summarized the fundamental processes governing gas-phase combustion 

synthesis of NPs; production of non-oxide, single-oxide, and mixed-oxide powders; 

parameters influencing particle morphology and composition, nucleation and growth models 

of NPs.  A bout six million tonnes of carbon black were produced in 1993. Guo and Kennedy 

[65] reported the synthesis of iron oxide nanoparticles in diffusion flame. Also, investigate the 

effects of the precursor concentration, the flame temperature and the flame residence time on 

properties of the nanoparticle produced. 

Considerable work has been done and numerous investigations carried out by P. Roth groups 

[66] to investigate and review a range of metal oxides particles from flames; for instance, 

SiO2, TiO2, Fe2O3, V2O5, Al2O3, WO2, SnO2, GeO2, ZnO, and ZrO2. In addition, two 

components of metal oxides have been also investigated by Jansen et al. [67]; these are 

TiO2/SiO2, SiO2/GeO2, and Al2O3/TiO2. Detailed reviews of combustion synthesis and 

pioneering studies on flame-synthesised particles are comprehensively reviewed and led to 

the publishing of an important paper by Pratsinis and coworkers [63], Wooldridge [64], 

Kammler [68] and Rosner [69]. However, in the second half of the twentieth century the 

technology of flame reactor was developed. In recent years, flame synthesis has been selected 

to produce many novel nanostructures, such as nanoneedles, nanoflakes, and hollow and ball 

in shell structure [70]. Thus, flame technology provides an establish inexpensive route for 

high-scale production of nanoparticles.  Also, it has allowed the production of a wide range of 

nanoparticles such as simple oxides, and complex and functional nanoparticles [63]. 

 

1.5. Principles of nanoparticle formation in flame space   

 

Flame technology is an established industrial process involved in the manufacture of carbon 

blacks, pigmentary titania, fumed silica and optical fibres and has great potential for cheap 

synthesis of ultrafine particles including nanoparticles. Thus, the gas phase flame synthesis is 

considered as the most important route for the production of nanoparticles of high specific 

area, high purity and controlled particles size distribution [61]. In addition, the flame 

technology is more suitable for the production of nanoparticles from less than 10 nm to over 

several microns in size due to the fact that it offers high flexibility [64]. The early work of 

particle formation including the basic steps has been represented by Ulrich [58].  The current 

state of research in this technology with further developments has been recently demonstrated 

by Pratsinis and co-workers [63].  
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Gas phase synthesis methods for nanoparticles can be divided into droplet to particle (wet 

chemical process) and gas to particle. Regarding gas-to-particle conversion which takes place 

by condensation of supersaturated species in the low-pressure flame reactor, the formation 

process of nanoparticles occurs by the generation of molecules through chemical reaction as 

shown in Figure 1.1. Typically, nanoparticles are commonly synthesised in laboratory flames 

by adding a precursor dopant in liquid or gaseous state to the unburnt gas. The compounds of 

such precursors are commonly from metal, like halides or organometals. They can also be 

dissolved in liquid hydrocarbons or in water [66].  

 

 
 

 

Figure 1.1:  Particle formation pathway in the aerosol synthesis [71] 

 

Firstly, mixtures of the precursors such as iron pentacarbonyl Fe(CO)5, which is considered as 

one of the preferred precursors for iron and iron oxide particle synthesis, are injected into the 

burner, and decomposing of the corresponding precursor into gas-phase takes place due to 

https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Oxygen
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fact that high flame temperature can generate ferric oxide nanoparticles. The controlling 

kinetics of the precursor decomposition and the subsequent reactions have a strong effect on 

the formation synthesis of metal oxide nano-size materials in flames [66]. The formation 

process of nanoparticles includes a series of steps as shown in Figure 1.2(a), (b). The structure 

blocks of the nanoparticles are called monomers which are formed by the chemical reactions 

of flame with the raw materials. These monomers have properties and dimensions which 

contribute together to form clusters. Several of these monomers polymerise to form nuclei 

which are the primary particles. Nucleation can either be homogeneous or heterogeneous in 

nature [64]. 

 

 
 

(a)                                                                     (b)         

 

Figure 1.2: (a) Mechanism growth [66] (b) nanoparticle synthesis flame set-up [71] 

 

For better understanding of the formation mechanism, kinetic data are essential. The 

formation process is based on thermodynamics process, thus the product molecules can form 

particles through collision-controlled nucleation through evaporation or by a balanced 

condensation to from molecular clusters. The further growth of particles takes place by 
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reaction on the particle surface, through condensation, or with particles coagulation. Two 

particles stick and collide to form agglomerate or aggregate with coagulation. However, the 

rate of particle coalescence and the rate of coagulation determine the morphology of the final 

product particle due to continuing coagulation [72]. By nucleation, condensation and 

coagulation in the flame, the primary particles will be generated from the precursor vapours 

which commonly grow into small and aggregated particles [61]. High temperature gradient 

leads to the disintegration of these primary droplets in the flame. Furthermore, Koirala et al. 

[71] recently reviewed mechanisms of gas phase particle formation and the effect of synthesis 

parameters including reactor configuration, precursor and dispersion gas flow rates, and 

temperature and concentration fields on the chemical, structural and catalytic properties of 

prepared materials. What were the finding? 

1.6 Aims and objectives 

 

The main challenges of ferric oxide nanoparticles occur when trying to achieve a nanoparticle 

with best controlling size, morphology and large-scale production rates [1]. Therefore, it is 

essential to understand the factors which affect the particle morphology, size and phase in 

combustion synthesis; these factors are (i) flame operating conditions: such as temperature, 

reactant concentration stoichiometry, pressure, turbulence, (ii) burner configuration: 

premixed, diffusion, inverted, etc.,  (iii) precursor: type, injection location, loading and 

conditions, and (iv) particle collection and analysis: location and method, as well as other 

supplementary factors such as laser irradiation, and external electric fields, among others. In 

order to establish the synthesis of iron oxide with precise control on morphology, size and 

phase form combustion, the research challenges associated with the above identified factors 

must be fully studied, decoupled, understood and established [ 38,57]. 

The precursor factor is considered as the one of the most important challenges when 

producing particles. The influence is observed throughout loading the precursor and injected 

into the flame space, in gaseous or liquid form, that have influence on the density of the 

particles, which then affects particle inception, coagulation, collision and aggregation. 

However, in premixed flame configuration the oxidant gas and precursor are mixed together 

at ambient conditions before being delivered to the flame zone while, in diffusion flame 

configuration, the precursor loaded with the oxidizer flow stream and the fuel and oxidizer are 

kept on either side of the reaction zone [66]. Janzen and Roth [67] found an influence on 

primary particle size due to increasing the precursor concentration. The research challenge 

http://www.sciencedirect.com/science/article/pii/S0021850209001396#bib22
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poses the question: What is the influence of the precursor decomposition on the flame 

chemistry? Koirala et al. [71] noted that many academics and industrialists have recently 

explored and developed Labourites in a flame aerosol technique as an attractive route for 

nanoparticle synthesis. They showed that there are still challenges in this technique and the 

costs involved are one of these challenges.  Thus, the next research question asks: What is the 

effect of precursor concentration of a specific surface area? 

Iron oxide nanoparticles (Fe2O3) are chemical compounds which are commonly called "ferric 

oxide" [73]. They exhibit unique properties that are intensively studied by many researchers 

due to their potential use in many diverse applications such as sensors, catalytics, gas, 

hydrogen and lithium ion storage, and controlled drug delivery [37]. Pioneering work was 

successfully undertaken in the synthesis of γ-Fe2O3 by several scientists such as Grimm et al. 

[74] to produce particles with size less than 5 nm. Jansen and Roth [40] generated iron oxide 

nanoparticles with size 4-20 nm. Gau and Kennedy [36] produced iron oxide nanoparticles 

with size from 3–8 nm. Rao and Zheng [70] reported intensive work to synthesise γ- Fe2O3   

nanowires by multiple diffusion with diameters between 40- 60 nm. The complexity in 

generating particles with high chemical purity and desirable phase and morphology is one of 

the most important problems regarding the extensive usage of nanoparticles in industry [75]. 

The ability to synthesise particles in large production when it is necessary to keep the required 

particle size and low cost in flame remains to be achieved following this: What happens to the 

morphology of iron oxide nanoparticles of reducing particles size less than 3 nm? 

In recent years, a great deal of interest has been paid to composite materials due to their high-

quality mechanical and physical properties, high thermal or electrical conductivity. Therefore, 

composites are playing an important role in producing new materials. However, Silica-coated 

iron oxide composites have attracted considerable attention in the field of chemistry and 

applied sciences and catalyst applications [76].  

Stötzel et al. [77] recently explored a new route to produce Fe2O3–SiO2 composite NPs in 

which the growth mechanism takes place during gas phase condensation. Since then, the 

development of novel functional composite NPs for applications has been widely used in 

biomedicine, optics, electronics, and catalytics. The research question is: How can the 

stability and availability of functionalized iron oxide NPs be improved in extreme 

environmental conditions?  

The pollution of water has become a serious issue and potential effort undertaken for 

the treatment of contaminated water. The commonly used for this issue is iron oxide 
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nanoparticles as excellent adsorbents and capable to remove some heavy metals and 

pollutants from water [25]. 

Generally, combustion synthesis can be divided into two types of flame such as premixed and 

diffusion flames and their different orientations. In the literature, diffusion flames are most 

commonly deployed by the scientific community for producing nanoparticles from flames. 

However, premixed flame allows better control on flame configuration and its characteristics, 

enabling the studies to decouple and study the above research challenges associated with 

flame [66]. Thus, it is essential to develop methods for nanoparticle synthesis that allow for 

control of nanoparticle characteristics, including size distribution, morphology, crystallinity, 

purity, and composition. Also, it is important to establish the functional iron oxide particles 

synthesis in the premixed flame. In addition to the synthesis of functional iron oxide 

nanoparticles, one of the of main research challenges of nanoparticle research has been the 

need for a simple and fast response technique to characterise nanoparticle size and 

concentration.  It can be concluded from the above discussion that although flame synthesis of 

nanoparticles method may appear to be a simple one-step method, it still has many identified 

fundamental and complex research challenges which need to be understood and overcome in 

relation to the synthesis of iron oxide nanoparticles. Evidently, thus far, experimental studies 

in the literature have not provided the required information to answer these questions, which 

demand first of all thorough and extensive experimental investigations. Thus, the aims of the 

present research are:  

 

1. To explore, understand and establish the efficacy of premixed flame methodology as a new 

technique for the synthesis of functional iron oxide nanoparticles.   

2. To evaluate and develop the UV-Vis spectroscopy as a technique for measuring the 

particle size and concentration of metal oxide (Iron Oxide) nanoparticles.  

3. To understand the phenological growth model of Fe2O3 nanoparticles in the premixed 

flame space. 

The above aims will be met by successfully achieving the following specific objectives: 

1. Critical literature review of the work on iron oxide flame-based synthesis of nanoparticles 

and the different methods developed for synthesis. 

2.  In-depth review on the feasibility of UV-Vis spectroscopy as a fast response technique for 

the characterisation of metal oxide nanoparticles. 

3.  Detailed experimental studies for the synthesis of functional iron oxide nanoparticles under 

premixed flame conditions.       
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4.  Development of experimental methodology for iron oxide nanoparticle characterisation 

using UV-Vis spectroscopy. 

5. Development of the particle inception and growth phenomenon of ferric oxide inside the 

premixed flame space.  

6.  Isolating the effects of precursor loading on the iron oxide nanoparticles’ size, phase and 

morphology. 

7. Experimental investigation of the effects of flame stoichiometry on ferric oxide 

nanoparticles. 

8. Understanding the ferric oxide nanoparticle formation inside the diffusion flame space.  

1.7. Original contribution to the knowledge 

 

This thesis makes a number of contributions to knowledge. New understanding about the 

premixed flame-based synthesis of iron oxide nanoparticles is developed. This creates new 

knowledge on how different interdependent experimental factors such as premixed flames 

fuel/air ratio, flame zone temperature, iron oxide precursor loading and particle residence time 

affect the iron oxide particle synthesis process and its key end properties such as morphology, 

size and phase purity. The project decouples and establishes the individual effects of the 

mentioned experimental factors, which enables the development of new understanding on 

controlling the flame conditions to achieve highly challenging functional particles of known 

sizes and phase purity in a single-step process. Moreover, the data developed from the 

experimental results are highly valuable to facilitate the development of much needed iron 

oxide nanoparticle kinetic growth models which can be integrated to develop more 

comprehensive computational fluid dynamics (CFD) models for particle formation and 

growth. This will enable the CFD modellers to improve the predictive power of the new 

material properties, process and reactor designs needed for functional iron oxide nanoparticles 

production, and significantly underpins the ultimate goal of developing complete 

understanding of highly specific tailored nanoparticles, scale-up routes and 

commercialisation. In the computation model, Growth model can be used to develop 

theoretical growth model using the Navier Stokes equations for the compressible flow using 

different nozzle gas velocities. This velocity is used as an input data to calculate the initial 

sauter mean diameter of droplets. The history of the precursor droplets can be computed with 

a Lagrangian method, while the Eulerian method can be adopted for continuous phase. The 
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particle growth dynamics can be developed studied using the monodisperse model solving the 

coagulation and sintering of particles simultaneously. The CFD model can predict the size, 

number concentration, sintering rate and residence time of nanoparticles in the flame space.  

The project contributes for the first time to the development of UV-Vis spectroscopy for 

evaluating the size and concentration of iron oxide nanoparticles. This will enable the industry 

and the scientific community to use it as a new simple and fast method to characterise iron 

oxide nanoparticles.  

1.8. Overview of chapters  

The overall structure of the research takes the form of eight chapters, as follows:  

Chapter 1:  Identified the background and motivation of the research. It includes the 

engineering issues, significance of ferric oxide nanoparticles and its composites, previous 

work on gas phase synthesis of nanoparticles, and principles of nanoparticle formation in 

flame particle. Also, this chapter states the aim and objectives of the research, and the original 

contribution to knowledge.  

 

Chapter 2: Synthesis, Collection and Characterisation Methods for Ferric Oxide 

Nanoparticles 

A detailed literature review of the gas-based synthesis of nanoparticles was undertaken and 

completed. A comparative assessment of the ferric oxide nanoparticles for different wet 

chemistry methods was undertaken and presented. Then, the review was then extended further 

to undertake the in-depth analysis of the different flame conditions. Firstly, both diffusion and 

premixed flame configurations were critically analysed. In addition, an in depth was 

undertaken into the effect of the experimental factors on the particle synthesis. Secondly, a 

new diffusion flame burner system was designed and built in-house.  Next, the experimental 

methodology to synthesise iron oxide nanoparticles using diffusion flame was undertaken and 

established. Thirdly, an in depth analysis of the methodologies for particle sampling 

collection from flames was undertaken. The experimental characterisation for SEM was 

undertaken in the inner flame-space of the diffusion flame at three stages of flame height and 

particles collection using a dilution tunnel method.  Subsequently, a methodology for 

determining the particle phase purity and morphology of iron oxide nanoparticles by using the 

STEM, EDS and XRD techniques is presented. Finally, the results obtained of particles 

generated in the diffusion flame space is presented.  
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Chapter 3: Development of Phenomenological Growth Model of Iron Oxide 

Nanoparticle in the Premixed Flame  

 

A development of the premixed flame synthesis of iron oxide nanoparticles was undertaken. 

Initially, the stoichiometric calculation for reactant concentration and fuel was calculated for 

the premixed flame. A description of the workings of the combustion test-rig and operation 

procedure to synthesise iron oxide nanoparticles from premixed flames was presented. The 

methodology for collection particles on STEM including grid preparation, loading, and image 

analysis was developed and presented. Then, the purity of the generated iron oxide 

nanoparticles was determined using the XRD technique. The preliminary results obtained 

from the premixed flames of the nanoparticles are stated and discussed. Next, the mechanism 

of particle formation and growth model of the iron oxide nanoparticle in the premixed flame 

synthesis was presented. First, description about the premixed flame space was presented. 

Second, experimental conditions to produce the premixed flame space was presented. 

Subsequently, the methodology to collect and particle samples from the outer flame zones 

was presented. Then, the results of the characteristics of particle inception and growth in the 

inner flame space of the premixed flames is presented. Next, the characteristics of particles 

growth in the outer flame zone is presented. Finally, a new model of the iron oxide 

nanoparticle growth model in the premixed flame zones was developed and presented.  

 

Chapter 4: Effect of Flame Conditions on Iron Oxide Nanoparticle Synthesis in 

Premixed Flame 

 

The effect of the precursor loading rate and flame stoichiometric conditions (φ) on the 

synthesis of Fe2O3 nanoparticles in premixed flame synthesis was undertaken.  A functional 

nanoparticle of iron oxide (Fe2O3) was synthesised and investigated. The experimental set-up 

and operating conditions in the premixed space are presented. Firstly, the influence of the 

increase in the precursor loading on the size, morphology and particle formation was 

investigated. Then, the effects of different equivalence ratios on particles at different positions 

in the premixed flame space were evaluated. Secondly, the effect of the precursor loading 

condition and equivalence ratios on the nanoparticle size and its distribution was studied. 

Thirdly, the calculation of the particle size distribution function (PSDFs) and particle statistics 

using the XRD technique was undertaken. Next, the morphologies of particle formed at 

different distances above the burner at different precursor loading conditions was presented.   
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Subsequently, a methodology for determining the particle phase purity and morphology of 

iron oxide nanoparticles by using the STEM, EDS and XRD techniques was presented. 

Finally, the results obtained from the premixed flames of the nanoparticles are discussed. 

Chapter 5:  Investigation of the Use of Ultra-Violet Visible (UV-Vis) Spectroscopy for 

the Analysis of Iron Oxide Nanoparticles  

 

A detailed review of the literature on the efficacy of UV-Vis iron oxide nanoparticle synthesis 

was undertaken and presented.  A brief description about the UV-Vis spectroscopy technique 

and its principles of absorption was presented to introduce the background to the technique. A 

description of the linearity and deviation from the Beer-Lambart Law in UV-Vis spectroscopy 

was also undertaken and presented. The literature review on UV-Vis spectroscopy technique 

for gold nanoparticle characterization was presented. This allowed for identifying the 

feasibility of the UV-Vis technique as a new method for evaluating the size and concentration 

of metal oxide nanoparticles such as iron oxide nanoparticles and titanium oxide 

nanoparticles. Finally, the UV-Vis spectroscopy was calibrated for the absorption spectra of 

iron oxide nanoparticles of known sizes and concentration. Validation of the calculated results 

with the known particle size data determines the feasibility of UV-Vis technique in predicting 

the nanoparticle size calculations. 

Chapter 6: Conclusions and Future Work 

 This final chapter summarises the outcomes of this research. It highlights the limitations of 

the research and proposes directions for future studies. 
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Chapter 2 

 

Synthesis, Collection and Characterisation Methods for Ferric Oxide Nanoparticles 

 

This chapter comprises an overview of the gas phase synthesis of nanoparticles, in particular 

ferric oxide. Firstly, an introduction to nanoparticles and description of the current 

developments of the definition of the nanoparticles is presented. This description includes types 

and natures of nanoparticles, common properties of nanoparticles, and current classification 

and their applications. Secondly, it reports on the literature covering the common methods for 

producing ferric oxide nanoparticles particularly sol-gel, hydrothermal, co-precipitation and 

microwave with comparative assessment for these methods. A literature review is detailed on 

the work undertaken by researchers on the combustion synthesis of nanoparticles. Finally, a 

brief experimental work was undertaken to evaluate the efficacy of diffusion burner based 

ferric oxide nanoparticle synthesis method. It was concluded that diffusion flame burner system 

was not suitable to achieve functional ferric oxide nanoparticle synthesis.  

2.1. Nanoparticles- types, classification and applications 

 

Nanoparticles are the building blocks of many methods for realising nanostructured materials 

and devices [78]. They play an important role in a wide variety of fields including advanced 

materials, pharmaceuticals, and environmental detection and monitoring. Therefore, 

nanoparticles have been employed in various important areas, opening doors for new 

advancement in different fields and making a significant contribution to modern science [79]. 

In nanotechnology science, the nanoparticle is defined as a small object that behaves as a 

whole unit in terms of its transport and properties. Typically, nanoparticles can be classified 

according to their dimensionality, morphology, composition, uniformity, and agglomeration. 

In terms of diameter, fine particles in the size range between 100 and 2500 nanometers, whilst 

particles sized between 1 and 100 nanometers are called ultrafine’ (UFP) which can be 

labelled as a function of their size.  

Nano-sized particles with diameter less than 10 nm are of explicit interest because of the 

physical and chemical behaviour of these particles arising from the quantum size effect that is 

significantly different from their bulk form. Consequently, they possess a great potential for 

use in applications in the chemical, mechanical and electronic fields as well as in the related 

technologies using catalysts, pigments, drug carriers, sensors and in electronic magnetic 

materials [73,80]. Morphology and distribution of particle size plays an important role related 
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to the parameters of the characterisation of nanoparticles. Electron microscopy is the most 

common device used to measure the size and morphology [44]. Morphological characteristics 

to be considered are: flatness, sphericity, and aspect ratio, as shown in Figure 2.1. For 

example, fullerenes have been shown to have an anti-HIV activity, probably due to a good 

geometrical fit of a C60 sphere into the active site which is necessary for the HIV virus. Also, 

hexagonal α-Fe2O3 nanostructured morphology with 40 nm diameter is suitable for gas-

sensing applications [51]. There are different structures of α-Fe2O3 such as particles, wires, 

rods, belts, tubes, disks, dendrites, mesopores, and flowers as shown in Figure 2.1.  

 

 

 

Figure 2.1: Classification of nanomaterials (a) 0D spheres and clusters, (b) 1D 

nanofibres, wires, and rods, (c) 2D films, plates, and networks, (d) 3D nanomaterials 

[81] 

 

Classification of nanomaterials depends on their dimension, nanoparticles are divided into 

one, two and three dimensional [44]. There are five main categories of nanoparticle which can 

be classified into the following types: Fullerenes, Carbon Nanotubes, Metals, Ceramics, 

Semiconductors (Quantum dots) and Polymerics. A one-dimensional system, such as 

manufactured surfaces or thin film, has been used for years in chemistry, engineering, and 

electronics. Thin films have been fabricated with size ranges from1-100 nm. In addition, 

monolayers have now become commonplace in the field of catalysis or in solar cells. These 

thin films are used in various industrial applications such as chemical and biological sensors, 

magneto-optic and optical devices, fibre-optic systems, and information storage systems. 

Two-dimensional nanoparticles, for instance carbon nanotubes (CNTs) are made up of a 

hexagonal lattice of carbon and fullerene molecules. The structure of CNTs consists of an 

enrolled cylindrical graphitic sheet called graphene formed as a seamless cylinder with the 
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diameter of the order of a nanometer. There are two types of carbon nanotube; single-walled 

carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs), depending on 

the arrangement of carbon atom layers on their outer surface (as shown in Figure 2.2) [81,82]. 

 

 

             

 

(a)                                                               (b)                                                 

 

Figure 2.2: Single walled CNTs and (b) multi-walled carbon nanotubes [83] 

 

Three-dimensional nanoparticles such as Quantum Dots (QDs) (Figure 2.3a) are considered as 

colloidal semiconductor nanocrystals, with a diameter range from 2 to 10 nm. QDs are 

described as small devices which contain a tiny droplet of free electrons. There are different 

methods of synthesis used to form QDs of electrochemistry or QDs of semiconductor 

materials via colloidal synthesis. The number of electrons, and the size and shape of quantum 

dots can be controlled and has been improved in terms of insulators, semiconductors, metals, 

metallic oxides or magnetic materials, as shown in Figure 2.3 below. Therefore, QDs can be 

used for optoelectric and optical devices, information storage, and quantum computing [82]. 

Fullerenes (Carbon 60) can be categorised as three-dimensional nanoparticles (Figure 2.3(b)) 

They contain C60, a hollow ball consisting of hexagons and interconnected carbon pentagons. 

They can be subjected to high pressure and regain their original shape when the pressure is 

released, resulting in their main potential application as lubricants. They have motivating 

electrical properties and have been widely used in the electronics field, ranging from data 

storage to the production of solar cells [82, 84]. 
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(a)                                                           (b)          

Figure 2.3: (a) CdSe/ZnS core –shell quantum dots [83] and fullerene (b) [85] 

 

Another type of three-dimensional nanoparticle called dendrimers can be regarded as a new 

class of controlled-structure polymers with nanometric dimensions. Dendrimers (Figure 2.4) 

are commonly used in imaging and drug delivery with ranges from 10 to 100 nm in diameter. 

Therefore, these characteristics associated with multiple functional groups on their surface 

allow them to be an ideal for drug delivery. In addition, dendrimers are considered necessary 

for large-scale synthesis of organic and inorganic nanostructures with dimensions of 1 to 

100nm as basic elements. They are also be fabricated to nanotubes and nanostructures and 

familiar with organic structures such as DNA. Thus, dendrimers in particular have potential 

use in the biomedical and medical fields such as antimicrobial and antiviral drugs, 

nonsteroidal anti-inflammatory formulations, pro-drugs, anti-cancer agents, and screening 

agents for high-throughput drug discovery [82, 86]. 

 

 

 

Figure 2.4: Dendrimer [79] 
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Metallic nanoparticles have various chemical and physical properties compared with those of 

bulk metal because of their superficial area and size effect. Thus, these materials are attractive 

for an enormous numbers of applications in industries and come in different types such as 

electronic, optics catalysis and biology [87]. There are different metal oxides namely gold, 

silver, copper, alloy and iron which have been attracted a great deal of interest due to their 

potential applications in nanoscience. Among different metal nanoparticles, silver 

nanoparticles show remarkable physical and chemical properties Therefore, they can be 

potentially used in catalysis, optics, and photocatalysis and electronics. For example, silver 

nanoparticles are used in a wide range of medical devices, including bone cement, surgical 

instruments and in electronic fields for their optical properties [88-90]. In addition, gold 

nanoparticles have been used extensively as anti-bacterial agents in the health industry, food 

storage and water treatment [2, 91-96]. Polymeric Nanoparticles (PNP) (Figure 2.5) can be 

made from organic polymers or inorganic materials such as silica. Typically, organic NPs are 

produced either by polymerisation of monomers or by processing of preformed polymers [97-

98]. Polymeric nanoparticles have emerged as a most promising and viable technology 

platform for targeted and controlled drug delivery [99-101]. Polymeric nanoparticles can be 

easily incorporated into other activities related to drug delivery, such as tissue engineering 

[102]. 

 

Figure 2.5: An example of polymeric nanoparticles (PNP) [79] 

 

Ceramics are mainly made up of inorganic and non-metallic materials prepared by the heating 

and subsequent cooling of the material [103-104]. They have a wide range of applications due 

to a number of promising properties, such as high heat resistance and chemical inertness. The 

most promising area of application of ceramic nanoparticles is the biomedical field. 

Therefore, ceramic nanoparticles are considered to be excellent carriers for drugs, genes, 
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proteins, and imaging agents [105]. In addition, nanoceramics have applications in bone 

repair. They have been recommended for areas including energy supply and storage, 

transportation systems, communication, construction and medical technology [106]. 

Regarding classification, nanoparticles can generally be classified as one of two kinds 

engineered and nonengineered. Engineered nanoparticles are intentionally created and 

designed with physical properties tailored to meet the needs of specific applications. Non-

engineered nanoparticles, are accidentally generated or naturally produced, such as 

atmospheric nanoparticles [107].  

 

2.2. Application of nanoparticles 

 

Nanoscale particles have attracted considerable attention due to their potential properties. 

Therefore, the small size of nanoparticles smaller than 100 nm directly influences different 

properties that will be more suitable for new applications. Nanoparticles are used for various 

applications such as electronic, chemical and mechanical, as well as in the related 

technologies using catalysts, pigments, drug carriers, sensors, and in electronic magnetic 

materials [106]. Table 2.1 shows the range of applications of nanoparticles in the various 

practical areas.  

 

Table 2.1: Application of nanotechnology in different fields [44] 

 

Applied field Application 

Materials Nanoparticles, carbon nanotubes, biopolymers, paints, 

coatings 

Electronics Semiconductor chips, memory storage, photonic, 

optoelectronics 

Scientific Tools Atomic force, microscopic and scanning tunneling 

microscope 

Food Sciences Environment 

and Energy 

Processing, nutraceutical food, nanocapsules. Water and 

air purification filters, fuel cells, photovoltaic 

Chemical and Cosmetics Nanoscale chemicals and compounds, paints, coatings 

etc. 

Nanomedicines Nano drugs, medical devices, tissue engineering 
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In recent years, iron oxide nanoparticles have attracted more interest due to their unique 

optical, electrical and magnetic properties. This is preferable for many potential applications 

such as magnetic storage media, pigments and development of gas sensors, as well as 

electronic and optical devices, information storage, and wastewater treatment adsorbents 

[108-110]. Over the last few years, pollution from heavy metals has become one of the most 

serious environmental problems. Therefore, considerable attention has been focused on 

removal of heavy metals from contaminated water via an absorption process. It is found that 

nanoparticles are efficient as absorbents for removal of heavy metals such as Pb+2 from 

industrial wastewater. For example, γ-Fe2O3 nanoparticles with particle size of 60nm have a 

significant effect due to their distinctive properties such as large area-to-volume ratio 

[111,112]. The use of nanoparticles to catalyze reactions has undertaken an explosive growth 

during the past decade and includes homogeneous and heterogeneous catalysis.  

Nanoparticles provide unique properties due to their high surface area to volume ratio 

compared to bulk materials. Thus, they are more attractive to use for catalysis; typically, with 

small particles size (10-80 nm)[113]. Nanoparticles were studied as significant and potential 

gas sensing materials because of their optical properties including band gap energy and 

absorbance. The results indicated that the nanoparticles with specific size 6 nm provided with 

band gap 5.5 eV led to enhanced sensing response against hazardous gases [114-115].  Thus, 

nanoparticles are potentially and widely used as sensing layers for different types of gas 

sensor. The unique characteristics and economic advantage of solar energy has also received 

considerable interest due to its environmental importance in the twenty-first century. 

Nanoparticles have also had a significant role in and can be successfully used on planar solar 

cell substrates. For example, Ag nanoparticles are extensively employed in solar cells, 

positively increasing absorption in both wafer-based and thin-film silicon solar cells and 

enhancing the quantum efficiency at the longer wavelengths, as shown in Figure 2.6 [9,116]. 

Furthermore, Cai et al. [9] recently demonstrated the effect of the magnetic field generated 

from γ-Fe2O3 NPs on improving photovoltaic properties of Dye-sensitised solar cells 

(DSSCs). They clarified that adding γ-Fe2O3 leads to a larger magnetic field in TiO2 film as 

well as increasing power conversion efficiency and the effectiveness of photo-generated 

electron transfer.  The configuration of the assembled DSSCs with magnetic γ-Fe2O3 NPs is 

shown schematically in Figure 2.6. 
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         Figure 2.6: Schematic of dye-sensitised solar cells with γ-Fe2O3 nanoparticle [9] 

 

2.3. Importance, structure and properties of Fe2O3 nanoparticles. 

 

Ferric oxide (Fe2O3) is a transition metal oxide nanoparticle with unique scientific and 

technological importance due to its size dependent physical– chemical properties and its 

excellent applications in different areas such as electronics, catalysis, gas detection, energy 

storage and magnetic resonance imaging [117-122]. In the last few years, intensive studies 

have been conducted on the potential application of hematite photo electrochemical 

properties; for example, water splitting, photovoltaic effects, photo catalytic effects. Thus, the 

semiconductor properties of the hematite are extremely useful in other applications such as 

solar energy conversion, and photocataylsis [41,123]. The properties of hematite Fe2O3 are 

highly influenced by their particle size, morphology, and their structure [124-125] whereas, 

the maghemite Fe2O3 is one of the most important materials effectively used in biomaterials 

because of their biocompatibility.  The three iron-oxide have different crystal structures based 

on close - packed planes of iron cations with oxygen ions. Magnetite and maghemite have the 

same crystal structure. In maghemite the oxygen ions are arranged in a cubic close- packed 

array . Whereas, in hematite, oxygen ions are arranged in a hexagonal close-packed array and 

Fe (III) ions occupy octahedral sites. Magnetite has an inverse spinal structure with Fe (III) 

ions distributed randomly between tetrahedral and octahedral sites [7]. The crystal structures 

are shown in Figure 2.7.  
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           (a)                                (b)                                       (c) 

 

and (c) maghemite [126] Phase structures of (a) hematite, (b) magnetiteFigure 2.7:   

 

Regarding the electrical properties, there are three kinds of materials; these are conductors, 

semiconductors and insulators, as shown in Figure 2.8. The energy separation between the 

valence band and the conduction band is called Eg (band gap). Whether a material is a 

conductor, a semiconductor or an insulator can be determined by its ability to fill the 

conduction band with electrons and the energy of the band gap. The metals refer to 

conducting materials which have small Eg due to the overlap of the valence band and the 

conducting band whereas, in semiconductors, the band gap is a few electron volts. Finally, 

insulators have large band gaps that require an enormous amount of voltage to overcome the 

threshold [127]. 

 

Figure 2.8: Schematic illustration of the valence and conduction bands in materials 

based on their electrical properties [128] 
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Nanoparticles exhibit a range of unique chemical, magnetic, and optical properties due to 

nano size effects. A high surface area is considered as the most significant difference between 

nanoparticles and bulk materials. Recently, a great deal of interest has been focussed on 

magnetic nanoparticles [129]. The special properties of nanoparticles and their potential 

application have attracted much interest [130]. Table 2.2 shows the main properties of 

nanoparticles including physical, optical and magnetic properties. 

 

Table 2.2: Physical properties of iron oxide [131] 

 

 

 

The optical properties of iron oxides are very important for designing electrochromic devices, 

photoelectrochemical generation of hydrogen and solar radiation filters, among others [132]. 

In many optical applications it is important to understand and gain more knowledge about the 

optical properties of the material. These include the refractive index (n), extinction coefficient 

(k), absorption coefficient (k), and the band gap (Eg). Ferric oxide nanoparticles have 

fundamental uses in optical applications [133]. For example, Al-Kuhaili et al. [134] 

investigated hematite Fe2O3 nanoparticles with direct band gap 2.18 eV, and a relatively high 

refractive index from 2.3 to 2.9. These characteristics allow for hematite Fe2O3 to be a 
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potential candidate for many optical applications, such as solar energy conversion, photo-

oxidation of water, photocatalysis, interference filters, and electrochromism. Another 

important property of nanoparticles includes their mechanical properties such as Young’s 

Modulus (GPa), Tensile Strength (GPa) and Density (g/cm3). For example, carbon nanotubes 

have unique mechanical properties; thus, they can be used in some consumer products, such 

as tennis rackets to add strength without compromising weight. They are also very interesting 

in industry as fillers in polymeric and inorganic composites [127].  

In terms of magnetic properties of nanoparticles, there has also been a great deal of interest 

due to their expanding use in a wide range of applications such as inks, magnetic recording 

media and catalysis. Therefore, there is a high demand for nanomaterials with specific size, 

shape and magnetic properties required for the applications mentioned above. For example, in 

data storage applications, the particles are required to be stable and to possess a suitable 

magnetic state that is not affected by temperature fluctuations. In recording, the particles 

should exhibit high amount of magnetization which is called remanence and high intensity of 

the applied magnetic field which refer to coercivity as well resistance to corrosion, friction, 

uniform small, and temperature change. The four unpaired electrons in 3d orbitals of the iron 

atom have significant effects on its magnetic moment. There are various magnetic states 

which appear during formation of crystals from iron atoms as shown in Figure 2.9. The 

individual atomic magnetic moments in paramagnetic state are aligned randomly and there is 

zero net magnetic moment for crystal when this crystal is subjected to external magnetic field. 

In contrast, in ferromagnetic crystal, the individual moments are aligned regardless of the 

external field. The crystal behaves as antiferromagnetic with no net magnetic moment when 

the antiparallel magnetic moments are of the same magnitude [125].  

 

 

Figure 2.9: Alignment of individual atomic moments [125] 
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The crystal has magnetisation (M) when subject to the external magnetic field (H). The 

magnetisation increases with the increase of magnetic field up to a maximum value which is 

called saturation magnetisation (Ms). When the field (H) is removed and returns to zero, there 

is still a non-zero magnetisation which is called remnant magnetisation (Mr). The 

magnetisation can be removed and set back to zero by applying a coercive field (Hc) in an 

antiparallel fashion. Figure 2.10 shows the diagram of this relation represented in the 

hysteresis loops (M–H). The parameters in terms of the saturation magnetisation (Ms), 

remanence magnetisation (Mr) and coercivity (HC) can be obtained from the hysteresis loops 

and Xo represent the initial magnetic susceptibility [125,135]. 

 

 

Figure 2.10: Schematic presentation of the typical hysteresis loops of IONPs [125] 

 

The saturation magnetisation (Ms) of uncoated and functionalized IONPs is one essential 

parameter that describes the magnetic response of IONPs [34]. The strength of magnetic field 

that magnetises the material is measured by magnetic field (H). The magnetisation (M) in a 

bulk ferromagnetic material is represented as a vector of summation of all the magnetic 

moments of the atoms  𝑚𝑗 , where𝑀 = ∑ 𝑚𝑗𝑣𝑜𝑙𝑢𝑚𝑒 , in the material per unit volume. Iron 

oxide nanoparticles less than 20nm usually display superparamagnetic behaviour at room 

temperature [131,135].  

2.4. Methods for synthesis of iron oxide nanoparticles 

 

Two main approaches have been used for synthesis of nanomaterials; these are top-

down and bottom-up. The nanomaterials are derived from a bulk substrate and found 
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by the progressive removal of material, until the desired nanomaterial is achieved. 

The top-down approach involves basically a physical method such as ball milling 

and laser-induced chemical etching. However, these approaches can only be 

effective at micrometre level and, in nanometre scale, these methods will be 

technically difficult to apply and more expensive [55].  

The bottom-up approach can be divided into liquid phase and gas phase methods. In both 

approaches, the nanomaterial is fabricated by a controlled fabrication route that starts from the 

molecules or single atoms. Regarding the bottom-up category, a wide variety of synthetic 

methods for fabrication of nanoparticles have been reported in the literature such as sol-gel, 

hydrothermal, co-precipitation, microwave etc. However, most of these methods generally 

need high temperatures or the preparation procedures are too complex [136]. It is difficult to 

achieve uniform size and shape; therefore, large scale production of nanomaterials remains a 

great challenge. However, these routes can be considered as the most common approaches to 

the synthesis of iron oxide nanoparticles. A number of methods have been improved by many 

scientists; those that are mostly used to synthesise iron oxide nanoparticles are reviewed 

below [136]. Generally, the formation of nanoparticles can be divided into two basic methods: 

(i) Wet chemical synthesis and (ii) Gas phase synthesis. A brief description of the first method 

is given in the following paragraphs, whereas gas phase synthesis is discussed after this in 

greater detail.  

 

2.4.1. Ferric oxide nanoparticle synthesis from wet chemistry method  

 

Wet chemical routes are considered the most common major routes to synthesise iron oxide 

nanoparticles and important for large-scale production [137]. The mechanisms of these 

methods are based on electrochemical pathways, and chemical reduction of metal salts. The 

chemical reactions occur in liquid phase including a multiple-step processes basically 

involving controlled condensation of solute molecules that are formed during a chemical 

reaction. The most commonly used methods for production of the nanoparticles are sol-gel 

[50], hydrothermal [49], co-precipitation [138], and microwave [139] methods; most of these 

methods perfectly achieve particles of the required shapes and sizes. However, the 

disadvantages of these methods are that they require complicated procedures, high reaction 

temperatures, expensive materials, and long reaction time, and cause potential harm to the 

environment [140].  
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2.4.1.1. Hydrothermal method 

The hydrothermal technique is defined as any heterogeneous reaction in the presence of 

aqueous mineralisers or solvents under high pressure and temperature conditions. In 

hydrothermal synthesis, the process is carried out by using aqueous solution at high 

temperature and pressure in a closed container. The reactants are dissolved in water and then 

heated above the boiling point of the solvent for the desired length of time. Hydrothermal 

synthesis involves different wet chemical technologies of crystallising substance in a sealed 

container from the high temperature aqueous solution (the range from 130 to 250 C ̊) at high 

vapour pressure (in the range from 0.3 to 4MPa) as shown in Figure 2.11[54].  

 

 

 

Figure 2.11: Schematic illustration of the synthesis different shapes of hematite [54] 

 

2.4.1.2. Co-precipitation method 

 

The precipitation approach is considered the simplest and most efficient chemical pathway to 

produce iron oxide particles. Different iron oxides such as Fe3O4 or γ-Fe2O3 are commonly 

produced by addition of alkali to iron salt solutions and retaining the suspensions for ageing. 

The reaction process based on dissolving salts or other solvent to precipitate the hydroxide 

form. The solutions are then aged at a certain temperature to obtain the required product. 

However, the fabrication of iron oxide nanoparticles includes three different stages – 

nucleation, growth, and de hydroxylation [141].  
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2.4.1.3. Sol-gel synthesis 

 

The sol-gel method involves the addition of organic molecules (OMs) to colloidal dispersions 

of metal ions to form the sol.  Concentration of this sol is achieved by removal of the solvent 

such as water molecules to form the gel, followed by thermal treatment to obtain the product 

as shown in the flow chart in Figure 2.12. The main drawback of this technique is aggregation 

of particles during drying [142]. 

 

       

Figure 2.12: Flow chart of a sol-gel synthetic process [142] 

 

 

2.4.1.4. Microwave method 

 

Microwave irradiation is an environmentally friendly and a rapid and low-cost method. 

Therefore, this method has been widely used for synthesis of inorganic crystals. Mohammadi 

et al. [139] developed the microwave route to prepare iron oxide nanoparticles. The reaction 

takes place by mixing a solution of Fe(NO3)2.9H2O and urea irradiated under 540W 

microwave for 6 minutes. Then, the prepared sample was calcined at 800 °C for 4 hours to 

obtain the Fe2O3 nanoparticles; the experimental procedure is as shown in the flowchart 

(Figure 2.13) below.  
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Figure 2.13: Flowchart of the formation of Fe2O3 nanoparticles by a microwave [139] 
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The comparative assessment of ferric oxide nanoparticles from different wet chemistry 

methods are demonstrated in Table 2.3.  

 

Table 2.3: Comparative assessment of ferric oxide nanoparticles from different wet 

chemistry methods 

 

No Method Authors Advantages  Disadvantages 

1 Sol-gel  

 

Raja et al. [ 50] 

 

Produce hexagonal α-

Fe2O3 nanoparticles with 

size 35nm. 

Nanoparticles are 

composed of several 

random and irregular 

shapes; high costs.  

2 Co- 

precipitation  

 

Farahmandjou and 

Soflaee [135] 

 

Laurent et al. [158]  

Hexagonal structure of α- 

Fe2O3. 

 

Simple, aqueous media 

Large amounts of NPs 

can be synthesised 

(grams), size and 

morphology control.  

Generally performed at 

RT. 

Nanopowders are less 

agglomerate and size 30 

nm. 

 

Broad size distribution, 

poor crystallinity, basic pH 

is required, long reaction 

times (hours). 

 

3  

 

 

 

4 

Hydrothermal 

 

 

 

 

Solvothermal  

decomposition 

Hua and Gengsheng 

[139] 

 

 

Chikate et al. [ 159]  

 

 

Monodispersed ferric 

oxide nanoparticles large-

scale industrial 

manufacturing, aqueous 

media, size control. 

 

Large-scale industrial  

Manufacturing. Particles 

are rhombohedrally 

centered hexagonal 

structure; does not require  

any template or organic 

Surfactant. 

Particles show a weak 

ferromagnetic behaviour at 

room temperature. High 

temperature (P200 C), high 

pressure (P2000 psi) 

 

A weak ferromagnetic 

behaviour at room 

temperature, size of 

particles 20-30 nm. 

 

5  Microwave   Mohammadi et al. 

[136] 

 

Pure hematite phase, 

rapid, environmentally 

friendly, low cost. 

Particles size increased with 

the increasing of calcination 

temperature. 

Requires organic solvents; 

limited penetration depth of 

the microwave. 

 

Several studies have reported on the synthesis of hematite NPs by hydrothermal, co-

precipitation, sol-gel and microwave methods as sumarrised in Tables 2.4-2.7.  
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Table 2.4: Several typical synthesis methods for iron oxides by hydrothermal methods 

 

No Method Authors Experimental 

Conditions 

Major observation  

1 

 

 

 

 

 

 

2 

 

 

 

 

3 

 

 

 

 

 

4 

 

 

 

Hydrothermal 

 

Wang et al. [146]  

 

 

 

 

 

 

Hua and Gengsheng 

[144] 

 

 

 

Tadic et al. [147]  

 

 

 

 

 

 

Zhu et al. [148]   

 

 

 

FeCl3.6H2O, Sodium 

oleate, ethanol, oleic 

acid. 180°C/12 h. 

 

 

 

 

 

__________________ 
 
FeCl3. 6H2O, Sodium 

acetate (CH3COONa), 

acetic acid, water. 

200°C/12 h 

 

__________________ 

 

 

Fe(NO3)3. 9H2O, 

water/ethanol solution, 

oleic acid, NaOH. 

200°C/1 h 

 

 

 

 

 

_________________ 

 

 

FeCl3. 6H2O, Water, 

NaAcetate, PVP, 200 

ºC, 18 h. 

 

 

 

The controlled molar ratio of sodium 

oleate/FeCl3 at 3 is important to obtain 

hematite nanocubes with uniform shapes and 

sizes, while, when the molar ratio was less 

than 1, the bulky precipitate was produced, 

which could not be dispersed in cyclohexane, 

and no nanoparticles were obtained.  At 3.5 or 

more, the as-synthesised product could be 

totally dissolved in nonpolar solvents to form 

a colloidal solution of hematite nanoparticles 

without any size-selective procedure. Could 

not produce particles until 140 ºC. Average 

size 15 nm. 

______________________________________ 

 

α- Fe2O3 possesses a rhombohedrally-centred 

hexagonal structure with average size 

diameter (80 nm). The hysteresis loops of the 

samples do not reach saturation up to the 

maximum applied magnetic field. Iron oxide 

nanomaterials show a weak ferromagnetic 

behaviour at room temperature.  

 

 

The sample is composed of plate-like 

particles. The width of the particles is 

∼500nm whereas thickness is ∼100nm with 

smooth surface. The α-Fe2O3 plate-like 

particles reveal higher coercivity in 

comparison with the hematite urchin-like, 

rods, spherical, hexagonal, star-like, dendrites, 

platelets, irregular, nanoplatelets, 

nanocolumns and nanospheres. Shape 

anisotropy plays an important role in the 

magnetic properties; therefore, samples 

possess good magnetic properties. 

____________________________________ 

 

Size and morphology of hematite was   

influenced by precursor concentration as well 

as quality of the as-prepared hematite. At low 

concentration size of the hematite obtained 

is very small. The diameter of hematite 

increases with the concentration of the 

precursor. Also, dispersion of hematite is poor 

when the concentration of the precursor is too 

low or too high. The particles showed highest 

capacitance ((340.5 F·g−1). 
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5 

 

 

 

 

 

 

 

 

6 

 

 

 

 

 

 

 

 

7 

 

Ahmmad et al. [149]   

 

 

 

 

 

 

 

 

Tadic et al. [ 49] 

2014  

 

 

 

 

 

 

 

Wu et al. [54]  

Fe (NO3)3.9H2O, Green 

tea leaves, 100-180 ºC 

13h under ambient 

pressure. 

 

 

 

 

 

 

 

__________________ 

 

 

 

Fe2(SO4)3·7H2O, 

NaOH, Water, 160◦C 

50 h 

 

 

 

 

 

 
_____________________ 

 

 

Fe (NO3)3·9H2O, water, 

160 °C for 16 h. 

 

 

 

The product consists of nanoparticles with 

sizes ranging from 40 to ca. 80 nm. 

Crystallinity was low for the sample, which 

was prepared by 1 h of hydrothermal process 

at 140 ºC. It was found that, below 100 ºC, the 

reaction did not proceed and no product was 

found. The as-prepared nanoparticles have 

about 4 times higher surface area compared to 

commercial α-Fe2O3 nanoparticles and two-

time higher photocatalytic activity in terms of 

hydroxyl radical formation under visible light 

irradiation. 

 

_____________________________________ 

The sample is composed of uniform 

nanoparticles of spherical morphology with 

narrow size distribution. The estimated 

average size of the nanoparticles by TEM was 

about 8 nm. The sample did not exhibit the 

Morin transition. At 300 K the magnetisation 

versus applied magnetic field (M (H)) is not 

hysteretic (HC= 0 Oe and Mr= 0 emu/g).α 

_Fe2O3nanoparticle consists of magnetically 

disordered shell and magnetically ordered 

core. High magnetic moment of the 

nanoparticles is a consequence of nanoparticle 

shell. The high value of magnetisation M and 

magnetic particle moment p in the hematite 

nanoparticles are probably due to the 

disordered surface shell and surface spins. 

______________________________ 

 

The metal ions play important roles in the 

formation of iron oxide nanomaterials with 

different morphologies. The addition of Zn2+ 

or Cu2+ in the reaction system is the major 

reason for the formation of α-Fe2O3 particles 

with unique shape The majority of the sample 

is cubic shape. These particles display a cubic 

profile, but with a highly roughened surface, 

which consists of many irregular and 

randomly arranged protrusions. Adsorption 

of Zn or Cu ions on α-Fe2O3 would inevitably 

occur. As a result, the adsorption of Zn ions 

and Cu ions may play an important role in the 

growth of cubic and orthorhombic particles, 

respectively. 
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Table 2.5: Several typical synthesis methods for iron oxides by Co-precipitation 

 

No Method Authors Experimental 

Conditions  

Major observation  

1 

 

 

 

 

 

2 

 

 

 

 

3 

 

 

 

 

4 

 

 

 

 

Co-precipitation 

 

 

 

 

 

 

 

Farahmandjou 

and Soflaee [138]  

 

 

 

 

 

Wu et al. [ 136]   

 

 

 

 

Lima et al. [ 150] 

 

 

 

 

Liu et al. [151]  

 

 

 

 

 

FeCl3.6H2O, pure water, 

NH4OH, 500 °C for 4 h. 

 

 

 

___________________ 

FeCl3.6H2O, 

FeCl2.4H2O, NH3.H2O, 

Urea, 80 ̊C. 1 h. 

 

 

____________________ 

 

Fe (NO3) 3:9H2O, 

Sucrose (C12H22O11), 

NaOH, water, 200- 

400 ̊C, 3 h 

 

_________________ 

 

FeCl3·6H2O, NaOH, 

water,500 ̊C 4h  

 

 

 

 During calcination between 300 ̊ and 400  ̊

C γ phase transfer to α-Fe2O3.  The α-Fe2O3 

phase was the only phase present for the 

powder calcined above 500 ̊C. The 

morphology of the particles changes from 

plate-like shape to sphere-like shape by 

increasing the temperature. Particles 

produced at size 30 nm with less 

aggregation. 

 

________________________________ 

 

The size distribution was narrow with most 

of the particles having size between 7 and 

14 nm and the average particle size is close 

to 11 nm. The samples showed high-

saturation magnetisation of 66.83 emu/g at 

300 K. and very slim hysteresis curve. 

 

_______________________________ 

 

The sample grown at higher concentration 

of the sucrose has a more regular 

morphology (faceted-like shape) while the 

sample obtained via coprecipitation 

Only presented irregular α-Fe2O3 

aggregates for all temperatures of 

calcination. Increasing the chelating agent 

concentration (sucrose) is related to the 

decreasing of the particle size. Observe a 

superparamagnetic behaviour for sample 

synthesised with sucrose at 200 ̊ C. 

 

______________________________ 

The spherical α-Fe2O3 nanoparticles are 

20-50 nm in diameter. It is found that the 

dipole magnetic interactions of these 

nanoparticles in the nanostructures are 

quite strong. Shuttle-like α-Fe2O3 

nanoparticles show ferromagnetic 

behaviours while spherical α-Fe2O3 

nanoparticles exhibit weak ferromagnetic 

behaviours at room temperature. Thus, it 

can be concluded that the supermolecular 

template significantly influences the size 

and shape of the α-Fe2O3 nanoparticles.  

The aspect ratio of α-Fe2O3 at 2.5 

influences both magnetisation and 

coercivity of shuttle-like α-Fe2O3 

nanoparticles. 
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5 

 

 

 

 

 

 

 

 

6 

 

 

 

 

 

 

7  

Song et al. [152] 

2009  

 

 

 

 

 

 

 

 

 

 

Lassoued et al., 

[153] 

 

 

 

 

 

 

 

Morales et al. 

[154] 

 

 

 

 

 

 

 

 

FeSO4·7H2O, Urea, 

water, 80 ̊C, 8 hr 

 

 

 

 

 

 

_________________ 

FeCl3.6H2O, (Fe (NO3)3. 

9H2O, water, 30 min at 

80 ̊C, 7 h. 

 

 

 

________________ 

 

Ferric chloride, sodium 

hydroxide, 

2 days, 

 

The products consist almost entirely of 

star-like arrayed structures, When the 

amount of urea reaches 1.8g, particles with 

star-like arrayed structures are obtained. 

When 3.6g urea is introduced, the products 

are uniform star-like particles, but their 

arms become longer and disordered to a 

certain extent. The products show pure α-

Fe2O3 phase when the amount of urea is 

less than 1.8 g, whereas when 3.6 g urea is 

added, the products are mostly α-Fe2O3 

with a little α-FeOOH (goethite). 

Adjusting temperature from 70 ̊ C to 90  ̊C 

the morphology and phase will be 

changed. 

 

__________________________________ 

 

The morphologies of particles are found to 

be nearly spherical in nature for hematite 

synthesized with different precursors. The 

nanoparticles size depends on the 

precursor used in the synthesis of hematite. 

Results showed that the size of α-Fe2O3 

nanocrystals was between 21 and 38 nm. 

The optical investigation exhibited that 

samples have an optical gap of 2.1 eV. 

 __________________________________ 

 

Nanopowder particles of α-Fe2O3 with 

spherical morphology. It was found that 

the reaction time and repeated washings 

used in the synthesis process played 

significant role in determining the iron 

oxides and particle size and phase 

formation. The results obtained show that 

the samples with two days reaction, 

washed and calcinated at 425 ºC, with a 

size less than 100 nm. 
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Table 2.6: Several typical synthesis methods for iron oxides by sol-gel 

 

No Method Authors Experimental Conditions  Major observation  

1 

 

 

 

 

2 

 

    

 

 

 

3 

 

 

 

 

 

 

4 

 

 

Sol-gel  

 

Raja et al. [50]   

 

 

 

 

 

Bagheri et al. [155]  

 

 

 

 

 

Kayani et al. [156]  

 

 

 

 

 

 

Fouda  et al. [157]  

 

 

 

 Fe (NO) 3. 9H2O, ethylene 

glycol (C2H6O2), 800 ̊C for 

150 min. 

 

 

 

 

____________________ 

 

Fe (NO3)3.9H2O, water, 

600̊ C, 1 h. 

 

 

 

 

  

 

Fe (NO3)3. 9H2O), Citric 

acid, 400 to 1000 °C.1 h. 

 

 

 

 

_____________________ 

 

Fe2 (SO4)3, (NH4OH), 

Citric, tartaric, succinic 

acids. 

 

 

 

The average crystallite size is 35 nm. 

Randomly assembled and irregularly 

shaped nanoparticles. The sample 

shows a considerably broadened 

hysteresis loop and does not level off 

to the saturation magnetisation. The 

increase in crystallite size may be due 

to Ostwald ripening. 

_______________________________ 

α- Fe2O3 nanoparticles are mainly 

present as granules with small and big 

spherical-shaped particles and are well 

crystallised in the range size 30-40 

nm. α- Fe2O3 calcined at a 

temperature of 600°C showing the 

strong absorption in the wavelength of 

562 nm. Using gelatin solution as a 

matrix improves the crystallanity and 

decreases the size of particles. 

_______________________________ 

Hematite structure is achieved when 

annealing temperature at 400 °C. 

Hematite phase is best defined when 

annealing temperature is increased at 

1000°C.Grain growth and 

crystallisation of nanoparticles took 

place at 1000 ̊ C. Crystallite size of 

hematite phase increased from 34 to 

37.5 nm with increase in the annealing 

temperature. The saturation 

Magnetisation (Ms) decreases and 

coercivity (Hc) increases with the 

increase in annealing temperature. 

The average crystallite size consisted 

of 18–25 nm-sized particles. The 

bands decreased markedly upon 

heating the samples at 700 ̊C.  

______________________________ 

  

The α- Fe2O3 particle size was found 

to be influenced by changing the type 

of chelating agent. It was found 

practically that the thermal stability of 

iron carboxylic acids complexes has 

strong effect on the particle size of the 

resulted α-Fe2O3. The citric acid-

assisted sample recorded the largest 

particle size which can be related to 

the higher ability of citric acid. 
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5 

 

 

 

 

 

 

 

 

6  

 

 

 

 

 

7 

Pawar et al. [158]   

 

 

 

 

 

 

 

 

Zhang et al. [159] 

 

 

 

 

 

Boumaza et al. [160]  

Fe (NO3)3 .9H2O), Nitric 

acid, water, 550C, 4 hr 

 

 

 

 

 

_____________________ 

 

 

 

Fe (NO3)3 .9H2O), Nitric 

acid,water, 423-800 k ,  

2hr 

 

 

 

______________________ 

 
 

 

Fe(NO3)3.9H2O,  

ethylene glycol as solvent, 

80 C,2hr 

The phase and crystallite size 

illustrations at different calcination 

temperatures. At 450 ̊C the phase was 

α and γ Fe2O3 with size 28.9 nm. 

While, at 550 ̊C the phase was only α- 

Fe2O3 with size 19.9 nm, At 650 ̊C the 

phase also α- Fe2O3 with size 25.3 nm 

and specific surface area 98.9 m2/g. 

The200 mg of the catalyst sample 

showed high photoactivity at 100 ppm 

dye concentration in alkaline medium 

atpH10.  

 

_______________________________ 

 

At annealing temperature (423k) all 

the reflection of iron oxide, 

corresponding to γ space group and 

lattice, and many aggregated particles 

of spherical shape with size of about 

10 nm. When annealing temperature 

increases up to 523k, another phase of 

iron oxide emerges, corresponding to 

α space group and lattice. At 623k, γ 

and α phase coexist in the investigated 

system. Further increasing 

temperature Fe2O3 structure changes 

from γ to α phase. 

 

_____________________________ 

 

The XRD analysis at different 

temperature shows that pure hematite 

phase was obtained beyond 500 ̊C 

with a particle size around 27 nm. The 

optical transitions between 2.04 and 

2.17 eV that make α-Fe2O3 attractive 

for the solar energy conversion. Also, 

the diffuse reflectance gives 

respectively direct and indirect optical 

transitions at 2.17 and 2.04 eV, in 

agreement with the red color 
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Table 2.7: Several typical synthesis methods for iron oxides by microwave 

 

No Method Authors Experimental Conditions  Major observation  

1 

 

 

 

 

 

 

2 

 

 

 

 

3 

 

 

 

 

 

4 

 

 

 

Microwave  

 

 

 

 

 

 

 

 

 

 

 

 

 

Mohammadi et al. 

[139]  

 

 

 

 

 

 

Liao et al. [161]  

 

 

 

 

Kijima et al. [162] 

 

 

 

 

 

Mondal et al. [163]  

 

 

 

 

Fe (NO3)2.9H2O, Urea, 

540 W, 800 °C for 4 h. 

 

 

 

 

 

 

___________________ 

 

FeCl3‚6H2O, polyethylene 

glycol, and urea.650 W, 

340 ̊C. 

 

 

 

____________________ 

 

 

 

 

Fe (NO3)3.9H2O, water, 

glass flask, 100 ̊C,80 Sec, 

0-1200W 

 

 

 

 

_____________________ 

 

 

 

FeCl3, Urea. Water, PVP. 

80 C̊, 12 hr. 

 

 

 

 

 The crystalline phase of α-Fe2O3 

became more precise with increasing 

calcination temperatures and the 

particle size increased with 

increasing calcination temperatures. 

The increase in the calcinations 

temperature will significantly 

intensify the peaks. At 600 ̊C, 

particles are small and uniform grain 

size around 35 nm, the size increased 

and sintered to around 54nm 

particles after calcinations at 800 °C.  

_____________________________ 

The curve of the amorphous Fe2 O3 

does not reach saturation and no 

hysteresis is found, indicating that 

the as-prepared amorphous Fe2O3 

particles are superparamagnetic. 

Amorphous Fe2O3 consists of small 

particles with 3-5 nm diameter. 

____________________________ 

Primary particles have ellipsoid 

shapes, and the average diameter of 

the primary particles was less than 

10 nm. A rechargeable capacity of 

about 150 mAh/g was obtained, 

which shows that about one Li+ ion 

per Fe2O3 can be reached. Large 

capacity corresponds to that 

calculated by assuming the reduction 

of Fe3+ to Fe0. The α-Fe2O3 

nanoparticles also work as a 

rechargeable electrode material. 

 

______________________________ 

The particle size can be easily 

controlled by changing the precursor 

concentration. At 0.5(mmol) of 

precursor concentration the size of 

the particles is relatively small (20-

30 nm) and some particles aggregate 

together, whereas, at 5(mmol) higher 

precursor concentration, the sizes of 

the nanocrystals increased (200-300 

nm). Average particles of α -Fe2O3 

exhibited excellent stability 

compared with small particles. 
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5 

 

 

 

 

 

 

6 

 

 

 

 

 

7 

 

 

 

 

Khaghani and 

Ghanbari  [164] 

 

 

 

 

 

 

 

 

Aivazoglou et al.[165] 

 

 

 

 

 

 

Maria  et al. [166] 

Fe(NO3)3 9H2O, water, 

ammonia solution, 

(600W), 400ºC for 2h 

 

 

 

 

 

 

_____________________ 

 

 

FeCl2.4H2O, FeCl3.6H2O, 

aqueous ammonia, water, 

90 ̊C, 2.5 min, 400-800 W, 

2450MHz. 

 

 

_____________________ 

   

Solid iron oleate, oleic 

acid, benzyl alcohol, 250 

C. 1 hour. 

 

Nanoparticles α -Fe2O3 with average 

 diameter about 20 nm and various 

morphologies were synthesised as a 

Rhombohedra phase. The XRD 

pattern shows that the experimental 

values are very close to the literature. 

The result showed that only Fe 

treatment is very significant. The 

grain Fe concentration in Nano 

Fe2O3 (F2) was 35.1 mg/kg. 

 

_____________________________ 

 

 

The Nanoparticles are crystallized 

mostly in the magnetite and 

maghemite. It is noticed that 

microwave power and heating time 

are the main parameters controlling 

the size of the nanoparticles, whereas 

ammonia concentration does not 

strongly affected it. The average size 

of particles ranges from 10.3 to 19.2 

nm.  

 

____________________________ 

 

The nanoparticles produced are 

affected by different experimental 

parameters such as the solvent, the 

precursor, and the surfactant on the 

nucleation and growth processes that 

determine particle size and 

uniformity. The magnetic iron oxide 

nanoparticles with sizes between 8 

and 15 nm 
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2.5. Dry or flame- based nanoparticles synthesis 

 

Dry (flame) aerosol technology provides a proven and relatively inexpensive method for 

large-scale production of nanoparticles. A wide variety of nanoparticles can be produced by 

expanding from synthesis of simple oxides to more complex, functional nanoparticles [63]. In 

addition, recently, it has been shown that combustion synthesis has significant advantages 

over the wet chemical processes [57]. Combustion synthesis is the simplest and most 

economic method for nanoparticle production. Flame synthesis usually occurs as a single-step 

process, whereas wet chemical methods take multiple steps. Most importantly, combustion 

synthesis has proven to be an easily scalable process that can achieve high product yields and 

large, continuous production quantity [38]. Flame methods have been recently reviewed and 

extensively presented by Roth [66], Strobel et al. [167] and Memon et al. [168]. Figure 2.14 

shows the comparison of the flame synthesis with the wet-based method. 

 

 

 

Figure 2.14: Comparison of Flame synthesis of nanoparticles with wet method [71]  
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2.6. Fundamental combustion parameters  

 

In the combustion process the key flame characteristics such as flame structure, laminar 

flame, diffusion flames, burning velocity, flame stretch and soot particles are considered 

amongst the most important parameters. The definitions of these factors is described below. 

 

 Laminar Burning velocity: -   The burning velocity (SL) defined as the velocity at 

which unburned gases move through the combustion wave in the direction normal 

to the wave surface. Laminar burning velocities are useful in designing burners, 

predicting explosions and may be relevant to the particle synthesis.  The laminar 

burning velocity is a function of not only the fuel/oxidant ratio but also the 

temperature and pressure of the system and the presence of any diluents in the 

mixture. In Figure 2.15, laminar burning velocity (SL,u) fuel and oxidiser are 

convected upstream at a unburned mixture velocity of Vu and enters normal to the 

flame front. The velocity component of the unburned gas mixture normal to the 

flame front is called the ‘laminar burning velocity (SL,u) and is locally equal to the 

propagation velocity of the flame front as shown below [169] . 

 

              

   

Figure 2.15: Laminar burning velocity [169]] 

  

 Flame structure - The simplest flame is the laminar flame in which the fuel and 

oxidiser are premixed. The structure of the flame can be divided into two zones: 

preheat zone and reaction zone as shown in figure 2.16. The principles charactirstics 

of laminar premixed flame are flame speed (SL), temperature profile through flame 

[170].  
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Figure 2.16: Laminar flame Structure [170]  

  

 Flame front - the small thickness of flame where there is exothermic chemical 

reaction, large temperature increase takes place, pressure remains constant and density 

decreases drastically. The normal velocity component increases through the flame 

front [170]. 

 

 Flame stretch (K) – the flame front is normally stretched due to the curvature and 

flow divergence or the outer velocity field strain. Flame stretch (K) is the quantity 

which measures the flame stretch as the ratio of the change in the flame surface area to 

the area itself (K =
1

A

dA

dt
). Flame stretch can also cause error in the calculation of 

burning velocity. In the case of the bunsen burner technique, the flame stretch is 

negative often times causing a slight increase in burning velocity. Therefore, flame 

stretch can affect the reaction rate and the burning rate [171]. 

 

 Premixed and Diffusion flame - involves the chemical reaction between one chemical 

substance called a fuel, and another chemical which is an oxidizer (or oxidant). 

Different types of flames can result from the way in which the fuel and oxidant are 

mixed in a burner and by their flow rates. Premixed gas flames can arise from fuel gas 

and air being mixed prior to entering the burner, or if they mix after leaving the burner 

they are called diffusion flames [171].  

 

 

http://www.thermopedia.com/content/628/
http://www.thermopedia.com/content/989/#FUEL
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 Flame stability – in domestic and industrial burner, flame stability is achieved by 

attaching the flame to a burner between certain unburned mixture flow velocity limits. 

If the unburned mixture velocity (Uu) is progressively reduced, at which the laminar 

burning velocity (SL,u) exceeds the unburned gas velocity, the flame will become 

unstable and will propagate down the burner tube; this is called the flash-back limit. If 

the unburned mixture velocity increases progressively greater than the laminar burning 

velocity (Uu), then the flame will rise and becomes unstable before blowing-off [172]. 

 

 Flame Lift-off – is an unwanted condition in which the flame and burner become 

separated. In short, too high a pressure at the burner face can cause flame lift-off. 

There is also a problem with a very low gas velocity or a very low flow. Also, the very 

low gas velocity means the flame can be blown around by a draft, and blown away 

with increased gas injection velocity, the flame lift-off length increases approximately 

linearly with the injection velocity and, with sufficiently high gas injection velocity 

the injection velocity has a great influence on the flame riset-off length. Increasing the 

fuel injection pressure leads to increased injection velocity [173]. 

 

 Soot particles - Combustion processes under fuel-rich conditions lead to the formation 

and emission of a wide set of carbon-based by-products. The incomplete combustion 

of hydrocarbon fuels causes the formation of polycyclic aromatic hydrocarbons in the 

gas-phase. Fuel rich combustion is a source of carbonaceous material composed by 

particles whose size, morphology, chemical and structural composition can display a 

considerable variation. The combustion temperature, pressure, the nature and the 

chemical composition of the fuel mixture, the extent of fuel/air premixing are some of 

the main combustion parameters that significantly affect soot formation and 

properties. A common challenge in combustion synthesis is carbon contamination and 

can be reduced by producing nanoparticles in oxygen rich conditions [174]. 
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2.7. Effects of flame synthesis parameters upon properties of nanoparticles 

 

Flame synthesis of nanoparticles is an attractive and most suitable way for producing 

nanoparticles with high purity, and high specific surface. It is cost-effective and has a well-

controlled size distribution and morphology [66,61]. In ideal conditions, properties and 

quality of the synthesised nanoparticles would be directly controlled by selecting appropriate 

flame parameters. These properties including particles size, stoichiometry and morphology 

are of extreme importance as they determine different properties of the nanoparticles [175]. 

The most common parameters that affect the particle morphology, size and phase in flame 

synthesis are (i) flame operating conditions: such as temperature, reactant concentration 

stoichiometry; (ii) precursor: type, medium, concentration and temperature, and (iii) residence 

time: short, medium and long. The flame parameters play a significant role in the flame 

synthesis of particles. These parameters are widely investigated in the literature and reviewed 

in this chapter due to their important role in the formation of the nanoparticles [66]. 

 

 2.7.1. Flame Temperature   

 

Flame temperature plays an important role in the synthesis of nanoparticles and has 

significant influences on the properties of nanoparticles. Therefore, the growth of particles is 

mostly determined by the flame temperature and particle residence time [176]. Typically, in 

the flame aerosol reactors, the initial reactants and their mixing have a significant impact on 

the flame temperature. The structure and properties of the flame in turn have a key impact on 

the size and morphology of flame-synthesised particles [59, 177]. Pratsinis [61] observed that 

high flame temperature is essential as a source for chemical reactions. The process includes 

injecting the precursor materials, liquid or solid, in the burner as a gas. The precursors rapidly 

evaporate due to high flame temperature resulting in vapours that react by forming 

intermediate and product molecules and clusters that quickly grow to nanosize particles by 

coagulation and/or surface reactions. Similarly, Yang et al. [178] reported the effect of 

varying flame temperature on particle size controllability. Figure 2.17 shows temperature 

profiles for different hydrogen flow rates.  For instance, flame temperature was increased 

from about 540 K to 2200 K at 10 cm above the burner in order to increase the flow rate of 

hydrogen from 2 lpm to 7 lpm. The size of magnesium oxide nanoparticles can be controlled 

by varying the flow rate of hydrogen from 2 lpm to 7 lpm.  
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Figure 2.17: Temperature profiles of oxy-hydrogen diffusion flame for different flow 

rates of hydrogen by Yang [178] 

 

In addition, Zhang et al. [75] indicated that an increase in the flow rate of dispersion gas from 

(X1) 11 lpm to (X5) 64 lpm led to increase in the quenching rate and consequent decreases in 

the flame height (see Figure 2.18). Shows the high temperature zone of flame moves closer to 

the nozzle exit when the GLMR increased from 0.64 to 3.8 for X1 and X5, respectively. This 

is a direct result of the increase of supplied oxidant to the reaction zone which intensifies the 

mixing of fuel and oxygen and the reduction of droplet size due to the increase of gas to liquid 

mass ratio (GLMR). The results showed that when the oxygen content of the dispersion gas is 

decreased lead to decrease the peak temperature of the flame and as a results reducing the 

particle size.    
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Figure 2.18: Temperature contours at different flame configurations [75] 

 

Roth [66] pointed to the most important parameters affecting the morphology and crystallinity 

of the nanoparticles including precursor concentration, residence time, and influence of flame 

temperature. He observed that flame temperature has a significant effect on coalescence 

process. The precursor decomposition was increased due to increase in temperature. As a 

result increase in monomer formation rate was followed by high coalescence rate which led to 

the formation of small primary particles. Roth [66] illustrated a comparison of characteristic 

times for monomer formation, with those for particle coalescence and particle agglomeration. 

It was found that the most important parameters for determining the particle morphology are 

the combined influence of flame temperature and residence time along with concentration 

precursor as shown in Figure 2.19. 
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Figure 2.19: Coalescence process and coagulation with their effect by temperature and 

residence time based on precursor Fe (CO)5 by Roth[66] 

 

2.7.2. Effect of precursor concentration and type  

 

The precursor concentration, the flame equivalence ratio ) and the particle residence time in 

the flame have significant effects on the kinetics of the reactions occurring in the gas phase, 

and in tuning the physical processes leading to nanoparticle formation [169,178]. Faccinetto 

et al. [179] investigated the influence of the precursor concentration on the particle size for 

three different flames and various precursor concentrations in the range between 140 ppm and 

200 ppm. It is important to take into account that all the other flame parameters remain 

constant. The results indicated that, with increasing precursor concentration, the size of the 

particles formed also increases, as expected. At the higher concentration of the precursor this 

led to the detection of larger nanoparticles (see Figure 2.20). 
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Figure 2.20:  Influence of the precursor concentration on the nanoparticles count 

median diameter (CMD) [179] 

 

The effects of the flame equivalence ratio ( have been also investigated by Faccinetto at 

different heights, which is called hight above the burner (HAB). The equivalence ratio varied 

between 0.33 and 0.84 during the synthesis of iron oxide nanoparticles as shown in Figure 

2.21.   

 

 
 

Figure 2.21: Influence of the equivalence ratio on the nanoparticles’ mean diameter at 

different height above burner (HAB) [179] 
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The obtained results showed that the maximum value of the particle size is detected at ϕ~ 

0.45. However, above this value the particle size progressively decreases consistently with the 

rising concentration of hydrogen in the flame environment. The higher the concentration of 

hydrogen and the higher the value of the flame temperature, the smaller the size of the 

particles formed. On the other hand, at equivalence ratio less than  ϕ~ 0.4 the smaller size of 

the detected nanoparticles can be attributed to the low temperature flame. The flames 

characterised by ϕ< 0.4 feature the lowest measured temperature. Similarly, Janzen and Roth 

[40] observed that at flow rate [Ar] / ([H2] + [O2]) = 1.36 the specific surface area increases 

with increasing flow rate, whereas at flow rates [Ar]/ ([H2] + [O2]) = 1.04 the value of specific 

surface area is lower as shown in Figure 2.22.  

 

Figure 2.22: Influence of precursor concentrations on specific surface area of iron oxide 

nanoparticles by Jansen [40] 

 

2.7.3. Effect of residence time (tr) 

 

The most important parameters determining particle morphology are the particle residence 

time and the temperature field of the flame [59, 66]. Roth [66] observed a clear increase in the 

particle size ranging from 3 nm to 8 nm along the flame coordinate. Also, they clarified that 

the time evolution of agglomerates synthesised in a diffusion type of industrial flame showed 

the same average size of the primary particles, whereas the number of primaries (m) forming 

an agglomerate increases as shown in Figure 2.23. In addition, Yang et al. [178] confirmed 

that altering flame temperatures and residence time have significant effects on the size of 

magnesium oxide nanoparticles. 
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Figure 2.23: Effect of residence time on particle morphology by Roth [66] 

Janzen et al. [40] measured the influence of residence time on the evolution of particle mass 

as measured by the particle mass spectrometry (PMS) at distance 80mm above the burner. 

The growth of particles in low pressure H2/O2/Ar premixed flames was found about 3.4 to 

6.0nm depending on the axial distance from the burner head (see Figure 2.24).  

 

Figure 2.24: Fe2O3 particle mass and size, influenced by particle residence time [40]  
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2.8. Collecting system  

 

The main methods that have been used for collecting the nanoparticles are (i) Thermophoretic 

sampling, (ii) Glass fibre filter, and (iii) Sample dilution.  A brief description of each method 

and its main characteristics follows below.  

 

2.8.1. Thermophoretic sampling method 

 

Thermophoretic sampling methods have been widely used in the last two decades due to the 

need to directly observe particles generated in flames and internal combustion engines. Arabi 

et al. [180], Cai et al. [181], Dobbins Megaridis [182], Köylü and Faeth [183], Lapuerta et al. 

[184], Lee and Choi [185], Sorensen and Feke [186], Xing et al. [187] and Zachariah et al. 

[188] have pointed out this method in the literature. Generally, there are two kinds of 

thermophoretic sampling technique used for collection of the nanoparticles in flames such as 

thermophoretic sampling techniques which involve simply collecting. It consists of a thin 

plate with a place to carry a grid which is inserted into a flame for a short exposure time and 

then removed. Figure 2.25(a) shows the example from Lee et al. [180] that the TEM grids 

were fixed on top of the substrate.  

                  

        (a)                                                         (b) 

Figure 2.25: (a) A mechanism of ordinary thermophoretic sampling by Lee (b) A 

schematic of thermophoretic technique by Height [189] 
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Height et al. [189] have been also employed a thermophoretic technique by placing it along 

the axis line in the post flame region between the distance (10-75) nm of HAB - see Figure 

2.25(b). The second type is called the localized thermophoretic sampling probe which 

includes a supplementary shield to protect the grid from exposure to particles outside of the 

desired position for collection. Cho and Choi [190] demonstrated a new design of localized 

sampling device which consists of a sampling probe holding a TEM grid and a shield that 

covers the grid (see Figure. 2.26). The shield prevents particles from being deposited onto the 

grid while the sampling probe is inserted into and subtracted from a flame. This technique has 

been shown to be most effective especially for the environments where the particle shape 

changes greatly with system parameters. 

 

 

Figure 2.26: Schematic of a localized sampling device by Cho and Choi [190] 

 

2.8.2. Glass fibre filter method 

 

The second method used for collecting the nanoparticle, the glass fibre filter technique was 

introduced by Wegner and Pratsinis [191] to collect nanoparticles in the diffusion burner. This 

method includes a stainless-steel filter holder with glass fibre filter which is mounted on top 

of the shield, while product particles were collected with the aid of a vacuum. A filter holder 
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with glass fibre filter was connected to the inlet of the baghouse filter for the collection of 

product samples. The Figure 2.27(a) shows an example set-up using glass fibre filteration as 

the sample collection method by Wegner and Pratsinis. Akurati et al., [192] introduced a 

collecting process which is based on borosilicate glass fibre filters placed inside an open-

faced, stainless steel filter holder connected to a vacuum pump. The filter was fixed vertically 

above the tip of the burner as shown in figure 2.27(b). The morphology of metal oxide 

nanoparticles was observed using a transmission electron microscope (TEM) and the sizes 

were measured from the TEM images. In addition, the specific surface area was analyzed by 

BET analysis. The structural characteristics of metal oxide nanoparticles were determined by 

X-ray diffraction (XRD). 

 

 

 

(a)                                                                      (b) 

 

Figure 2.27: Schematic diagram of the experimental set-up by Wegner and Pratsinis (a) 

[192] (b) by Akurati [192] 
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2.8.3. Sample dilution method  

 

A distinctive research has been conducted by combustion application to investigate the best 

way to collect the sample from a flame. The purpose of this research was to present the 

support to the design of bespoke sampling probes [193-195] which were constructed from 

quartz. The Schematic diagrams of the dilution system is shown in figure 2.28. A water-

cooling system is surrounded by sampling tube and the pressure differences are created due to 

the orifice of the sampling tube. In addition, a vacuum pump is used to direct the sampling 

gas through the orifice. The water-cooling system is used for cooling the sampling gas. 

Typically, the sampling tube is fed with a dilution gas like cold nitrogen. 

 

 

Figure 2.28: Schematic diagrams of dilution system from a flame using a quartz 

sampling probe [193] 
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2.9. Synthesis methods 

 

2.9.1. Ferric oxide nanoparticle and formation growth from gas phase method 

 

The flame temperature is considered the source that drives the chemical reactions of the 

precursor vaporisation that results in the formation of the particle nuclei and clusters, which 

further grow to nanoparticles by surface growth and/or coagulation and coalescence. Thus, the 

temperature has a significant influence on the particle formation, inception and growth as well 

as the end properties of size, phase and morphology [66].  The formation process is started by 

injection of the precursor of iron pentacarbonyl into the burner. Firstly, iron oxide monomers 

are formed by gas-phase chemical reactions due to exposing the pentacarbonyl precursor to 

high flame temperatures. Then, monomers are polymerised which leads to homogeneous 

nucleation of primary particles depending on flame temperature and particle flame. At higher 

collection points above the burner and under the same synthesis conditions, the longer 

residence time allowed these primary particles to collide and form like agglomerates 

consisting of primary particles. The collision rate is faster than the coalescence rate that leads 

to the formation of agglomerates rather than larger nanoparticles (see figure 2.29). The higher 

flame temperature leads to a coalescence rate which is faster than the collision rate. On the 

other hand, at short flame residence times, some of the aggregated primary iron oxide 

nanoparticle clusters coalesced to form larger spherical and polygonal nanoparticles. The 

nanoparticles are formed in four distinct stages (Figure 2.29). The first is when the metal 

precursors (iron pentacarbonyl) evaporate in the flame and are combusted. The second is 

nucleation of the particles. These particles coagulate and, depending on the temperature, sinter 

into larger particles or agglomerate, followed by the third stage: growth. Fourth, the particles 

reach equilibrium in their final form. However, in certain dark areas in the image, it is 

observed that some primary particles have come together as a loose group. This is taking 

place because of the precursor vapour still reacting through heterogeneous chemistry to form 

solid primary particles, a process which is called nucleation. Another reason is because the 

precursor vapour has diffused into and sticks to the surfaces of these many particles through 

the process called condensation 
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Figure 2.29: Mechanism of nanoparticle formation and growth in the flame space 

 

2.9.2. Summary of burner configuration  

 

Flame synthesis of ferric oxide nanoparticles has been investigated in the various flame 

configurations of premixed and diffusion flames by Grimm et al. [74], Janzen and Roth [40], 

and Zachariah et al. [62] cited in Kumfer et al. [196]. They successfully applied the flame 

method in the synthesis of Fe2O3 whereas the production of Fe3O4 was limited. However, the 

potential advantage of flame synthesis of nanoparticles is simple access to a wide range and 

variety of metal oxide nanoparticles. In the literature, it has been found that different 

configurations of premixed flames are more dominant over other configurations such as 

diffusion flames. Scientific studies on the ferric oxide nanoparticles synthesis using premixed 

and diffusion flames are summarized in the Table 2.8. 
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Table 2.8: Burner types used in the literature for Fe2O3 synthesis 

 

Flame Burner Type References 

Premixed Premixed [40],  [62],[67],[167],[175],[179], 

[199],[200] 

Diffusion Counter- flow [206]   

Diffusion Co-flow [205], [38] 

Diffusion Diffusion [192],[36],47],[59] 

Laser ablation pulsed laser [207] 

Spray flame Ring shape  

diffusion flame 

[204] 

 

 

2.9.3. Burner configuration reactors  

 

In combustion synthesis, the burner configuration is considered as the one of the important 

factors that influences particle morphology, size and phase. The main types of the burner 

configuration include premixed, diffusion, and inverted. Generally, combustion synthesis can 

be divided into two types of flame – premixed and diffusion flames – and their different 

orientations. In the literature, diffusion flames are most commonly deployed for producing 

nanoparticles from flames. However, the premixed flame gives better control over flame 

configuration and its characteristics, enabling the studies to decouple and study the above 

research challenges associated with flame [38].   

 

2.9.3.1. Premixed flame reactor  

 

In this type of reactor, the oxidant gas and fuel are mixed together at ambient conditions 

before being delivered to the flame zone. As the mixture approaches the flame front, it is 

heated by conduction and radiation. A reaction takes place prior to reaching the flame front. 

Gradually, the mixture is sufficiently heated at the reaction front and the chemical reaction 

takes place Sarkar [197]. However, synthesis of metal oxide nanoparticles by premixed flame 

was found to be limited according to Memon et al. [168]. These previous studies focus on 
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carbon nanotubes whilst the present study is based on metal oxide nanoparticles. Pioneering 

research carried out on nanoparticle synthesis from premixed flame includes Zachariah et al. 

[62]; Janzen et al. [198]; Janzen and Roth [40]; Janzen et al. [67]; Wen et al. [175]; Strobel 

and  Pratisini [167] and  Faccinetto et al. [179]. Diffusion flames have not been used as 

widely for the synthesis of Fe2O3 as Premixed flames. Earlier work on use of premixed flame 

was by Zachariah et al. [62] and Janzen et al. [165]. Zachariah et al. [62] are the most well-

known researchers in this field and they established the capability to produce an iron 

oxide/silica nanocomposite by using a premixed methanol oxygen flame. They synthesised 

the Fe2O3 nanoparticles and studied the phase composition and morphology using XDR and 

TEM techniques for different flame temperature, oxygen mole fraction, particle residence 

time and precursor loading (see Figure 2.30). The nitrogen (N2) was diluted in the flame as 

the reacting environment, where precursor materials were Fe(CO)5 iron pentacarbonyl and 

hexamethyldisiloxane, respectively and added as the magnetic and non-magnetic precursor 

materials and all synthesis parameters under oxygen-rich conditions. 

 

 

 

Figure 2.30:  Schematic of flame reactor [62] 
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Figure 2.30 shows schematically the flame reactor and the particle quenching/collection 

cooling rod. The vapour phase combustion process has been applied as the unique route to 

synthesise extremely fine particles with yield production. The high loading and high 

temperature environment enhance the production of these fine particles and minimizse any 

unwanted carbon contamination in the resulting particles. However, these particles are non-

agglomerated because of quick coalescence at these temperatures. Also, the residence time of 

the flow was less than 5ms and particle production rates of up to 2 g/hr. The results from 

electron microscopy, x-ray diffraction, magnetization data and Mossbauer studies have shown 

that the size of formed composite particles is 5-10 nm containing Fe2O3. A definitive 

determination of the phase as either Fe3O4 or γ-Fe2O3 is difficult, because the iron oxide 

particles show reflection from at least two phases, hematite and maghemite/magnetite, while 

the major hematite is not observed in the composite.  

Similarly, Janzen et al. [198] produced iron oxide (Fe2O3) nanoparticles with sizes in the 

range 7–20 nm by a low-pressure premixed flame reactor. In this route the burner involved 

stabilising H2/O2/Ar flames, the liquid precursor Fe (CO)5 ironpentacarbonyl was premixed 

with Argon and dipped in the flame.; the flame reactor is shown in Figure 2.31. The flames 

were burnt under lean conditions; the ratio of H2/O2 was 1.69 and the molar ratio of Argon to 

hydrogen and oxygen was 1.04 and 1.36, and the pressure was always fixed at pB = 30 mbar. 

The particles of the produced samples consist of both, the γ - and the α- phase of Fe2O3, 

regardless of flame conditions and precursor concentration.  

 

 

 

Figure 2.31: Schematics of the low-pressure flame reactor [198] 
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The XRD result presented showed that the average size of hematite crystallites is estimated to 

be about 25 nm utilising the Scherrer equation, whereas the maghemite crystallites are about 

10 nm. The results showed that average particle sizes are strongly influenced by precursor 

concentration and flame conditions. The addition of iron pentacarbonyl to the premixed 

hydrogen-oxygen flames usually leads to the formation of reddish-brown powders. Similarly, 

Janzen and Roth [40] confirmed the same conditions and used the gas phase route with a low-

pressure Hydrogen/Oxygen/Ar laminar premixed flame to generate iron oxide (Fe2O3) 

nanoparticles as shown in Figure 2.32. In this method the particle mass spectrometry (PMS) 

has been used as an in-situ technique to follow the growth of particle size with respect to the 

distance from the burner. The size of the produced particles ranged from 4 to 2 nm. The 

precursor was Fe (CO) 5 doped with various concentrations from 262 to 2096 ppm in the 

burner. The ratio of Argon to the fuel gases [Ar]/ ([H2] + [O2]) was 1.04 and 1.36, 

respectively and the range of employed pressure was varied from 22.5 to 45mbar.  

 

 

 

                

                                        (a)                                                                   (b) 

 

Figure 2.32: (a) Experimental set-up: low-pressure burner (b) particle mass 

spectrometer (PMS) [40]                                                                                               
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Figure 2.33 shows a TEM micrograph of particles obtained from a H2/O2/Ar flame doped 

with 1572 ppm of Fe (CO) 5. It can be seen that the particles are homogeneously distributed 

over the whole area and exhibit a relatively small size distribution. They are compact, almost 

spherical, and show only a very small degree of agglomeration. 

 

    

 

Figure 2.33: TEM micrograph of in-situ sampled iron oxide nanoparticles (molecular 

beam) [40]  

 

The results obtained by XRD analysis and Mossbauer spectroscopy showed the particle 

produced consisted of γ- Fe2O3 as shown in Figure 2.34. 

 

            

              (a)                                                               (b)                        

Figure 2.34: (a) X-ray diffraction pattern of iron oxide particles (b) specific surface area 

and resulting mean particle size obtained from powder deposited on a cooled surface 

[40] 
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A similar method has been demonstrated by Janzen et al. [67] This method is based on low-

pressure premixed H2/O2/Ar flames to generate ferric oxide γ-Fe2O3 nanoparticles in a silica 

matrix to surround iron oxide nanoparticles. In this method Fe (CO) 5 was used as precursor 

and tetramethylsilane Si (CH3)4 as silicon source for matrix material. The results show that 

the particle diameter sizes with range 3-7 nm exhibit superparamagnetism at room tempreture. 

In addition, the BET- method was used to determine the specific surface area of the collected 

powders (see figure 2.35).  

 

 

 

 

/Ar flame [67]2/O2pressure premixed H-up: low-Figure 2.35: Experimental set 

 

 

The structural characterisation of the nanoparticles was carried out by X-ray diffraction and 

TEM. The particles were prepared under the preparation conditions: cFe (CO)5==1 048 ppm, 

cSi(CH3)4=1 572 ppm, H2/O2 =0.8, Ar/(H2 + O2)= 1.04, x =80 mm, and p =30 mbar. The 

results indicate that no hematite (α-Fe2O3) phase contributions are present in the sample as 

shown in Figure 2.36. 
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Figure 2.36: XRD pattern and TEM images of iron oxide nanoparticles encoated with 

silica by Jansen et al. [67] 

 

The influence of the total initial precursor concentration which includes the sum of the 

tetramethylsilane (TMS) concentration and the Iron pentacarbonyl (IPC) concentration on the 

particle growth process is shown in Figure 2.37(a). The precursor concentration was varied in 

the range of 320 ppm ≤ precursor ≤ 1280 ppm with a TMS/IPC ratio of 1.5. The mean particle 

size increases from 3 nm to about 4.5 nm with as the precursor is increased. The effect of 

pressure on the particle size is shown in Figure 2.37(b) which indicates that the mean particle 

diameter increases from 3.4 nm at 27.5 mbar to about 4.2 nm at 35 mbar. 

 

  
                                     (a)                                                          (b) 

Figure 2.37: Influence of variations in the total precursor concentration (a) and the 

pressure (b) on the mean particle diameter [67] 
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In 2008, Wen et al. [175] followed a similar route to produce catalysts. The formation process 

on the flame structure of catalyst nanoparticles and single walled carbon nanotubes take place 

in a controlled premixed CH4/ O2/Ar and Fe (CO)5 used as precursor. The result indicated two 

classes of nanoparticles, magnetite and maghemtite, with average particle size of 5.9- 12.6 nm 

measured by X-ray diffraction. In addition, the result showed that the flame temperature is a 

very crucial influence on growth of single walled carbon nanotubes. The structure, size and 

shape of catalyst nanoparticles were further characterized on as-produced samples for 

different HABs using XRD, STEM, and TEM. Figure 2.38 shows a series of XRD patterns 

measured for the samples taken from these HABs. Two crystalline phases were identified in 

all samples: elemental iron and Fe2O3 (maghematite). Figure 2.38 shows that the intensity and 

sharpness of elemental iron and Fe2O3 peaks increased with HAB. 

 

 

 

Figure 2.38: XRD patterns of flame- generated samples for different HABs (CH4–O2–Ar 

premixed flames, P = 200 Torr, ϕ= 2.1, with nominal 300 ppm Fe (CO) 5 [175]  

 

In recent experimental studies with premixed flames, the improvements and modification of 

flame reactors have been carried out. For instance, Faccinetto et al. [179] used a flame reactor 

with both particle mass spectroscopy (PMS) and molecular-beam sampling as shown in 

Figure 2.39. The reaction process of synthesis of iron oxide nanoparticles was carried out in 

low pressure hydrogen/oxygen/argon premixed flames. Hydrogen was used as the fuel, while 

argon was introduced as a diluent to influence the flame temperature. The flame was doped 

with iron pentacarbonyl as precursor material diluted in argon in order to produce iron oxide 
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nanoparticles. Then, the precursor mixtures have been added to the flame at different 

concentrations. PMS has been updated according to the previous operating set up and used to 

characterize the size of the nanoparticles. The results showed that the largest particle size 

count median diameter (CMD) reached about 14.9 nm at highest HAB (140 mm) when the 

equivalence ratio () was around 0.45. On the other hand, at the lowest HAB (80 mm) the 

smallest particles (CMD = 3.0 nm) have been observed. Furthermore, the size of the iron 

oxide nanoparticles can be adjusted by changing the residence time in the high-temperature 

zone of the reactor as observed by molecular-beam sampling with PMS as subsequent 

analysis.  

 

 

Figure 2.39: Experimental apparatus of horizontal reactor [179] 

 

This study has investigated the effect of three different flame parameters on the size of the 

flame-synthesised iron oxide nanoparticles. The effect of the precursor concentration on the 

particle size has been verified for three different flames. The precursor concentration was 

varied between 140 ppm and 200 ppm, keeping all the other flame parameters constant. 

Figure 2.40 (a) shows the nanoparticle size as a function of the HAB for different doping 

concentration. The size of the particles formed increases with increasing precursor 

concentrations as expected. The particle median size for doping concentration of 140 ppm and 

150 ppm is very close, while the particles produced with 200 ppm are significantly larger. The 
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second parameter investigated was "Height above the burner " (HAB) The nanoparticle size 

has been measured as a function of the distance between the sampling nozzle and the burner 

head for six different flame-equivalence ratios, three of which are shown in Figure 2.40 (b). It 

is found that the count median diameter (CMD) monotonically increases as a function of 

HAB. The smallest particles (CMD = 3.0 nm) under our flame conditions have been detected 

at the lowest HAB (80 mm), while the largest particles (CMD = 14.9 nm) have been detected 

at the highest HAB (140 mm). The third flame parameter is “Equivalence ratio” (ϕ) where the 

effect of the flame equivalence ratio has been investigated between 0.33 and 0.84 at different 

HABs.  The results are presented in Figure 2.40(c). It can be seen that a maximum value of 

the particle size is detected at ϕ ~ 0.45. Above this value, the particle size progressively 

decreases consistently with the rising concentration of hydrogen in the flame environment. In 

fact, the higher the hydrogen concentration and the higher the flame temperature, the smaller 

the particle size is. On the other hand, below ϕ ~ 0.4, the smaller size of the detected 

nanoparticles can be attributed to the low temperature flame.    

                                                                                                          

               

 

a)                                                                    (b)                          ) 
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c)) 

 

Figure 2.40: a) Influence of the precursor concentration on the nanoparticles' count 

median diameter (CMD). b) influence of the HAB on the nanoparticles mean particle 

diameter. c) influence of the equivalence ratio on the nanoparticles mean diameter [179]  

 

Furthermore, Ifeacho et al. [193] showed that laminar premixed flames are the most preferred 

approach for synthesis of nanomaterials for both industrial and laboratory production of metal 

oxide nanoparticles. The fuel/Oxygen ratio in flame synthesis is the most important 

parameters effect on stoichiometry of the metal oxides. In addition, Mittal et al. [200] 

observed that in a premixed flame, the fuel and oxidizer are mixed completely before ignition. 

Premixed flame synthesis methods exhibited more advantages than diffusion flame methods, 

in terms of availability of a broad range of fuels, continuous and multi staged processing, 

reactive gas profile, flame temperature, equivalence ratio and scalability of stoichiometry of 

reagent gases. Premixed-flame reactors are important in controlling particle properties of the 

product by affecting the temperature and chemistry. The advantage of a premixed-flame 

reactor is more uniform radial temperature profile. The figure 2.41 describes the premixed 

flame reactor. 
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(a)                                          (b) 

 

Figure 2.41: (a) Schematic of premixed flame reactor and (b) burner configuration by 

Nasonova [201] 

Laminar, premixed flames burning with different fuel /oxygen ratios are considered as the 

most efficient for producing metal oxide particles with various stoichiometries. The 

agreement of basic combustion parameters with unique particle properties is essential for the 

synthesis of well-defined materials [66]. 
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Table 2.9: Review list of the combustion synthesis of iron oxide based on premixed flame 

Author 

 

 

Precursor Feeding rate 

Type  Temp Carrier 

gas 

Fuel Oxidizer 

Zachariah et al. [62] 

 

 

mixing 

plenum 

Room Temp Argon 

 

Methane Oxygen 

 

 

Janzen and Roth [198] 

 

 

Vessel = Argon 

 

Hydrogen Oxygen 

Janzen et al. [40] 

 

 

Vessel = Argon 

 

Hydrogen Oxygen 

Janzen et al. [67] 

 

 

Vessel = Argon 

 

 

Hydrogen Oxygen 

Wen et al. [175] Bubbler 6 ± 2 ºC Argon 

 

 

Methane Oxygen 

 

Faccinetto et al.[179] 

Mixing 

vessel 

Room Temp Argon 

 

 

Hydrogen Oxygen 

 

 

2.9.3.2. Spray pyrolysis methods  

 

Spray pyrolysis methods have been used to prepare magnetic iron oxide nanoparticles in the 

form of gamma-Fe2O3 nanoparticles, magnetite (Fe3O4), and wustite (FeO) by controlling the 

Fe oxidation state. The changing of valence state of the applied iron precursor as well as 

varying the fuel to air ratio during combustion plays an important role in the Fe oxidation 

state. Fairly large particles - 50 nm were prepared by Strobel and Pratisini [167] using flame 

spray pyrolysis of Fe (III) and Fe (II) salts, all of which had spherical morphology. This 

technique involved two precursor systems. The pure maghemite particles were formed with 

Fe (III) nitrate as precursor and low equivalence ratio. The result indicated that all materials 

possess supermagnetic behaviour independent of the phase composition and were non-

aggregated. The magnetic properties were investigated by SQUID. In addition, a mixture of 

maghemite and magnetite had a maximum of the saturation magnetization. Veintemillas et al. 

[202] reported the continuous formation of pure γ-Fe2O3 ultrafine particles through a CW 

CO2 laser pyrolysis method. The preparation approach used CO2 laser induced pyrolysis of a 

solution of iron pentacarbonyl in isopropanol. The results obtained from X-ray diffraction 

http://www.sciencedirect.com/science/article/pii/S0167577X97002516
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pattern in Figure 2.42 indicated that particle size is 5 nm obtained using the Scherrer’s 

equation with a productivity rate of 0.05 g/h. All the peaks observed can be assigned to the 

cubic maghemite phase and no extra peaks of iron or other iron oxides were observed. 

Furthermore, the particles exhibit superparamagnetic behavior at room temperature with a 

saturation magnetisation value of 30.5 emu/g. The TEM photograph shows γ-Fe2O3 particles 

and these particles have a rounded morphology and low degree of aggregation. The average 

size obtained by counting 35 particles was 5±2 nm. This size is similar to the grain size 

determined by X-ray diffraction mentioned above. 

 

         

 

Figure 2.42: XRD pattern and TEM image of ultrafine maghemite powder [202] 

 

Recently a new technique of spray flame synthesis has been developed by Li et al. [203] using 

flame-assisted spray co-pyrolysis of Ferric nitrate Fe(NO3)3.9H2O) and tetraethyl orthosilicate 

(TEOS) in an enclosed reactor. This reaction was carried out with a ring shape diffusion 

hydrogen/oxygen flame. However, this method demonstrated successfully a high production 

rate and scalable of double-faced γ-Fe2O3||SiO2 NHs based on high temperature phase 

separation of mixed oxides. Li et al. [203] used continuous flame strategy with an assistance 

of a ring shape diffusion hydrogen/ oxygen flame. This method is appropriate for large scale 

fabrication of spherical double faced γ-Fe2O3llSiO2. The process is shown in Figure 2.43 and 

this route is very promising and functional for other smart applications. 
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Figure 2.43: Schematic of flame synthesis of double-faced γ-Fe2O3||SiO2NHs [203] 

 

 
 

Figure 2.44: XRD pattern of double-faced γ-Fe2O3||SiO2 NHs by Li et al., [203] 

 

The results obtained by XRD in Figure 2.44 indicated that samples well matched γ- Fe2O3 and 

also contain α-Fe2O3. In addition, the TEM image showed that sample diameter ranges from 

20-120 nm with irregular structure. It can be concluded that the enclosed reactor allows 

longer residence time and higher temperature and finally leads to the efficient production of 
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double-faced Fe2O3||SiO2 NHs. It is also noted that the sample contains a trace of α-Fe2O3 in 

view of the peak of (104) plane at 33.3 ̊, which could be attributed to a higher temperature of 

the employed H2/O2 diffusion. 

 

 2.9.3.3. An inverse diffusion flame  

 

An inverse diffusion flame offers a distinctive alternative for the synthesis of nanoparticles of 

transition metal oxides. An inverse diffusion flame is formed by the injection of oxidizer into 

a surrounding flow of fuel shown in Figure 2.45. This flame offers a unique environment for 

nanoparticle formation. The inverse flame configuration has been already employed in the 

synthesis of metal oxide nanoparticles, resulting in significantly different particle crystallinity 

and morphology from those made by classic diffusion flames. Kumfer et al. [196] restated 

that laminar inverse diffusion flame processes can be employed to create reduced iron oxide 

nanoparticles in the form of magnetite.  Hydrocarbon fuels, oxygen, and argon are utilized to 

establish the flame with Iron pentacarbonyl as precursor. This method has many advantages 

related with the unique flame environment that can be implemented by employing the inverse 

flame geometry and oxygen-enhanced combustion. The results found that the flame 

tempreture has significant effect on the crystallite size, saturation magnetization, and Fe (II) 

fraction. 

 

Figure 2.45: A schematic of the burner and particle collection system [196] 
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2.9.3.4. Co- flow diffusion flame 

 

The flame reactor involves three concentric tubes. Through the centre of one tube is an argon 

stream carrying the precursor such as iron pentacarbonyl or titanium tetraisopropoxide (TTIP) 

vapour, while the second and third tubes carry the methane and oxygen respectively. A 

calibrated mass flow meter is used to control the flow rate of gases. The burner, evaporator, 

and all reactant delivery tubes are heated to 75 ̊C and 175 ̊C with precursors. This process is to 

prevent condensation of the precursor vapour. The figure 2.46 shows the co-flow diffusion 

reactor [204].  

 

 

Figure 2.46: Schematic of co-flow diffusion flame reactor [204] 

 

 

Similarly, Buyukhatipoglu and Clyne [38] clarified that both co-flow diffusion and inverse 

diffusion flame configuration can be used to synthesize iron oxide nanoparticles. It was found 

in this approach the possibility to produce nanoparticles in an inverse diffusion flame with 

size range from 6-12 nm whereas, in diffusion flame configuration the nanoparticles are 50-60 

nm. Methane, oxygen, and argon are utilized to establish the flame. The Diffusion Flame 

particles’ morphology, particle size, and elemental composition were analyzed by high-
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resolution TEM (HR-TEM), transmission electron microscopy (TEM), Raman spectroscopy, 

and energy dispersive spectroscopy (EDS). The results obtained indicated that nanoparticles 

are composed of two forms of iron oxide, namely magnetite Fe3O4 and hematite Fe2O3.In 

addition, this study proved that iron oxide nanoparticles can be produced potentially in flame 

synthesis with controlled morphology and chemistry for different applications, including 

biomedical engineering and gas sensor technology. Furthermore, the results showed iron 

oxide nanoparticles of different composition size, and morphology can be controlled and 

created by changing flame temperature, flame configuration, and additive loading. A 

schematic of the combustion synthesis system is shown in Figure 2.47. 

 

 

 

            (a)                                                                                (b)  

             

Figure 2.47: (a) Experimental set-up schematic    (b) Cross-section inverse diffusion [38]  

 

Raman spectroscopy of synthesised nanoparticles indicated that the nanoparticles were again 

a heterogeneous mixture of hematite and magnetite – see Figure 2.48. The TEM images for 

iron oxide nanoparticles for cases 1 and 2 are shown in Figure 2.49. 
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Figure 2.48: Raman spectroscopy showed that nanoparticles synthesised in case 1 were a 

heterogeneous mixture of hematite and magnetite [38] 

 

 

 

Figure 2.49: Iron oxide nanoparticles synthesised in case 1 and case 2 conditions [38] 
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2.9.3.5. Counterflow diffusion flame reactor (CDF) 

 

A counter-flow diffusion (CDF) reactor was used to generate and study the iron oxide 

nanoparticles. The schematic drawing of the CDF reactor is shown in Figure 2.50. The reactor 

consists of two vertical channels of rectangular cross-sections that are positioned opposite 

each other. The rectangular channels have an aspect ratio of about 10, which make one 

horizontal dimension (y-axis, shorter side) negligible, and thus nanoparticles produced can 

evolve only along the z direction. In one of the channels nitrogen plus hydrogen gas mixture 

is flowing out, and on the other side nitrogen plus oxygen is following in. The two streams 

impinging on each other form a stagnation plane with a location defined by the ratio of the 

momentum of the two streams. The amount of the inhibitor in the counterflow flames that 

reaches the flame is dependent on addition of the location inhibitor relative to the stagnation 

plane and locations of the flame. The flame can be stabilised on either the fuel side or oxidiser 

side of the stagnation plane by suitable dilution of the reactant streams. The counter-flow 

burner system involved separation of fuel and oxidizer tubes and there is a nitrogen shroud 

flow from a concentric cylinder around the fuel jet [205-206]. 

 

Figure 2.50: Schematic representation of the CDF reactor [206] 

 

Another technique is introduced by Wang et al. [207] is based on physical gas-phase with 

laser ablation for preparing nanoparticles. This method has become commonly used to 

synthesise high purity and ultra-fine nanoparticles of any structure. This technique is 
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considered as a simple and easy approach for synthesizing simple and complex oxides, 

intermetallic compounds, and nanoparticles of materials.  

The formation process carried out by laser ablation of insert 0.5 mm iron wire by wire –

feeding system through the pipe furnace to the reaction zone. A mixture of N2 and O2 was 

used as a continuous reactive carrier gas during the preparation period. The mechanism of 

work include concentrating of a pulsed laser beam from Nd: YAG by a plano-convex lens to 

the top of the wire. A furnace is used to preheat the wire at maximum temperature of 800 ̊C. 

The wavelength of laser beam (λ) is significant parameter because the optical constant of the 

material depend on wavelength. The result indicated it can obtain high purity iron oxide 

nanoparticles with spherical shape, However, the average diameters of the nanoparticles is 

quite large around 20-50 nm. The mean particles size decreases as the ratio of mixed gas 

pressure and the oxygen increases. The experimental configuration shown in Figure 2.51. 

 

 

 

Figure 2.51:  Experimental configuration with laser ablation [207] 

The X-ray diffraction pattern of the prepared γ-Fe2O3 nanoparticles is shown in Figure 

2.52(a). The results indicated that all prepared powder consists of γ-Fe2O3. The particle sizes 

ranged in diameter from 5nm to 90 nm, and only a very small number of nanoparticles with 

diameters of 50–90 nm were found. The TEM micrograph of the of γ-Fe2O3 nanoparticles 

indicated that the nanoparticles are basically of spherical shape and form a chain-like structure 

due to their magnetism. Also, TEM shows that there are no big differences among the 

morphologies of the of γ-Fe2O3 nanoparticles prepared at various flame conditions as shown 

in Figure 2.52(b).  
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                (a)                                                              (b) 

 

Figure 2.52: XRD of γ-Fe2O3 nanoparticles and TEM micrograph of γ-Fe2O3 [207]  

 

 

2.9.3.6. Diffusion flame reactor 

 

The diffusion flame reactor has attracted special interest for the synthesis of different oxide 

nanoparticles due to its safe approach and flexibility in generating various phase composition 

of particle [61]. The diffusion or non-premixed flame involves the fuel and air not initially 

mixing. The fuel and oxidiser are kept on either side of the reaction zone and moved to the 

reaction zone. The flow behaviour of the non-premixed flame is laminar type in this flame 

configuration, and there is a richness of oxygen at high temperature available for oxidation of 

the metal. It is difficult to control the final oxidation state of the product because of the excess 

oxidant [36]. The diffusion flame reactor is shown in Figure 2.53. 
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Figure 2.53: Diffusion flame reactor by Akurati [192] 

 

In the literature, notable work done on nanoparticle synthesis from diffusion flame was by 

Guo and Kennedy [36]; Jasinski et al., [47]; Wegner and Pratsinis [59]; Guo and Kennedy 

[36] reported production of iron oxide nanoparticles with the experimental system involving a 

diffusion hydrogen – air flame with different concentration of Fe (CO) 5 vapour as precursor 

as shown in Figure 2.54. They used 0.2 lpm flow rate as reactant and iron with 500 ppm of 

precursor decomposing at 200 ºC, then doped in the hydrogen fuel gas so as to provide the 

precursor for iron. The collection system employed a filter at 5mg of sample per hour. The 

experimental conditions of this approach were based on obtaining particle size distribution 

including two modes of size 45 nm and 3-8 nm. Agglomerates appeared and were associated 

with smaller size. The larger size mode, in particular the median particle size, was increased 

with level up to 5 of precursor concentration. On the other hand, the smaller mode (primary 

diameter) did not change. The large size mode contained particles fully crystallized, while 

amorphous particles were found in the smaller size mode. Along the flame axis as the iron 

moves, the concentration of oxygen increases as well as temperature. This method is chosen 

for producing a median particle diameter close to 50 nm which is preferable for health effect 

studies.  
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Figure 2.54: Schematic of experiment set-up for the flame synthesis of iron oxide 

nanoparticles [36] 

Figure 2.55 shows the XRD pattern for the iron oxide particles that were used in the health 

effects study. In Figure 2.36 the XRD result showed that the crystalline phase was γ-Fe2O3. 

The grain size calculated from the XRD data was within about10% of the median particle 

diameter of the large-size mode determined by Scanning Mobility Particle Sizer (SMPS) and 

TEM. 

 

Figure 2.55: XRD result of the iron oxide nanoparticles [36] 
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A new approach was announced by Wegner and Pratsinis [59] for production of nanoparticles 

with well-defined properties. A diffusion flame reactor with methane/Nitrogen/Oxygen has 

been described to generate the nanoparticles. The precursor vapours were loaded with high-

purity argon and added to the fuel stream prior to entering the burner. An evaporator or a 

bubbler has been employed to load the inert gas stream with the precursor. The collection 

system of sample particles was based on a filter with the aid of vacuum pump. Nowadays, gas 

–phase combustion synthesis allows production of some of the cheapest powders and has 

significant potential to deliver tailor made nanoparticles for commercial and new applications. 

In addition, the characteristics of the product particles such as crystallinity, morphology and 

size strongly depend on temperature profile, precursor concentration, and residence time. 

Furthermore, Jasinski et al. [47] produced γ-Fe2O3 nanoparticles from a combustion method. 

In this method Jasinski used iron oxide nanoparticles with size range from 10 to 40 nm which 

were produced in a laminar ethylene – air diffusion flame. The results indicated that the 

capability of the gas–sensing of nanoparticles was strongly affected by flame conditions. The 

TEM study of these particles shows that they are embedded in carbonaceous soot and tend to 

form big clusters as shown in Figure 2.56 (A). Nanoparticles from the low-soot sample are 

referred to here as group B, have much less or no soot around them, and they are either 

completely isolated from each other or form small clusters composed usually of only two 

particles Figure 2.56 (B). However, this method offers significant information related to gas-

sensing properties, normally not accessible with bulk characterization techniques. 

 

 

 

Figure 2.56: TEM micrographs of particles from (A) group A and (B) group B [47] 
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Table 2.10: Summary of the work undertaken by the different authors in the literature 

using different burner types, feeding systems, feeding rates, solvent/carrier gas, and 

types of precursor 

Authors Burner 

Type 

Feeding 

Type 

Feeding Rate Solvent/ 

Carrier 

Gas 

Precursor Nanoparticle 

type 

Zachariah et 

al. [62] 

premixed 

flame  

mixing 

plenum 

    - Argon Fe(CO)5  and  

hexamethyldisil

oxane 

Fe2O3/SiO2 

nanocomposite  

Janzen, et al. 

[198] 

 

 

premixed 

flame 

mixing 

vessel  

 Iron 

Pentacarbonyl 

concentration 

 

524–2096 ppm 

Argon Fe(CO)5 Fe2O3 

Janzen and 

Roth [40] 

 

 

 

Premixed 

Flame 

mixing 

vessel 

Iron 

Pentacarbonyl 

concentration 

262 - 2096 ppm. 

Argon Fe(CO)5 Fe2O3 

Janzen et 

al.[67] 

 

premixed 

flame 

mixing 

vessel 

Si(CH3)= 1 572 

ppm , Fe(CO)5= 

1048 ppm 

Argon Fe(CO)5, 

Si(CH3)4 

γ -Fe2O3/silica 

Jasinski et al. 

[47]  

 

 

 

laminar 

diffusion 

flame 

 

bubbler 

             - Air Fe(CO)5 γ -Fe2O3 

Guo and 

Kennedy [36] 

 

 

diffusion 

flame 

mixing 

vessel 

 flow rate of H2  

0.2 litre min−1, 

Fe(CO)5=0.1 

litre min−1  

Air Fe(CO)5 γ-Fe2O3 

Buyukhatipogl

u and Clyne 

[38] 

 

 

inverse 

diffusion 

flame  

 

bubbler 

 Equivalence 

ratio of 0.28 

Argon Fe(CO)5 Fe2O3 

Faccinetto et 

al. [179] 

 

 

premixed 

laminar 

flame 

mixing 

vessel 

Iron 

Pentacarbonyl 

concentration 

140 - 200 ppm 

Argon Fe(CO)5 Fe2O3 

 

Li et al. [203] 

 

flame-

assisted 

spray 

pyrolysis 

(FASP)  

stainless 

steel pipe 

5mL min_1 Nitrogyn Fe(NO3)3.9H2O

, and (TEOS) 

γ-Fe2O3||SiO2 

 

Wang et al. 

[207]  

laser 

ablation 

feeding 

system  

           - N2 and 

O2 

0.5 mm iron 

wire 

γ-Fe2O3 

 

Poliak et 

al.[208]  

 

premixed 

laminar 

flat flame 

    

bubbler  

IPC 20–920 ppm - Fe(CO)5 Fe2O3 
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2.10. Experimental evaluation of synthesis of iron oxide nanoparticle using a  diffusion 

Burner  

This section presents the preliminary evaluation of diffusion burner for the synthesis of the 

iron oxide nanoparticle. Firstly, description about the diffusion flame space is presented. 

Secondly, experimental conditions to generate the diffusion flame space are presented. 

Thirdly, methodology to collected particles in the inner flame space is presented. Then, the 

results obtained of particles generated in the diffusion flame space is presented. Subsequently, 

a methodology for determining the particle phase purity and morphology of iron oxide 

nanoparticles by using the STEM, EDS and XRD techniques is presented. Finally, the results 

obtained from the diffusion flames of the nanoparticles are stated and discussed. 

 

2.10.1. Description of diffusion flame space for particle synthesis 

 

Iron oxide (Fe2O3) nanoparticles are synthesised in propane (C3H8)/air diffusion flames. 

Propane, nitrogen and air are utilised to establish the flames, with Iron pentacarbonyl Fe 

(CO)5 as the precursor for Fe2O3. The propane is used as the fuel (0.204 lpm), with 4.75 lpm 

of air. The precursor vapour was maintained in a water bath at room temperature of round 

17°C and carried with nitrogen at a fixed loading of 0.20 SLPM. All synthesis conditions 

were conducted under stoichiometric conditions at equivalence ratio 1, and the flame height 

was measured at 180 mm. The synthesised nanoparticles are characterised using scanning 

electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) for elemental 

composition, and x-ray diffraction (XRD). In the inner flame space, the thermophoretic 

sampling substrate was used for collection of nanoparticles from the diffusion flame at the 

heights 40 mm, 80 mm and 160 mm above the burners. The STEM was used for analysing 

sample grids. Figure 2.57 shows a schematic diagram of the diffusion flame (DF) 

configuration 
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Figure 2.57: Schematic diagram of the flame configurations to synthesise iron oxide 

nanoparticles in the diffusion flame  

 

2.10.2. Design and build the diffusion burner  

 

The experimental set-up which was designed and built and commissioned previously by the 

researchers team in the low carbon energy research group is shown in Figure 2.58. The 

development process was based on the premixed flame working principles. The initial design 

of the diffusion flame consists of a burner base, a burner body, and a burner head.  Firstly, a 

new honeycomb mesh was developed with a neck diameter of 40 mm and a height of 40 mm 

that was placed on the top of the burner tube.  This enhanced the mixture process due to 

allowing for more homogeneous mixing of fuel and air as shown in Figure 2.58 (a). The 

improvement included designing a new fuel-air mixing tube with dimension 160 mm length, 

diameter 50 mm and thickness 2 mm. The tube was designed and built in-house using the 

state of art manufacturing facilities within the University of Brighton. The burner was 

constructed from aluminum plate. The burner tube was mounted on the burner plate and 

inserted into the slots of the first circular ring plate as shown in Figure 2.58 (b). The capillary 

tubes (5/64”) were set to pass through the burner base into the diffusion chamber at the 

furthest point, or the same action at the top of the burner head.  
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(a) (b) 

                          

        (c)                                           (d)                                           (e) 

 

(f)                                                (g)                                          (h) 

Figure 2.58: Diffusion burner design (a) honeycomb mesh (b) fuel-air mixing 

tube(c,d) mixing pipe over the conical chamber (e) burner chamber (f) Stable 

diffusion flame (g,h) Flame images 

The arrangement of the new mixing pipe over the conical chamber is shown in Figure 2.58(c) 

and (d). The top view of the burner chamber is shown in Figure 2.58(e). The burner plate  is 
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consists of the inner core which has a fuel injection nozzle, first circular ring  (ϕ 30 mm) of 

holes for injecting air in diffusion flame configuration, and outer ring (ϕ 50 mm), with holes 

for injecting the air for the diffusion flames. In addition, the two small holes on either side of 

the fuel injection nozzle are set for precursor tubes. After the modification, the new burner 

was tested for stable diffusion flame. The modification introduced gave a very stable diffusion 

flame as shown in Figure 2.58(f).  The recorded images of diffusion propane/air flames at 

stoichiometric conditions at constant Fe (CO) 5 concentration. The flame height before 

loading =15 cm, while after loading = 18 cm in shown in Figure 2.56 (g) and (h). 

2.10.3. Characterisation of collected (Fe2O3) nanoparticle 

 

2.10.3.1. Particle characterisation by using X-ray diffraction powder (XRD) 

 

This method of characterisation has been described earlier in the premixed flame, where the 

bulk nanoparticle powder is collected on an aluminum cooled plate at 20 cm above the flame 

plate. To prepare the powder sample for determining the particle phase and crystallinity, the 

same procedures have been followed as described previously. The parameters of the XRD 

generator are set at 40 mA and 40 kV. The XRD patterns of synthesised powder are set at 

equivalent ratio 1.0. Figure 2.59 shows the collecting process on the aluminum cooled plate 

including removing and storing the powder in glassware. Then, the sample is prepared in a 

small aluminum sample holder for the XRD test.  

 

    

 

Figure 2.59: The collecting and preparation process of the Fe2O3 particles collected 
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Figure 2.60 shows the XRD patterns of the standard samples of iron oxide nanoparticles that 

were prepared and tested by X-ray powder Diffraction (XRD) using a Philips PANalytical 

X’Pert X-ray diffractometer. It is important to draw comparisons between the experimental 

data collected by the XRD with the reference patterns in order to determine different phases in 

the sample. 

 

Figure 2.60: XRD pattern of standard iron oxide nanoparticles analysis  

 

Figure 2.61 shows indices of peaks corresponding to the maghemite, hematite and magnetite 

phases. Peaks on the blue line show the maghemite phase in the particles and peaks on the red 

line show the magnetite phase in the particles and peaks on the brown line. It can be seen that 

the XRD plot and reference plots are in good agreement to enhance the confidence in the 

measurements. The maghemite peaks are visible at (35), (43) and (53) while magnetite peaks 

are found at (38) and (48). The weight fraction of each phase was automatically determined 

by the software which was found to be 3%, 64% and 33% respectively for magnetite, 

maghemite and hematite phases. For the diffusion flame configuration, the primary particle 

size as determined by XRD is larger compared with particle size in the premixed flame 

configuration.  
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Figure 2.61: XRD spectrum for Fe2O3   Powder produced at equivalence ratio 1.0 in 

diffusion flame space 
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2.10.3.2. Particle collected by dilution tunnel for characterization on scanning electron 

microscopy (SEM) 

   

The scanning electron microscopy (SEM) images of the collected powder for IONPs are 

commonly used to analyses the morphology of the particle. The characterised sample is 

collected in a dilution tunnel system to be deposited on a 200 mesh copper SEM grid with a 

carbon/Formvar film. The sample collection and preparation for SEM have been demonstrated 

and described in chapter 3. Figure 2.62 shows the bright and dark field images of Fe2O3 

nanoparticles on electron microscopy which was operated at 20.000 KV and with a 

magnification of 250 KX. 

 

 

 

Figure 2.62: STEM images in bright and dark fields of Fe2O3 nanoparticle 

In the dark field image, a large number of single particles can be observed with some 

degree of aggregation. Also, a little of the soot has shown up in the dark image due to the 

high temperature that was generated from the diffusion flame. The images obtained from 

the STEM system were analysed to determine the particle sizes and shapes. The 

methodology of analysing the STEM images to determine the particle sizes and 

morphology is undertaken by using the image analysis software tool ‘Smart Tiff’ as shown 

in Figure 2.63. 
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Figure 2.63: STEM image analysis for standard of Fe2O3 nanoparticle by using smart 

tiff 

Figure 2.63 shows that the particles formed by the diffusion flame configuration are large 

compared to the particles formed in the premixed configuration mainly due to higher 

precursor loading in the diffusion flame configuration. Also, the images show some 

aggregates of primary particles. Most Fe2O3 particles that were synthesised from the diffusion 

flames also give large agglomerates. This was due to the steep temperature gradient which 

exists in the flame-space of diffusion flames. 

 

2.10.3.3. Particle collected by thermophoretic method for characterisation on scanning 

electron microscopy (SEM)     

 

A thermophoretic particle collection method has been used to collect the particles. The 

methodology of particles collection and loading the grids was described in Chapter 3, section 

3.7. In this work, a novel substrate with small central hole was used to capture the iron oxide 

nanoparticles in order to understand the effect of different residence times in the flame which 

affects the nanoparticle formation. The collection process has been carried out in the inner 

flame space over three stages. The collection positions of the substrate were above the burner 
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at heights 40 mm (stage 1), 80 mm (stage 2) and 160 mm (stage 3). Figure 2.64 shows the 

particles collection for each stage of the thermophoretic particle sampling. 

 

      

     

Figure 2.64: Thermophoretic particle sampling for stages 1, 2 and 3 

The procedures of capturing and analysing the particle images with DF and BF detectors on a 

scanning transmission electron microscope (STEM) have been discussed in detail in section 

3.6.1.5. Figure 2.65(a) shows the particle images with DF and BF detectors of Fe2O3 

nanoparticles on STEM for stage 1 (HAB = 4 cm). From the image, at magnification of 20 

KX, a large number of aggregate particles can be seen. However, at greater magnification 100 

KX and 250 KX (Figure 2.65(b)) it can be seen that the aggregates are composed of many 

chain-type structures which could account for the low scattering exponents at shorter length 

scales. 
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(a)                                                                 (b) 

Figure 2.65: Bright and dark fields of the STEM images for stage 1 (40 mm) at 

magnification of 20 KX for ϕ =1.0  

 

Figure 2.66 shows the particle images with bright field detectors of Fe2O3 nanoparticles on 

STEM for stage 2 (HAB=80 mm).  From the image at magnification of 20 KX, a large 

number of single particles with some degree of aggregate particles can be seen. 
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Figure 2.66: Bright and dark fields of the STEM images for stage 2 (HAB=80 mm) at 

magnification of 20 KX  

 

Figure 2.67 shows the particle images with bright field detectors of Fe2O3 nanoparticles on 

STEM for stage 3 (HAB=160 mm). From the image at magnification of 10 KX a large 

number of single particles with a large number of aggregate particles can be seen. At this 

height the aggregates grow into more open structures and the structure is more compact. It can 

be seen from Figure 2.67 that a large number of single particles were formed. This resulted in 

the formation of the large primary particles.  
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Figure 2.67: Bright and dark fields of the STEM images for stage 3(HAB=160 mm) at 

magnification of 10 KX 

 

2.10.3.4. Measurements of analysis of nanoparticles composition using energy-

dispersive X-ray spectroscopy (EDS) 

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique that is normally 

used for the elemental analysis of a sample. In the EDS the same methodology that 

followed previously was applied in current work. In the present work, the sample 

preparation for EDS included the bulk sample of the Formvar/Carbon on 200 mesh Copper 

TEM grid from Agar Scientific. The procedure of prepared Fe2O3 standard sample 

solutions for EDS analysis was undertaken as described in chapter 3.  
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A Carl Zeiss ΣIGMA Series of STEM system has been used to analyse the nanoparticles. An 

image consisting of the Fe2O3 nanoparticles has been collected for EDS analysis as shown in 

Figure 2.68. The sum spectrum map shows that the elements detected were C, O, Cu, Al, Fe, 

and Si. Two points have been identified for the comparison of the elemental analysis. Figure 

2.69 shows the spectrum at points 5 and 6, respectively. The elements of C, O, Cu, Fe, Al and 

Si have been detected in spectrum 5, and C, O, Cu and Al have been detected in spectrum 6. 

  

 

 

Figure 2.68: The sample image collected for EDS analysis and its spectrum 
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Figure 2.69: The sample image collected for EDS analysis and spectrum of points 5 

and 6 
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In the present study, the following elements Al, C, Cu, O, and Si can be seen in the 

background noise. The reason for this is due to the fact that the STEM grid holder was made 

of aluminum and used for collecting the nanoparticle. The elements’ scattered maps (Figure 

2.70) can also prove that the nanoparticles collected in this grid are F2O3 nanoparticles. 

 

 
 

 
 

 
Figure 2.70: Elements  scattered maps of the sample image 
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2.11. Summary 

 

The following conclusion can be made from the above discussion: 

1. A nmber of different wet method and dry method techniques have been used to synthesize 

iron oxide nanoparticles with their own merits and demerits. Wet methods provide more 

controlled pathways to functional iron oxide synthesis but have the disadvantages of being 

very complex methods which are very difficult to scale up for any industrial level production 

of functional iron oxide nanoparticles.  

 

2. A  range of diffusion flame-based techniques (Co-flow, counter-flow, inverse flame) have 

been employed with varying experimental conditions to synthesize iron oxide nanoparticles. It 

is therefore difficult to compare and conclude which diffusion flame configurations are better 

and which conditions are suitable for functional iron oxide particle synthesis. Both counter 

flame and co-flame diffusion burners have been used to synthesize iron oxide nanoparticles 

giving a broad range of particle sizes and morphologies. This shows that it is difficult to have 

flame space from diffusion flames for controlled synthesis of functional nanoparticles. 

 

3. Iron oxide particles synthesized from the diffusion flames also give large agglomerates. 

This was due to the steep temperature gradient which exists in the flame-space of diffusion 

flames. Pure single functional particles are therefore difficult to synthesize from diffusion 

flames. However, diffusion flames are most suitable to scale-up used in the industrial 

production of titanium oxide nanoparticles. 

 

4. Premixed flames have shown potential for synthesizing functional iron oxide nanoparticles 

with single phase purity as they provide more control on the flame space conditions and other 

influencing factors. However, not many detailed studies have been undertaken in the literature 

to exploit premixed flame space for functional iron oxide synthesis. Therefore, it is difficult to 

draw clear conclusions for establishing it as an alternative to diffusion flame 

technology.  Therefore, more detailed systematic experimental studies are needed to establish 

this technology for iron oxide particle synthesis in the functional nanoparticle range of less 

than 50nm size, pure phase and well defined spherical particle morphology. 
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5. Experimental methodology to synthesise iron oxide nanoparticles using diffusion flame 

configuration has been undertaken and established. New burner design with some 

improvements and modifications on flame space has been successfully employed to 

synthesise functional iron oxide nanoparticles. The experimental characterisation for SEM has 

been undertaken in the inner flame-space of the diffusion flame at three stages of flame height 

and particles collection using a dilution tunnel method. Most Fe2O3 particles synthesised from 

the diffusion flames have large agglomerates due to the steep temperature gradient which 

exists in the flame-space of diffusion flames. The experiments on phase purity indicate that 

maximum maghemite phase was 64%, hematite was 33% and magnetite was 3%. The results 

also showed more hematite content compared to the magnetite content of the particles. Thus, 

the phase purity of diffusion flame based ferric oxide nanoparticles is not very high. Thus, it 

can be concluded that the diffusion flame burner are not suitable for the synthesis of 

functional ferric oxide nanoparticle.  
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Chapter 3 

Development of Phenomenological Growth Model of Iron Oxide Nanoparticle in the 

Premixed Flame  

3.1. Introduction  

 

This chapter presents a phenomenological growth model of the iron oxide nanoparticle in the 

premixed flame through experimental measurements, observations and analysis. First, the 

experimental methodologies for the production and collection of ferric oxide nanoparticles 

using premixed flame, and for characterising the size, morphology and structure of the 

nanoparticles are presented. Second, a brief description of the operation of the combustion 

test-rig and the flame synthesis parameters affecting of nanoparticles are presented. Third, a 

description flame synthesis configuration and steps of experimental procedures are discussed. 

Fourth, the methodology selected to collect particles from the different locations of the flame 

space by the dilution tunnel method is described. Subsequently, a methodology for 

determining the particle size and morphology of iron oxide nanoparticles by using the STEM 

and XRD techniques is presented. Preliminary results obtained from the premixed flames of 

the nanoparticles are stated and discussed.  Finally, a new model of the iron oxide 

nanoparticle growth model in the premixed flame zones is developed and presented.  

 

3.2. Description of the operation of the combustion test-rig 

 

In order to establish the experimental methodology as a route map for flame synthesis, a 

series of experiments have been undertaken for generating and collecting the Fe2O3 

nanoparticles first. The technique has been used based on a premixed flame system which has 

been designed by Low Carbon Energy Research group laboratory at the University of 

Brighton. In this work, a premixed flame doped with Titanium tetraisopropoxide (TTIP) and 

iron pentacarbonyl Fe(CO)5 (Sigma –Aldrich, 98% purity), used as  precursor material  was 

done to establish that the system is producing TiO2 as done before  in the Ph.D. work by Mr.  

Xing Lu of the Low Carbon Energy research group at University of Brighton.  

The flame system for the synthesis of the nanoparticles basically includes three main 

subsystems such as a reactant feed system, a premix burner, and a collection system. The 

principal work of the experimental system for the synthesis of the nanoparticles is based on 
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the operation and management of these precursor loading systems, air and diluents, fuel or 

shield gas management system for flames, dilution tunnel, plate and thermophoretic systems 

for particle collection, and extraction system. The experimental set-up is shown in Figure 

3.1(a). The schematics diagram of the developed combustion-based nanoparticle synthesis 

systems is shown in Figure 3.1(b). The specification of the rig is shown in Table 3.1 

 

 

 

a)) 

 

Dilution tunnel 

Extractor Fan 

 

Burner 

 

Vacuum Pump 

 

Propane 

 

Grid holder 

 

Flow meters 
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 (b) 

 

Figure 3.1: Schematic diagram of the combustion-based nanoparticle synthesis system 

(a) description of experimental set-up of flame based nanoparticle synthesis (b).  
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Table 3.1: Specification of rig based flame system  

Component name Function Specifications 
Uncertainty /Precision 

/Repeatability  

Burner System 

(burner base, body, 

head)  

Generation flame  
Tube L=160 mm,  

Dia. =50 mm 

2mm clearance between 

fixed base and lid 

Feeding System 

(bubbler) 

Feed the precursor, 

reactants  to the 

burner 

Tube Dia.= 6.5 mm 

 

- 

Collection System 

(Dilution   tunnel) 

Collection the 

nanoparticle for 

SEM 

Tunnel Dia.=75 mm 

Tunnel length =350 mm 

 

- 

Thermophoretic 

system 

 

Collection the 

nanoparticle in 

inner flame space 

(Johnson Electric) 

A unipolar stepper motor  

with step angel 18̊, 6Volt 

sweep time 50 m/s, at 1 

min 

Cooled plate  

 

 

collection powder 

particle for XRD 

An aluminum 

(200x200)mm 

-  

Prop tube 

Supplying the 

particle sample via 

flame 

Tube Dia.=2 mm 
-  

Track system 

Adjust the position 

of the dilution 

tunnel at any 

position above the 

flame 

Slide track (L=550 mm 

Bars width =70 mm 

 

- 

Flowmeters 

 

Measuring the 

nitrogen flow 

Cole-Parmer 

Flow rate (100- 10000 

ml/min) 

Accuracy  ± (0.8R 0.2 FS) 

Repeatability  ±0.2% 

Thermocouple 
Measuring the 

temp. 

K-type 

Meas.Range (-99.9 ~ 

999.9)°Resolution (0.1°C) 

Accuracy  ± (0.1% reading 

+ 0.7°C) 

 

 

The starting system involves switching on the extraction system which is placed at the top of 

the system and also switching on the vacuum pump. The combustion system generates the 

exhaust which has to be removed by the extraction system, while the streamline flow of air at 

a fixed dilution rate can be through the dilution tunnel by the vacuum pump. The dilution 
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ratio inside the tunnel can be adjusted through the control valve (V1), whereas the flow rates 

of nitrogen gas (lpm) are controlled by a valve (V5) to go through the flow meter (F5). In 

addition, valve (V3) allows the flow rate oxidiser as air for the premixed flame through the 

flow meter (F3) as represented in the second circular section of the burner. Moreover, valve 

(V2) allows the flow rate of fuel as propane through the flow meter (F2) which then passes to 

the inner core of the burner. Furthermore, valve (V4) adjusts the flow rate of nitrogen through 

the flow meter (F4). It can be concluded that flow meters are used to control the combustion 

gases by feeding the burner to create the combustion flame. Premixed flames doped with iron 

pentacarbonyl Fe (CO) 5 as liquid precursor is loaded into a carrier gas (nitrogen) which is 

controlled by valve (V4) that allows flow with a constant rate of gas through the tube 

connected to the inlet of the bubbler. The precursor is transferred into the burner by carrier 

gas with the assistance of a heated transfer line until it reaches two fine precursor injections 

placed in the middle of the burner. The outer tube of the burner is fed with nitrogen through a 

valve (V5) and F5 to protect the flame from the air outside the burner. The nanoparticles 

produced can be collected by the grid holder which is connected to the dilution tunnel. A 

strict protocol was followed to produce the iron oxide nanoparticles.  

 

3.2.1. Bubbler and feed system 

 

The main types of precursor feeding are Nebulisers/Evaporator, Syringe pump and Bubblers 

that have been reviewed in Chapter 2. Nebulisers use compressed air or ultrasonic power in 

order to break up the suspension and solutions into small aerosol droplets, while the syringe 

pump is described as a small syringe drive in which the precursor liquid is injected through 

the capillary tube to the burner chamber.  The gas bubbler has been most commonly used in 

the laboratory for the synthesis of nanoparticles. The glass bulb is used to fill the precursor 

liquid; the inlet tube is connected to a carrier gas source and the outlet is connected to the 

burner. In this experiment, the bubbler system was used as the precursor feeding system as 

shown in Figure 3.2(a). Iron pentacarbonyl (IPC) was used as the metal organic liquid 

precursor for synthesising Fe2O3 nanoparticles. The liquid precursor is placed in a glass 

bubbler that is connected to the delivery lines. The precursor solution (IPC) is forced to the 

burner by a carrier gas (nitrogen) through a 1/4″stainless steel tube and controlled by a gas 

flow meter. The outlet of the bubbler was connected to the burner via a 1/4″and two 5/64″ 

stainless steel tubes with 1/4″to a 5/64″tube-to-tube adapter. The capillary tubes  5/64″
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passed through the burner base into the premixing chamber with a movable design to allow 

for moving up and down according to the distance to the top of the burner head. These 

technical specifications and tubes dimensions were used in the system design. The bubbler 

was placed into a hot water container to preheat the precursor solution; and the outlet pipes 

can also be preheated if necessary by using insulating tape as shown in Figure 3.2(b). The 

nanoparticles produced were collected by the dilution tunnel as shown in Figure 3.2(c). 

 

 

 

  

 

 

 

 

 

 

(a)  
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(b) 

 Figure 3.2 :( a) bubbler (b) precursor heating line 

 

3.2.2. Burner system   

 

The experimental set-up which was designed, built and commissioned previously by the 

researchers team in the low carbon energy research group is shown in Figure 3.3. The flame 

system is composed of a premix burner, a reactant feed system, extraction system, collection 

system, precursor loading systems, air and diluents, fuel or shield gas management system for 

flames, dilution tunnel, and plate and thermophoretic systems for particle collection. The initial 

stage of this protocol is the mixing of laminar propane/oxygen flames to generate iron oxide 

nanoparticle is shown in Figure 3.3(a). A conical mixing chamber was designed and 

developed by another Ph.D. student Mr. Xing Lu in the Low Carbon Energy Research group 

at University of Brighton. It is used for increasing the mixing of precursor with the air-fuel 
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mixture. Figure 3.3(b) shows the picture of the mixing chamber used in the present study. 

Fuel stability was achieved using the conical chamber as shown in Figure 3.3(c). 

 

 

 

 

 

                                                                 (a) 
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(b)                                                                  

 

 
 

  

 (c) 

 

Figure 3.3: (a) Schematic diagram of burner system (b) conical mixing chamber based 

on the premixed flame placed over the burner plate (c) stability of premixed flame 

developed over the modified conical mixing chamber 
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3.2.3. Collecting system 

  

The main methods that have been used in the literature review in Chapter 2 for collecting the 

nanoparticles included (i) Thermophoretic sampling (ii) Glass fibre filter and (iii) the Sample 

dilution method. In the present work, a compactor in a series of plates include four stages 

from (A-D) made from aluminum was used to collect the nanoparticles. With each stage 

collecting finer particles than the previous stage. At final stage, there is a fine filter to collect 

any remaining particulate matter. The compactor is connected by a plastic tube with a dilution 

tunnel which is designed as an essential part of the rig. In addition, a water cooled plate is 

used for collection the nanoparticle. 

 

3.2.3.1. Particle dilution tunnel  

 

A dilution tunnel is considered an essential component for the measurements of particle 

morphology. The previous study has shown that the choice of the dilution tunnel conditions 

has a significant influence on morphology and particle number distribution due to its effects 

on the particle formation such as coagulation and condensation [209-210]. Andersson et al. 

[211] demonstrated that the particle size measurement is strongly affected by any slight 

change in the dilution tunnel conditions. To avoid such problems, a new dilution tunnel 

designed and built in the low carbon energy research group was integrated with the systems. 

The dimensions of the dilution tunnel are: internal diameter of 76 mm and length of 350 mm. 

The inlet orifice of the dilution tunnel is 1.6 mm. The dilution tunnel also includes a dilution 

sample probe which is normally placed at the top of the flame for collecting the exhaust from 

the nanoparticles.  The arrangement of the dilution tunnel, sample probe, inlet and outlet port 

is shown in Figure 3.4. 

 

 

Figure 3.4: Schematic diagram of dilution tunnel system integrated with the impactor 
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The above dilution tunnel was manufactured in-house through the conventional Centre Lathe 

and Computer Numerical Control (CNC) machines as to achieve precise control over its 

tolerance, high quality and accuracy. 

 

3.2.3.2. Water-cooled plate particle collection system  
 

The collection plate was built in-house using state of the art manufacturing facilities within 

the University of Brighton. Building the cooled-plate technique consists of two main parts – a 

thicker bottom piece and a thinner plate on top that satisfies best thermal contact. The 

dimensions of these plates are 220 x 220 mm. The thicker aluminum plate at a thickness of 2 

mm was machined out with two holes for the cooling water to enter and then exit through 6.5 

mm diameter of copper tube, then cycled back to a temperature-controlled water bath. The 

thinner plate is also of aluminum and of the same dimension. The aluminum plate with 

thickness 1 mm placed on the top is securely fastened down by four (4) screws located at the 

corners. The water bath temperature was set at 20°C (accuracy ± 0.5°C).   The copper tube 

was placed on steel round pipe to form a coil shape as shown in Figure 3.5. The nanoparticle 

samples can be collected by placing the cooled p-plate at 10 cm above the burner.  The inlet 

and outlet of the cooled-plate were connected through the plastic tube and the valve was 

connected to the water pump. 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Water-cooled plate collection system 
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3.3. Method of mixture preparation for nanoparticle synthesis from the flame test rig.  

 

In order to establish the experimental methodology as a route map for flame synthesis, a 

premixed flame doped with iron pentacarbonyl Fe (CO) 5 (Sigma –Aldrich, 98% purity), was 

used as precursor material. Propane (C3H8) is used as fuel with varying equivalence ratio. The 

fuel-air equivalence ratio (ϕ) plays a vital role in the combustion process and is defined as the 

ratio of fuel-air to the stoichiometric fuel-air. The following equation was used to calculate 

this value. 

 

ϕ =
Actual (

fuel

𝑎𝑖𝑟
) ratio

Stoichiometric (
fuel

𝑎𝑖𝑟
) ratio

            (4.1) 

 

Fuel-air equivalence ratio enables different flame conditions: lean flame when the ratio is less 

than one (ϕ <1) i.e. extra amount of oxygen in the mixture, rich flame when the ratio is 

greater than one (ϕ >1) i.e. extra amount of fuel in the mixture, and ϕ =1 means that the 

actual air supplied to complete combustion of the fuel is stoichiometric. Premixed laminar 

propane/oxygen flames were used to produce iron oxide nanoparticles. The flame was doped 

with iron pentacarbonyl as precursor material diluted in Nitroygen and added at different 

concentrations to the flame. In the experiment, all parameters were set at constant except one 

that will be varied by changing the flow rate. The equivalence ratio (ϕ) varied between 0.8 

and 1.6 according to the oxidation state. The fuel used for synthesis of nanoparticles was 

propane (C3H8). To determine the fuel-oxidiser ratio for propane, oxygen, and nitrogen 

mixture it is essential to consider the combustion reaction of propane, which is: 

 

𝐶3𝐻8 + 5𝑂2 +  5 × 3.76 𝑁2   →  3 𝐶𝑂2 +4 𝐻2𝑂 + 18.8 𝑁2            (4.2) 

 

According to the equation 4.2 above one volume of propane required five volumes of oxygen 

and 18.8 volumes of nitrogen to complete the reaction. Thus, stoichiometric air-fuel ratio 

(volume) is: 

 

    
𝐴𝑖𝑟𝑠𝑡𝑜𝑖𝑐

𝐹𝑢𝑒𝑙𝑠𝑡𝑜𝑖𝑐
     AFR =

5+18.8

1
= 23.8. 
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Thus, stoichiometric  (fuel-air) ratio is 1/ 23.8= 0.04202. To determine the actual fuel-air 

ratio at 4,  ϕ = 0.8  

 0.8 =
Actual ( 

𝑓𝑢𝑒𝑙

air
) ratio

1/23.8
 

Actual (
𝑓𝑢𝑒𝑙

air
) ratio = 0.8 × 0.04202 = 0.0336 

 

The same calculations can be applied with different equivalence ratio  ϕ (0.9- 1.5) as shown 

in Table 3.2.  

When setting up actual air supply at 4 lpm, (F/A) act * actual air =actual fuel 

0.0336*4=0.1344.  

The calculations of actual flow rates of air at different equivalence ratios for 0.2 lpm of fuel 

are presented in Appendix ii. 

 

Actual fuel

Actual air 
= (

𝐹

𝐴
)𝑎𝑐𝑡.        

0.2

Actual air 
= 0.0336        𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑖𝑟 =

0.2

0.0336
=5.94 

 

The calculations of actual flow rates of fuel at different equivalence ratios for 4 lpm of air and 

actual flow rates of air at different equivalence ratios for 0.2 lpm of fuel are shown in 

Appendix i and ii. 

Table 3.2:  Actual flow rates of fuel at different equivalence ratios for 4 lpm of Air 

 

ϕ F/A)act ) Actual Fuel (lpm) 

0.8 0.0336 0.1344 

0.9 0.0378 0.1512 

1 0.0420 0.0420 

1.1 0.0462 0.1848 

1.2 0.0504 0.2016 

1.3 0.0546 0.2185 

1.4 0.0588 0.2353 

1.5 0.0630 0.2521 
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3.4. Preliminary results of synthesis of Fe2O3 nanoparticle   

The preliminary experiments were undertaken with the aim to synthesise and demonstrate that 

the premixed system can actually synthesise the Fe2O3 nanoparticles. The experimental 

parameters that are used in the experiment to run the flame system for generating the 

premixed flame-space are shown in Table 3.3. The premixed flame space developed is used to 

generate Fe2O3 nanoparticles and the particles generated are collected directly on the STEM 

grid using the dilution tunnel method. At the different sections of the grid, the Fe2O3 

nanoparticles are collected and analysed in the scanning electron microscope (STEM). The 

particle images of the different sections of the grid were then saved and analysed using the 

post-processing software for the particle sizes. 

 

Table 3.3: The parameter used for the synthesis of Fe2O3 nanoparticles 

 

Flame Space Premixed 

Precursor Fe(CO)5 

Precursor flow rate 0.10 lpm 

Fuel/flow rate Propane / 0.2 lpm 

Precursor temperature 18 ˚C 

Equivalence ratio 0.9 - 1.6 

Oxidiser/flow rate Air/ 4.76 lpm 

Collection method Dilution tunnel (SEM) 

Cooled Plate(XRD) 

Particle collection height 14 cm 

 

The bubbler was filled with precursor solution (Iron pentacarbonyl) which was placed into a 

water container at room temperature setting (18 ˚C). An aluminum cooled plate was used for 

collecting a large number of iron oxide nanoparticles for XRD characterisation which is called 

the direct plate method. The collection process involves placing an aluminum plate above the 

burner at different heights. The collected nanoparticles can then be used for analysing their 

size and morphologies. Figure 3.6 shows the arrangement of the aluminum cooled plate for 

bulk particle deposition. 
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(a) normal Plate                              (b) cooling plate 

 

Figure 3.6: Synthesis nanoparticles Fe2O3and particles collection on a normal plate 

(a), cooling plate (b)  

 

Figure 3.7 shows the particles collected on the aluminum plate that proves successful 

collection of produced bulk Fe2O3 particles from the premixed flame synthesis method. The 

collected nanoparticles on the aluminum cooled plate with dimensions are 220 x 220 mm 

were carefully removed and stored in glassware as shown in Figure 3.8. 

 

               

particles collected on plate 3O2(a)  Blank Aluminum cooled plate                 (b) Fe        

Figure 3.7: Collection of iron oxide nanoparticles on the aluminum plate 
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Figure 3.8: Sample of bulk iron oxide particles collected 

 

3.5. Measurements of nanoparticle phase using XRD technique  

 

X-Ray power diffraction method was used in the present work to determine the nanoparticle 

crystalline structure. X-ray Power Diffraction Method (XRD) has now become one of the 

most widely-used techniques and can be engaged to study the structure and microstructure of 

crystalline solids. It is also considered as a routine method engaged by solid-state chemists 

and mineralogists. XRD was used extensively by researchers such as Memon et al. [168]. 

Figure 3.9(a) shows the incidence and reflection of the X-ray on the plane with their angle.  

The main components of the XRD instrument include a sample holder, X-ray tube, and an X-

ray detector. The mechanism process of XRD is based on X-rays that are generated by the X-

ray tube to produce electrons which are located on the left as the source. The sample is placed 

in the middle and the electrons as diffracted rays fall on the detector on the right. The X-ray 

tube rotates clockwise by angle θ whereas the detector rotated by angle 2θ. The clockwise 

rotation for the X-ray tube allows for the X-ray beam to focus on the sample. The number of 

X-rays observed at each angle can be recorded by moving the X-ray detector around the 

sample.  The 2θ plot can be obtained where there are peaks corresponding to diffraction from 

the different planes in the polycrystalline material - see Figure 3.9(b). The sample preparation 

for iron oxide nanoparticles for the X-ray diffraction test as shown in Figure 3.10.   
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(a) 

     
(b) 

Figure 3.9: A schematic of X-Ray diffraction beam (a) [212] principles of work X-ray 

powder diffraction (b) [213] 

 

 

Figure 3.10: preparation samples for XRD measurements 
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Figure 3.11: XRD pattern of standard Fe2O3 nanoparticles analysis 

Figure 3.11 shows the XRD pattern phase of standard samples of the Fe2O3 nanoparticles 

prepared and tested by X-ray Powder Diffraction (XRD) using a Philips PANalytical X’Pert 

X-ray diffractometer.  The working conditions for the XRD generator were: 2θ scanning 

between 5̊ and 70̊ with 40 mA and 40 kV. It can be seen from the figure 3.11 the product 

particles consist of both the maghemite and magnetite phases of Fe2O3. The XRD results show 

that the prepared iron oxide nanoparticles and the peaks seen at 2θ=30.168, 35.467̊, 43.167̊, 

57.168̊, and 63.634̊ which correspond to 220, 311, 400, 511 and 440 Miller indices, 

respectively. In order to establish the experimental methodology for the generation of the 

flames, repeatability and reproducibility of the experiments were undertaken. Three different 

tests were undertaken at the fixed equivalent ratio of 1.0 at a constant fuel and air flow rates 

of 0.2 lpm and 4.75 lpm respectively.  The XRD pattern and phase structures of Fe2O3 

collected on normal plate is shown in Figure 3.12. It can be seen from the Figure 3.32. That 

XRD patterns for three tests show very similar pattern with very little variation.  
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Figure 3.12: XRD pattern of iron oxide nanoparticles analysis collected on a normal 

plate  

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60

Counts

0

1000

2000

 Iron oxide E 1.0 at Normal plate V1

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60

Counts

0

1000

2000

 Iron oxide E 1.0 at Normal plate V2

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60

Counts

0

1000

2000

 Iron oxide E 1.0 at Normal plate V3



120 
 

Figure 3.12 shows the XRD patterns of the synthesised Fe2O3 nanoparticles powder at 

equivalent ratio 1.0, the indices of peaks corresponding to the hematite and magnetite 

phases. Peaks in the blue line in Figure 3.12 shows the hematite phase in the particles and 

peaks in the red line shows the magnetite phase in the particles. In the Figure 3.12, each 

peak observed by the XRD pattern has been matched with the reference patterns to 

calibrate the process and to have confidence in the measurements. The XRD results show 

that the prepared iron oxide nanoparticles and the peaks seen at 2θ=30.269̊, 35.637̊, 43.335,̊ 

57.339̊, and 62.986 ̊which correspond to 220, 311, 400, 511 and 440 Miller indices. Thus, 

the XRD plot and reference plots are in good agreement. The sample of the iron oxide 

nanoparticles used in the measurements has both hematite and magnetite phases present, 

the mass fraction of each phase was found to be 67.0% and 33.0% respectively for hemitie 

magnetite. Also, the repeatability and reproducibility of the experiments were undertaken 

by three different tests at the fixed equivalent ratio of 1.0 at a constant fuel and air flow 

rates of 0.2 lpm and 4.75 lpm respectively.  The XRD pattern and phase structures of Fe2O3 

collected on the cooling plate is shown in Figure 3.13. 
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Figure 3.13: XRD pattern of iron oxide nanoparticles analysis collected on a cooling 

plate  

 

Figure 3.13 shows at ϕ = 1.0, both the peaks representing the both hemitite and magnetite 

phases. The XRD peak intensities for iron oxide nanoparticles collected on a cooling plate 

were similar to the XRD pattern on a normal plate. Hemitite peak at 2θ = 30.191 and 

magnetite peak at 2θ = 35.588. Figure shows the weight fraction of the hemitite and 

magnetite phase. The Fe2O3 nanopowders contain 65% of hematite phase particles and 

35% magnetite phase particles have been detected. Figure 3.14 shows the combined XRD 

spectrum for Fe2O3 nanoparticles collected at normal and cooled plate. 
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powder produced at different precursor loading  3O2XRD graphics of Fe Figure 3.14

rates 

 

3.6. Measurements of nanoparticle morphology and size using STEM/TEM techniques 

 

A scanning transmission electron microscope (STEM) has been used to analyse the TEM 

grids. STEM is a fundamental tool and has significant importance for the characterisation of 

nanostructures with the ability to provide information on the nanoscale structure and 

elemental composition. It is also equipped with a range of various imaging modes. The 

principle work of STEM is the same principle as the normal scanning electron microscopy 

(SEM). The sample is scanned by focusing a beam of electrons while some desired signal is 

collected to form an image [214-215]. In the work undertaken, the main steps have been 

followed to analyse the morphology and nanoparticles size using STEM such as (i) samples 

preparation for STEM system, (ii) loading the grids on the STEM, and (iii) capturing and 

analysing the particle images in the dark and bright fields. 
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3.6.1. Methodology used to analyse the samples on STEM 

 

3.6.1.1. Samples preparation for STEM from dilution Tunnel 

 

This step involves particles collection that was undertaken directly on the STEM grid by 

using a particles collection system. The process is carried out by connecting the impactor to 

the end dilution tunnel which holds the STEM grids. Next, the STEM grids were mounted on 

impactor plate in a series of plates include two stage from (C-D) to sit parallel to the slit to 

capture the nanoparticles from the burner. The STEM grids are made up of a Formvar carbon 

film on Copper (Agar scientific) substrate placed on a copper mesh 3 mm outer diameter with 

a sample area of 2.5 mm. The impaction surface of the impactor has two pieces of double side 

tape to install the STEM grids and to protect them from damage. It is important to align the 

STEM grids with the slit very carefully. Thus, the two tape lines must be scored by using a 

height gauge scribe. Then, the tape with thickness 0.275 mm was placed with forceps and a 

microscope as shown in Figure 3.15. Finally, the holder plate was screwed to the main holder 

which was then connected to the end of the dilution tunnel as shown in Figure 3.16.  

 

      

               

                      (a)                                                               (b)                               

 

 

Figure 3.15 (a) STEM grid on impactor plate (b) STEM copper formvar grid 

 

The principle of collection of the nanoparticles was based on injecting or feeding a dilution 

gas which is usually nitrogen into the sampling tube. The outlet port is connected to the 

vacuum pump. A water cooling system was used, which surrounded the tunnel; it has an 
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internal sampling tube which has an orifice for creating a pressure difference.  The sample 

probe was placed horizontally above the burner, and the orifice faced downward to the 

exhaust gas from the premixed/diffusion burner. The sampling gas passes through the 

orifice which is connected by a vacuum pump and cooled by the water-cooling system.  

The main steps followed for loading STEM grids on the impactor are shown in Figure 3.16.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: loading steps of the impactor plate with the STEM grid 

3.6.1.2. Loading the grids on the STEM holder 
 

This process is carried out by placing the prepared sample on the STEM holder which 

includes a 12-grid capacity as shown in Figure 3.17. Great care had to be taken when 

mounting the grids on the holder to avoid any damage to these grids due to their very delicate 

structure. The STEM holder involves a slot-type screwdriver and tweezers to fix the samples. 

Then, the sample holder is slid onto the dovetail of the STEM stage. 
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Figure 3.17: loading steps of the Grid on the STEM 

 

3.6.1.3. Bulk powder sample STEM analysis  

 

In the present work, the analysis of the bulk sample of the Formvar/Carbon on 200 mesh 

Copper TEM grid from (Agar Scientific) has been used for STEM analysis in the experiment. 

The sample preparation was adopted by many studies such as Liao et al. [216], who dispersed 

the nanoparticles in ethanol followed by ultrasonic vibration for 30 min and placed a drop of 

the dispersion onto a copper grid coated with a layer of amorphous carbon. Fouda et al. [217] 

prepared the samples by suspending the powder in distilled water using the ultrasonic water 

bath. The suspension was centrifuged to collimate the large size particles. Then, a drop of the 

suspension was put into the carbon grid and left to dry. Ruiz [206] used 0.001 g of the 

particles which were collected from the filter and suspended in 1-propanol alcohol. Then, a 

droplet of the suspension was placed on a TEM grid and left to dry.  In the present work, the 

sample solution was prepared by weighing 2 mg of iron oxide nanoparticles that have been 

collected in a premixed flame system. Then, after adding 10 ml from ethanol to the powder, 

the solution mixture was stirred for 5 min in the small ultrasound bath. Next, 5 ml of mixture 

solution were taken and diluted to 25 ml using deionized water (DI) while stirring it for 5 min. 

A few drops from the resultant solution were dropped on to the grid and left to dry. 
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3.6.1.4. Operation of the STEM system 

 

The setting up of STEM takes place after the grids have been loaded on to the sample holder, 

then slid onto the dovetail of the SEM stage. The chamber door was closed to allow for 

creating the vacuum (Figure 3.18).  The STEM detector is employed to adjust the position in 

the X, Y and Z directions by a telescopic arm.  The gun EHT (High Voltage) is run and set up 

at 20 Kv by clicking on the Gun tab on the right side of the SEM screen as shown in Figure 

3.18. Consequently, the ETH signal was turned on and the aperture was set at 30.00 μm – 

Standard. Then, signal A at camera window was set to SE 2. 

 

 

 

           

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18:  Methodology of the STEM image capturing and analysis 
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3.6.1.5. Capturing and analysing the particle images with DF and BF detectors 

 

The camera signals are set up by clicking on view command to set the crosshairs for placing a 

cross on the screen.  The buttons on the machine are used to adjust the magnification, 

brightness, focus and contrast. Then, the X-Y axis button is used to move the small hole to the 

middle of the crosshairs (Figure 3.18). HADAF or Z contrast can be applied on STEM mode; 

this can be obtained when performing STEM "Bright Field" or "Dark Field" images. This 

process is based on which electrons are selected to form the image. In this mode, no apertures 

were used; just the detector was used to discriminate between electrons regarding their 

deviation angle. The dark and bright field images of Fe2O3 nanoparticles were taken by 

electron microscopy which was operated at 20.000 KV and with magnification at 250.000KX.  

These are shown in Figures 3.19 and 3.20. 
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Figure 3.19: STEM images in bright and dark fields of the Fe2O3 nanoparticles at 250 

KX 

 

 
 

 



129 
 

 
 

 

Figure 3.20: SEM images in bright and dark fields of the standard Fe2O3 for 𝛟 =1.0  

 

Then, the images obtained from the SEM system were analysed to determine the particle 

size and shapes. The methodology used to analyse the SEM images to determine the 

particle sizes and morphology was undertaken by using the image analysis software tool 

‘Smart Tiff’ as shown in Figure 3.21. 
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Figure 3.21: SEM image analysis for standard anatase phase of the Fe2O3 

nanoparticles by using smart tiff 

 

Figure 3.21 shows the dark field of the standard anatase phase of the Fe2O3 nanoparticle 

STEM image at 250 KX magnification. The measurement process is conducted by 

selecting the particle size tool, after which a contour was drawn around the particle shape. 

The size measurements are taken from two nanoparticles; the measurement of the first 

nanoparticle size was around 7 nm and the second one was 12 nm and aggregated particle 

is 18 nm long. The area selected presents different nanoparticle shapes, such as spherical, 

hexagonal and round rectangular. 
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3.7. Thermophoretic sampling of nanoparticles from inner space    

 

The thermophoretic sampling method is a direct sampling approach that is widely-used by 

various research communities to provide quantitative particle/aggregate size and morphology 

information. The thermophoretic sampling method, as its name implies, relies on the 

thermophoresis effect to drive the deposition of particulates from a high temperature 

environment, such as a flame, onto a cold substrate that is inserted into the medium [185, 57]. 

The mechanism of particle formation inside the inner flame space need to highly understand 

due to their  significant help in developing  and establishing the gas phase synthesis method 

for nanoparticles from the premixed flames. Thermophoretic sampling techniques have been 

widely utilized to directly observe particles generated in flames and internal combustion 

engine. However, collecting particle for analysis from the inner space of the premixed flame 

is highly challenging. In general, there are two types of thermophoretic sampling techniques: 

(i) ordinary thermophoretic sampling, which collects particles along the sampling path, and 

(ii) localized thermophoretic sampling, which collects particles at a position of interest inside 

or in the smoke region of the flame [185].  

 

 Residence time in premixed flame 
 

Residence time is a measure of how much time the matter spends in it. The time spend in the 

inner and outer flame space at time of collection. Typically, there are two strategies can be 

applied to determine the effects of the particle residence time on its characteristics of the 

nanoparticle which are: By varying the height of the particle collection position in the 

premixed flame space at the fixed flame and precursor conditions, and  By varying the fuel-air 

flow rate condition at the same equivalence ratio [ 66].  

 

3.7.1. Inner flame zone sampling   

 

Particle collection from the inner zone was very challenging. The strategy for collection, 

based on flame space position within inside and outside flame zones A and B, is shown in 

figure 3.22. The inner flame space A is essential for studying the particles' inception, 

formation, and growth, which takes place in a very small duration, which requires 

thermophoretic sampling techniques. Since the temperature in flame space (A) is very high, it 

is difficult to collect the particles directly on the grid as the high temperature can cause 
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damage to the extremely light STEM grid. Therefore, a new thermophoretic particle 

collection technique directly on the grid developed at low carbon energy research at 

University of Brighton was adopted in the present work.  

 

 

 

 

Figure 3.22. Particle synthesis within the flame space developed by premixed flames 

 

The thermophoretic sampling method consists of the mains part: stepper motor (Johnson 

Electric) which is controlled by a stepper motor driver card (Greenwich Instruments Ltd.), 2A 

unipolar stepper motor driver (Johnson Electric) using 6 V battery package to control the 

stepper motor, new substrate with a small central hole for holding the STEM gird and 

capturing nanoparticles, and grid holder cap to lock the grid in the holder. The unipolar 

stepper motor with step angle 18̊ is to move the thermophoretic collection arm (or 

thermocouple holding rod). The collection process is undertaken by moving the arm of the 



133 
 

thermophoretic collection on the flame-space zone A. Then, with a defined angle the arm 

moves at the exact position on the horizontal and vertical position within the flame space for a 

millisecond of time. The capture process of the nanoparticle is undertaken by using a new 

substrate placed on the end of the thermocouple holding rod with a small central hole to hold 

the STEM grid as shown in Figure 3.23.  

 

  

  

 

 

 

 

 

 

 

 

 

Figure 3.23: Loading of grid on a specialized holder 

 

The mechanism of collection of particles by the thermophoretic collection system is based on 

rotating the stepper motor to enable the substrate to sweep across the flame flow zone as 

shown in Figure 3.24. For particle collection, the sweep time was usually under 1s 

approximately 50ms the substrate swept across the flame zone at least 10 times in order to 

obtain enough numbers of sample particles to measure the size and morphologies. Figure 3.24 

shows the diagram of rotating the step motor and collector substrate across the flame zone. 
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(a) (b) 

 

               

  

                                (c)                                                                         (d) 

 

Figure 3.24. Description of the rotating of step motor at the different positions of the 

thermophoretic particle collection (a) arm and motor assembly (b) arm and motor 

assembly motion (c) collection of particle from inner flame zones (d) collection of 

particle at different heights   
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3.7.2. Loading the grids on the STEM holder 

The same procedures have been followed in section 3.6.1.2 on the iron oxide nanoparticle to 

analyse the prepared sample grids on STEM. The next step was capturing and analysing the 

particle images with DF and BF detectors on a scanning transmission electron microscope 

(STEM). These procedures have been discussed in detail in the Fe2O3 synthesis. The 

experimental parameters carried out to synthesise the iron oxide nanoparticle in the laminar 

premixed flames space at equivalent ratio (φ) = 1.0, and fuel and air were maintained at 0.2 

ppm and 4.76 lpm, respectively. 

 

3.7.3. TEM Analysis of iron oxide nanoparticles 

 

Transmission electron microscopy (TEM) is a microscopy technique that is used for material 

imaging and elemental composition analysis. The principle of analysis is based on the 

interaction of an electron beam which is transmitted through an ultra-thin specimen. An image 

is formed from the interaction of these transmitted electrons through the specimen. The 

samples were prepared from the iron oxide powder for the Transmission Electron Microscope 

(TEM).   

It should be taken into account that sample preparation for TEM analysis is critical because 

the samples must be extremely thin to allow for the electron beam to completely penetrate the 

sample.  A small amount of bulk powder of iron oxide (2 mg) was introduced in 50 ml of 1-

propanol, then the mixture was stirred and sonicated for 10 min on an ultrasonic bath to avoid 

forming agglomerations of particles. A few drops of this suspension placed on a 3 mm 

diameter carbon-coated copper grid (300 mesh with Formvar/Carbon film (Agar Scientific) 

were used for transmission electron microscope measurements. Samples were dried at room 

temperature with the tissue paper and the grid left for 30 to 45 min to air dry as shown in 

figure 3.25. 
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Figure 3.25: Prepared Fe2O3 standard sample solutions for TEM 

 

The particles morphology was examined by transmission electron microscopy (TEM). The 

analysis involved setting the microscope in a particular mode such as selected area electron 

diffraction (SAED). The TEM and SAED analyses were used to determine the crystal-

structure of the iron oxide NPs. In the experiment, the TEM analysis was undertaken at 

different equivalence ratio φ (0.9, 1, and 1.2). In the fuels, the stoichiometric condition is       

φ=1.0. The particle micrographs are mostly in hexagonal shape of the iron oxide 

nanoparticles in the range 2 –100 nm as shown in Figure 3.26.  

   

Figure 3.26: TEM image of Fe2O3 nanoparticles at stoichiometric condition  
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3.8.   Iron oxide nanoparticle growth in the premixed flame zones 

 

This section presents the growth model of the iron oxide nanoparticle in the premixed flame 

synthesis. Firstly, a description of the premixed flame space is presented. Secondly, 

experimental conditions to generate the premixed flame space are presented. Thirdly, the 

methodology to collect particles in the inner flame space is undertaken. Fourthly, the 

methodology to collect the particle samples from the outer flame zones is presented. Then, the 

results of the characteristics of particle inception and growth in the inner flame space of the 

premixed flames is presented. Next, the characteristics of particles growth in the outer flame 

zone is presented. Finally, a new model of the iron oxide nanoparticle growth model in the 

premixed flame zones is presented.  

 

3.8.1. Description of premixed flame space for particle synthesis 

 

Understanding the growth model of the iron oxide nanoparticle in the premixed flame 

synthesis is very important. To achieve this understanding, firstly, a description of the 

premixed flame space is needed. Secondly, experimental conditions to generate the premixed 

flame space are needed to be defined. Thirdly, the methodology to collect particles in the 

inner flame space is needed. Fourthly, the methodology to collect the particle samples from 

the outer flame zones is needed. Then, the characteristics of particle inception and growth in 

the inner flame space of the premixed flames is to be understood and presented. Next, the 

characteristics of particles growth in the outer flame zone is to be understood. Finally, a new 

model of the iron oxide nanoparticle growth model in the premixed flame zones can be 

developed and presented.  

Flame space in this study is defined as the temperature and flow field region above the burner 

geometry in which nanoparticle formation and growth takes place.  The flame space can vary 

with different flame configurations and therefore can present a different set of temperature 

and flow fields, which are mainly due to the number of flame factors such as flame stretch, 

flame stabilization, reaction chemistry and burner geometry and flame length. Figure 3.27 

shows the pictorial description of the simplified laminar premixed flame-space description for 

the ideal stationary premixed flame with inner and outer flame space domain. This simplified 

version of laminar premixed flame space was considered to present the analysis and develop a 

basic particle growth model in the present study. This is because laminar premixed flame is 

considered as an ideal flame used to determine a key fundamental property called laminar 
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burning velocity in which flame stoichiometric conditions i.e. temperature field and unburned 

gas uniform flow i.e. flow field can be precisely controlled. Particle growth analysis in the 

outer flame region is relatively simple but particle analysis in the inner flame zones is highly 

challenging.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27: Description of flame-space (inner and outer) domain for particle formation  

 

3.8.2. Experimental conditions used for premixed flame synthesis of ferric oxide 

 

The synthesis of Fe2O3 nanoparticles in the outer flame space is based on a stable laminar 

premixed flame-space. Detailed description of the experimental set-up used to develop the 

premixed flame is presented in section 3.4. Conditions used to synthesise ferric oxide 

nanoparticles in the premixed flame is described in this section. Firstly, the premixed flame 

space was established over the burner plate by delivering the premixed mixture of unburned 

gas with the different range of premixed mixtures of propane (C3H8) with air, as shown in 

Table 3.4. This was used to generate premixed flame space at a range of different equivalence 

Outer Flame-Space 

 

Inner Flame-Space 

 Flame front 

 

Burner Geometry  
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ratios (φ). Iron pentacarbonyl (Fe (CO) 5, Fisher Scientific, 98%) liquid precursor mixed with 

air entered the inner precursor injection tube of the burner configuration. Then, the mixture 

was injected inside the inner premixed flame-space. To isolate the effects of stoichiometric 

conditions, total air used in the precursor load and propane-air mixture was added to 

determine the overall equivalence ratio of the premixed flame front – see Table 3.4. The flame 

sample collection from the outer flame space was undertaken by the methods described in 

section 3.6.1.1. Analysis of the collected particles for their size and morphology was 

undertaken by the STEM imaging method using the post-processing STEM-image software 

also described in section 3.6.1.5 Also, phase analysis was undertaken by XRD and EDS 

methods, again described in section 3.5. 

 

Table 3.4: Stoichiometric condition used in premixed flame system  

  

 

Equivalence ratio 

(φ) 

Nitrogen  

(lpm) 

Propane 

(C3H6) 

(lpm) 

Air  

(lpm) 

Overall  

(lpm) 

0.9 0.10 0.2 5.28 5.58 

1.0 0.10 0.2 4.75 5.05 

1.1 0.10 0.2 4.32 4.62 

1.2 0.10 0.2 3.96 4.26 

1.3 0.10 0.2 3.66 3.96 

1.4 0.10 0.2 3.40 3.70 

1.5 0.10 0.2 3.17 3.47 

1.6 0.10 0.2 2.96 3.26 

 

Figure 3.28 shows the premixed flame generated with and without iron pentacarbonyl and 

precursor loading. Figure 3.29 shows the recorded images of propane/air flames with different 

stoichiometric conditions at constant concentration of Fe (CO) 5.  
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(a) 

 

              

      (b) 

Figure 3.28. Premixed flame space propane/oxygen flat flame: (a) in the absence of 

loading precursor (b) in the presence of precursor  

flame 

zone 

flame 

eZon 
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Figure 3.29: Premixed flame images of propane/air flames 

 

3.8.2.1. Outer flame zone sampling  

 

Experiments were undertaken to determine the particle formation and growth in the premixed 

flame space at a particular stoichiometric condition. The experimental conditions were 

conducted at the equivalence ratio of 1.0, constant precursor gas flow rate of 0.10 lmp, and 

0.2 lpm flow rate of propane with 4.75 lpm flow rate of air, giving the overall flow rate of 

5.05 lpm. Particles were collected in the outer flame space at 14 cm, 16 cm, 18cm, 20 cm, 22 

cm and 24 cm above the burner, as shown in Figure 3.30. The temperature in the outer flame 

zone (See figure 3.31) was measured by a K-type thermocouple and the average reading was 

taken after 1 min. The temperature measurements were undertaken at different heights above 

the burner (HAB) – at 10, 20, 30, and 40 cm to establish the temperature field as shown in 

Figure 3.31.  
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Figure 3.30: Flame-space (inner and outer) domain for particle formation adjacent to 

the flame front  

 

 
 

 

Figure 3.31: Shows the measured temperature profiles of premixed flames outer flame-

space at (𝛟 =0.9-1.6)  
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3.8.2.3. Particle residence time  

 

Residence time is a measure of how much time the matter spends in it. The time spend in the 

inner and outer flame space at time of collection. Particle residence time at different 

equivalence ratios and temperatures was calculated at different flame heights above the 

burner. The repeatability and reproducibility of the experiments were undertaken. The 3 tests 

were in the same equivalent ratio (ϕ = 0.9), the fuel and air were maintained at 0.2 lpm and 

4.75 lpm respectively. Figure 3.32 shows the results of the variation of the residence time 

with the temperature. It can be seen from the Figure 3.32. that the residence time profiles 

obtained from the three different tests show very similar pattern with very little variation. The 

calculation of residence time in equivalence ration (0.9 and 1.2) is demonstrated in Table 3.5. 

Figure 3.32 shows the relationship between the particle residence time and the temperature.  

 

 

 

Figure 3.32: Temperature variation with residence time above the burner 
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Each 1 litre/min=16.67 cm3/sec, =5.67*16.67=94.51 cm3/ sec 

T= 𝜋𝑟2 ∗ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

Diameter of tube=1.6 cm,  = 𝜋(
1.6

2
)2 ∗ 36 𝑐𝑚=72.3 cm3 

Time (T) = 
72.3 cm3 

94.51 cm3/sec
 = 0.76 Sec 

 

Table 3.5: Residence time analysis at 𝛟 =0.9 and 1.2, where precursor flow rate is at 0.1 

lpm  

ϕ 
Fuel 

(lpm) 

Air 

(lpm) 

Flame H 

(cm) 

Collection H 

(cm) 

Residence 

time (sec) 

Temp. (℃) 

T. Max/ T.Min 

0.9 0.208 5.37 12 24 0.76   105.2/77.9 

0.9 0.210 5.36 12.4 22 0.73   120.1/88 

0.9 0.208 5.36 12.2 20 0.68   137.3/ 104.3 

0.9 0.210 5.36 12.5 18 0.64   181.5/132.6 

0.9 0.209 5.36 12.2 16 0.59   218.7/141.7 

0.9 0.209 5.37 12 14 0.55   245.3/188.7 

1.2 0.206 3.96 12 24 1.01   91.4/72.6 

1.2 0.206 3.99 12 22 0.96   117/93.7 

1.2 0.206 3.96 12 20 0.90   139.7/97.8 

1.2 0.206 4.00 12.5 18 0.85   152.3/ 125.1 

1.2 0.206 4.00 12.2 16 0.78   196.5/148 

1.2 0.205 4.00 12.5 14 0.74   254.8/174 
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3.8.3. Particle formation in the inner flame space of a premixed flame  

 

Sampling of the inner flame zones and its analysis on SEM captured the inception of particles 

within the vapourising precursor droplets. The liquid droplets of the precursor were found to 

be vapourising to form vapour clouds, and inside the vapourising clouds the inception of 

particles takes place.  Figure 3.33-3.35 show the formation of small precursor vapour and 

particle formation inside the small and large droplets at different heights above the burner 

inside the inner flame zones. Figure 3.36 shows that at the higher inner flame height of 10 cm 

above the burner, the primary particle formation has completed, and the number of the 

primary particles formed has increased.  

  

 

 

Figure 3.33: Formation of large and small precursor droplets inside the inner flame 

space of a premixed flame at 6cm above the burner for φ = 1.0, precursor loading (P) 

=0.07 
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Figure 3.34: Formation of large and small precursor droplets inside the inner flame 

space of a premixed flame at 8 cm above the burner for φ = 1.0, precursor loading (P) 

=0.07 

 

Figure 3.35:  Formation of large and small precursor droplets inside the inner flame 

space of a premixed flame at 10 cm above the burner for φ = 1.0, precursor loading (P) 

=0.07 
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Figure 3.36: Formation of large and small aggregate and single particles inside the inner 

flame space of a premixed flame at 12 cm above the burner for φ = 1.0, precursor 

loading (P) =0.07 

 

Figure 3.37-3.39 show a clearer image of the particle inception within the precursor 

vapourising clouds at different precursor loading.  It can be seen from figure 3.37 that 

fundamental particle inception is taking place inside the inner flame zone within the 

vapourizing droplet. However, with the increase in the precursor loading, morphology of the 

particle inception was found to change from single particle to aggregates of single particles to 

rod like structures (discussed in more detail in Chapter 4).  
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Figure 3.37: Formation of large and small precursor droplets inside the inner flame 

space of a premixed flame at 6 cm above the burner for precursor loading (P) =0.12. 

 

 

Figure 3.38: Formation of large and small precursor droplets inside the inner flame 

space of a premixed flame at 6 cm above the burner for precursor loading (P) =0.15 
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Figure 3.39: Formation of large and small precursor droplets inside the inner flame 

space of a premixed flame at 8 cm above the burner for φ = 1.0, precursor loading (P) 

=0.15 

 

With the increasing vertical height above the burner, the increase in the temperature takes 

place because the particles move near the flame front. Therefore, particle inception in the 

precursor vapour clouds is completed with the vapour cloud disappearing completely and the 

particle growth phase begins.  After the end of the particle inception phase, particle growth 

inside the inner flame when the particle moves up in the vertical direction can take place in a 

number of ways ( Figure 3.40- 3.41) : 

 Primary particles formed moves up as single primary particle 

 

 

 

               

 Single primary particles join with each other to forms weak aggreagates. 
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Figure 3.40: Formation of large and small chains of aggregate and single particles in the 

inner flame space of a premixed flame at 8 cm above the burner for precursor loading 

(P)=0.12 

 

Figure 3.41: Formation of large and small precursor droplets inside the inner flame 

space of a premixed flame at 10 cm above the burner for precursor loading (P) =0.12 
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3.8.4. Particle formation in the outer flame space of a premixed flame  

 

Figure 3.42 shows STEM pictures from thermophoretic sampling at 14 cm HAB along the 

flame centreline. At this height, it can be observed that a large number of spherical primary 

particles have been created with some degree of aggregation and partial agglomeration. At a 

magnification of 100 x it can be observed that a large number of particles of different shapes 

and sizes exist. Figure 3.42 shows a broader distribution of particle sizes just above the flame 

front. It shows that a large number of primary particles exist along with the particles of small 

sizes (less than 50 nm) and large size agglomerates of sizes (greater than 100 nm). This 

demonstrates that the particle growth process that begins inside the inner flame space 

continues in the outer flame zone as well.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.42: STEM Image of 100 X magnification of the Fe2O3 particles collected above 

the premixed flame 

 

To analyse the particle size distribution more precisely, Figure 5.20 shows particles’ images 

with increased magnification factors at 250 x and 500 x. In the magnified images it can be 

observed that the particles are of different types. 

 Primary particles of less than 10 nm  

 Large coalesced particles of size larger than 10 nm.    
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 Agglomerates of coalesced particles of size greater than 50 nm 

 Aggregation of small particles around large coalesced particles  

 Agglomerated aggregates leading to large particles 

 

Figure 3.43 and 3.45 shows that with the increasing height or residence time that as the 

particles move up the vertical direction in the outer flame space, particle morphologies 

changes. It was found that primary particles continue to exist even at a height of 24 cm above 

the burner even thought their numbers seem to decrease. 

 

 

 

Figure 3.43: STEM Images of 250 X and 500 X magnification of the Fe2O3 particles 

collected above the premixed flame 
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Figure 3.44: Particle growth 14 cm above the burner in a premixed zone at two different 

locations on the STEM grid 
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Figure 3.45:  Particle growth 16 cm above the burner in a premixed zone at 500 X 
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It can be seen from the Figure 3.43 and 3.45 that simultaneous independent phenomena are 

taking place leading to particle growth and changing particle morphologies. The particle 

growth model in the outer flame space can be following simultaneous pathways: 

 Small primary particles coalesced to form large hexagonal coalesced particles. 

 

                              

 

 At low burner height where flame temperature is very high, coalesced particles attract 

a number of primary particle aggregates around it to form large agglomerated 

particles which then lead to the formation of large agglomerated particle 

morphologies.  

 

                                             

      

 Coalesced particles fusing with each other forming hard large agglomerates  

 

                                

 Coalesced particles forming soft agglomerates.  
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 Primary particle forming aggregates in the low temperature flame zones  

 

                                               

 

 Aggregate formed in the inner space to continue to grow into larger particles 

                    

                                                

 

This particle growth model for ferric oxide is different to the earlier generalized nanoparticle 

formation presented in the literature [66]. However, the number of particles less than 10nm 

has reduced and a few larger particles in the range of 20 to 50 nm have appeared. This 

demonstrates that particle size increases with increasing HAB which fits well with the 

findings of Arabi-Katbi et al. [218]. Figure 3.45 shows the particles obtained at 16cm height; 

it can be seen from the figure that the increase in the particle residence time has not 

significantly affected the formation of a large number of primary spherical particles in the 

functional particle size range. Also, agglomeration of the primary particles to form aggregates 

particles was found to be very similar to the height collection at 14 cm. In addition, the image 

shows that the large single particles have come together to form large single particles of 

spherical, triangular and irregular shapes. 

Figures 3.46-3.47 show the growth of particles at higher heights above the burners. It can be 

seen from Figure 3.46 at 18 cm height that the primary particles have decreased which is due 

to the formation of the number of agglomerates and aggregates having increased. The increase 

in the residence time and reduction in temperature allowed an increased rate of the primary 

particle to form agglomerates as well as aggregates. However, primary particles of Fe2O3 in 

the size range of functional particles are still present in the STEM grid field. This has proven 

that increasing residence time in the flame space and reducing temperature has created the 
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conditions for the particles to combine together to form larger particles. In addition to single 

spherical primary functional particles, particles of different sizes  40 nm -100 nm  were found 

to be formed from the aggregation of the primary particles. 

At 20 cm, it can be seen from Figure 3.47 that the increasing particle residence time within 

the premixed flame-space has led to increased particle agglomeration and hence the formation 

of the larger agglomerates. Further experiments were undertaken at increasing heights of 

particle collection point in the flame space of above 20 cm to 24 cm. This enabled the study 

of the effects of the particle residence time on the particle size, morphology and 

agglomeration/aggregation behaviour.  

At 24 cm, it can be seen from Figure 3.48 that when residence time is increased, existence of 

the individual primary spherical particles in the size range of functional particles has 

completely decreased and all the primary particles were found to coalesce into a very large 

agglomerate particles. 
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Figure 3.46: Particle growth 18cm above the burner in a premixed zone at 250 X and 

500 X magnification factor 
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Figure 3.47: Particle growth 20 cm above the burner in a premixed zone at 250 X and 

500 X magnification factor 
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Figure 3.48: Particle growth 24 cm above the burner in a premixed zone at 250 X and 

500 X magnification factor 

 

 

3.8.5. Particle formation model inside the inner and outer flame space of premixed flame 

 

According to the above experimental investigations, Fe2O3 particle inception and growth 

followed a number of pathways from the inner-flame space to the outer-flame space. Figure 

3.49 presents the pictorial representation of this inception and growth model. Particle 

inception was found to be taking place in the vapourising cloud of the precursor droplets. The 

inception of both spherical primary single particles and aggregates of single primary particles 

were found to be taking place in the precursor cloud. After vapours have been completely 

consumed, inner flame zones have the presence of number of single primary single particles 

and aggregates which follow number of independent pathways:  

 Pathway 1: Single primary particles merge to form large hexagonal coalesced 

particles, which then further coalesce to form hard agglomerates  

 Pathway 2: Single hexagonal particles also independently form a chain or loosely 

attached aggregates. 
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 Pathway 3: Large hexagonal coalesced particles also attract a large number of 

spherical primary particles around them, which then grow further to form large soft 

agglomerates. 

 Pathway 4: Primary spherical particles also form aggregates in the outer flame zone 

by loosely attaching with each other which then grow in the large aggregates. 

 Pathway 5: Loose aggregates formed in the inner flame zones also continue their 

independent movement upwards which then attract other small spherical primary 

particles to again form large aggregates of spherical primary particles.  

 

 

Figure 3.49: Schematic of particle inception, formation and growth model inside the 

inner and outer flame space of a premixed flame 
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3.9. Measurements of nanoparticle composition using EDS technique. 

 

3.9.1. Preliminary results of Iron oxide nanoparticle 

 

The scanning electron microscope (SEM) is normally designed for producing electron images. 

SEM can also be used for element mapping if an X-ray spectrometer is added. Energy-

dispersive X-ray spectroscopy (EDS or EDX) is considered one of the most important 

analytical techniques used for the chemical characterisation or elemental analysis of a sample. 

In the EDS system, the most important component is the solid-state detector due to its better 

energy resolution. In addition, the EDS detector consists of a Si (Li) X-ray detector which is 

commonly designed to convert the X-Ray energy into the voltage signal. The main 

components of EDS are Electron trap, Window, Crystal, and Electronics. The analysis process 

takes place when the X-ray hits the silicon chip which is used in the EDS as both a 

proportional counter and an X-ray monochronometer. Then, electron-hole pairs are created. 

As a result, a pulse will be produced the height of which is proportional to the X-ray energy 

and is counted as a function of energy and displayed on a computer [219].  

 

3.9.2. Sample preparation for EDS 

  

The sample preparation for EDS followed the same procedure that has been undertaken for 

bulk powder of iron oxide nanoparticles in section 3.6.2.1.  

 

3.9.3. EDS analysis for iron oxide nanoparticles  

 

The nanoparticle can be analysed by using the A Carl Zeiss ΣIGMA Series of STEM system. 

An image consisting of the Fe2O3 nanoparticles has been collected for EDS analysis as shown 

in Figure 3.50. The sum spectrum map shows that the elements detected were C, O, Cu, Al, 

Cl, Fe, and Si. Two points have been pointed out for the comparison of the elemental analysis. 

Figure 3.51 shows the spectrum at points 9 and 10, respectively. The elements of C, O, Cu, 

Al, Fe and Si have been detected in spectrum 9, and C, O, Cu, Al, Cl  have been detected in 

spectrum 10. 
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Figure 3.50: The sample image collected for EDS analysis and its spectrum map from 

EDS 
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Figure 3.51: The sample image collected for EDS analysis and spectrum of points 9 

and 10 
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In the present study, the STEM grid holder was made of aluminum, STEM grids from 

Formvar carbon films on Copper (Agar scientific). Thus, in the background noise, the 

elements Al, C, Cu, O, and Si can be seen. The elements’ scattered maps (Figure 3.52) can 

also prove that the nanoparticles collected in this grid are F2O3 nanoparticles. 

 

 

 

 

Figure 3.52: Elements  scattered maps of the sample image 
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STEM-EDX chemical mapping of the iron oxide nanoparticle confirms that the particles are 

exclusively composed of iron (Fe) and (O) as shown in Figure 3.53. 

 

 

Figure 3.53: STEM-EDX chemical mapping of the iron oxide nanoparticle 

 

 

3.10. Summary  

 

The following conclusions can be drawn from the above discussions: 

 

1. Experimental methodology for the single-step gas-phase synthesis of nanoparticles using 

premixed flame configuration is established and presented. 

 

2. The methodology to collect the nanoparticles on a new cooled plate system as well as 

directly on the microgrid system has been successfully used and presented. 

 

3. The methodologies to analyse the synthesised nanoparticles using STEM and XRD 

techniques for nanoparticle size, morphologies and phase are presented.  
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3. The methodology to inject the controlled quantity of precursor to achieve precise loading in 

premixed flames for iron oxide nanoparticles synthesis has been successfully achieved and 

presented. 

4. Preliminary results of the synthesis of iron oxide nanoparticles using premixed flames 

space have been successfully demonstrated and presented. An important result from the 

preliminary experiments showed that functional nanoparticles of iron oxide in the size range 

1nm to 10nm can be synthesised from the premixed flame  

5. A unique experimental methodology to capture the process of Fe2O3 particles inception and 

growth was successfully established.  

6. Thermophoretic sampling method was successfully used to capture the particle inception 

and growth within the vapourising precursor droplet. This has enabled us for the very first 

time to understand the way Fe2O3 particle inception takes place inside the vapourising 

precursor inside the premixed flame inner zones. Inception of both primary spherical particles 

and aggregates of primary particles were found to be taking place inside the vapourising 

precursor droplet. This was observed for the very first time. 

7. The growth of the particle after its inception was found to take place by the number of 

independent pathways leading to the formation of the range of particles such as hexagonal 

coalesced particles, hard agglomerates of hexagonal coalesced particles, aggregates of 

hexagonal coalesced particles, soft agglomerates of hexagonal coalesced particles, aggregates 

of primary particles formed inside both the inner and outer flame zones. 

8. Based on the number of independent particle inception and growth pathways, a particle 

growth phenomenon model was constructed and presented for the Fe2O3 formation 

mechanism in the premixed flame zones.  
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Chapter 4 

 

Effect of Flame Conditions on Iron oxide Nanoparticle Synthesis in Premixed Flame 
 

4.1. Introduction 

 

In this chapter, functional nanoparticles of iron oxide (Fe2O3) were synthesised and 

investigated for the different loading conditions in the premixed flame. Firstly, the 

experimental set-up and operating conditions in the premixed space is presented. Secondly, 

the influence of precursor loading condition on the nanoparticle size and its distribution was 

studied and established. Then, the effect of precursor loading on the morphology of the 

synthesized Fe2O3 nanoparticles was studied. Thirdly, the calculation of the particle size 

distribution function (PSDFs) and particle statistics was undertaken. Next, at different 

precursor loading conditions, how the phase purity of the nanoparticle was synthesized and 

determined from the premixed flame. Then, the effects of flame stoichiometric conditions (ϕ) 

on the nanoparticle size and its distribution was studied and established with the synthesis of 

Fe2O3 nanoparticles and particle characteristics. The calculation of the (PSDFs) and particle 

statistics was undertaken. Subsequently, a methodology for determining the particle phase 

purity and morphology of iron oxide nanoparticles by using the STEM, EDS and XRD 

techniques is presented. Finally, the results obtained from the premixed flames of the 

nanoparticles are stated and discussed. 

 

4.2. Experimental set-up and operating conditions  

 

A laminar premixed flame-space was established and described in detail in the experimental 

test facility in Chapter 3.  The synthesis process of iron oxide nanoparticle was undertaken by 

bubbling iron pentacarbonyl through the burner flame by nitrogen gas. The synthesis process 

included mixing iron pentacarbonyl with air. Then, the mixture entered the inner precursor 

injection tube of the burner configuration and was injected inside the inner premixed flame-

space. The iron pentacarbonyl bubbler was kept in a water bath at room temperature to 

maintain a constant vapour pressure. The operating conditions as shown in Table 4.1. Figure 

4.1 shows the measured temperature profiles of particle-laden premixed flames’ outer flame-

space. 
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Table 4.1: The operating conditions used in the Premixed Flame System 

 

 
Experiment No 

  
Flow Rate (lpm) 

 
Equivalence Ratio 

(φ) 
 Nitrogen

) 2(N 
Propane 

)8H3(C 
Air 

1 0.07 0.2 4.75 1.0 

2 0.10 0.2 4.75 1.0 

3 0.12 0.2 4.75 1.0 

4 0.15 0.2 4.75 1.0 

5 0.20 0.2 4.75 1.0 

 

 

 

 

 

Figure 4.1: Measured temperature profiles at collection points by different precursor 

loading values in the premixed flames -space 
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4.3. Effect of precursor loading conditions on Fe2O3 formation in the premixed flame 

 

The precursor loading rate is one of the most important parameters that have a significant 

influence on controlling the growth of the nanoparticles. The precursor concentration has a 

significant influence on sizes and morphology of the nanoparticles. The effect of precursor 

loading conditions has been reviewed in detail in section 2.6.2, Chapter 2. In this section, the 

influence of the increase in the precursor loading on the size, morphology and particle 

formation was investigated. The experiments were undertaken at different precursor loading 

rates (from 0.07, 010, 0.12, 0.15 and 0.20) for lpm. 

Figure 4.2 shows the images of the particles formed at different precursor loading rates at a 

height of 14 cm above the burner for the fixed stoichiometric conditions of ϕ = 1.0.  At a low 

height of 14 cm above the burner and low precursor loading rate (0.07 lpm), as shown in 

Figure 4.2 (a), it can be seen that a number of primary particles are generated in the functional 

particle size range of 1nm to 10 nm in good numbers alongside a few coagulated particles. A 

significant increase in the functional particle concentration of 1nm to10nm sizes occurs due to 

the increase in the precursor loading from 0.07 to 0.10 litres per minute. In addition, a small 

number of coagulated particles larger than 10 nm size were formed.   

As a result of the temperature and flow field conditions in the outer flame space, a large 

number of primary particles were formed at ϕ=1.0. Another increase in the precursor flow rate 

from 0.10 to 0.12 litres per minute showed a decrease in the primary particles, whereas the 

number concentration of the large coagulated particles showed a significant increase. At the 

precursor rate from 0.12 lpm, the number of primary particles decreased but still remains in 

the functional particle range of 1nm to 10 nm.  A step increase of 0.15 litres per minute in 

precursor flow rate showed that the precursor is still evaporating to vapour clouds due to high 

loading rate of the precursor. Also, particle inception is taking place in the vapour cloud that 

indicated the precursor is not fully vapourised to form the primary particles. 
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                               (a)                                                                     (b)             

             

(c)                                                                      (d) 

 
(e) 

Figure 6.2: STEM images at 14 cm when precursor loadings (a) p= 0.07, (b) p=0.10, (c) 

p= 0.12, (d) p= 0.15 and (e) p=0.2. lpm at ϕ = 1.0  
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For the precursor loading of 0.07 to 0.15 lpm, the particle formation and growth at 14 cm 

height above the burner is similar to that observed in Chapter 3, and therefore primary 

particles are expected to follow the coagulation model for particle formation and growth 

described in detail in Chapter 3. However, for the precursor loading rate of 0.20 lpm, particle 

formation and growth seem different. It can be seen from Figure 4.3 that at 14 cm height 

above the burner, the precursor still exists in the vapour state both in large cloud formations 

as well as in small hexagonal shapes. Inside the large clouds, the inception of the particles is 

taking place. Small spherical clouds show the inception of single primary particles inside the 

vapour cloud. Also, there is a significant amount of aggregation leading to rapid formation of 

large aggregate structures. 

 

Figure 4.3: STEM images at 14cm when precursor loading 0.20 lpm at ϕ = 1.0 

 

Figure 4.4 shows the precursor vapour could be also found at a height of 16cm above the 

burner. The particles size reduces to the smaller size with particle inception in the clouds or a 

combination of both. Also, figure 4.4 shows that this has resulted in the inception of small 

primary particles inside the clouds. At the same time, primary single particles in the size 

range of 1nm to 10 nm are formed from the single spherical precursor cloud. The SEM 

images show that for the particles found at the high precursor rate, as expected, a big average 

particle sizes have formed. The sizes of the particles found for the particular set of 
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experiments at 18cm in Figure 4.5 range from around 5 nm. Also, the morphology of the 

particles is mostly hexagonal with some degree of nanoparticles agglomeration at higher 

precursor rates. This indicates that increasing the precursor loading rate has a significant 

effect on the particle size obtained. Figure 4.6 shows at 24 cm a significant numbers of large 

aggregate structures appears. 

 

 

Figure 4.4: STEM images at 16 cm when precursor loading  0.20 lpm, at ϕ = 1.0 

 

Figure 4.5: STEM images at 18 cm when precursor loading 0.10 lpm at ϕ = 1.0 
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Figure 4.6: STEM images at 24 cm when precursor loading  0.10 lpm at ϕ = 1.0  

 

4.3.1.    Particle size distribution function (PSDFs) and particle statistics 

 

The particle size plays a significant role in many properties of the nanoparticle such as flow 

compaction, and appearance. Thus, it is important in the nanoparticles research to measure 

and control the particle size distribution. The particle size distribution (PSD) is important 

factor of particles characteristics which defined as the number of particles that fall into each 

of the various size ranges given as a percentage of the total number of all sizes in the sample 

of interest [40]. There are different techniques that can be used to analyse particle sizes, such 

as dynamic light scattering, sedimentation, laser diffraction, and microscopic image analysis.  

Another method are also widely used for describing particle size distributions are D values. 

The D10, D50 and D90 are commonly used to represent the midpoint and range of the particle 

sizes of a given sample as shown in figure 4.7 [220]. 
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Figure 4.7: particle size distribution by using D value [220]  

 

Anatoni et al., [221] point out to the software calculates various kinds of droplet diameters, 

namely: D10, D20, D30, D32, D43. The Sauter and Herdan mean diameters are most 

important from the viewpoint of engine combustion processes. The Sauter D32 mean 

diameter is a valuable indicator in heat and mass transfer analysis, while the Herdan D43 

mean diameter is mostly used in the analysis of combustion processes. 

The particle size distribution can be presented perfectly in numerical (histograms or 

continuous curves) format. According to the experimental conditions and device limitations it 

is important to focus on primary nanoparticles and assume that all the primary particles are 

spherical. The most important parameters that are normally used to characterise the particle 

size distribution include statistical mean values, median, span, mode, and standard deviation 

[211]. 

 Particle size distribution function (PSDF) 

 

In the nanoparticle size analysis, the normal distribution function and log-normal distribution 

are widely used in nanoparticle size analysis. This analytical distribution functions have been 

applied and widely used in a different area.  

𝑛(𝑥) =
1

√2𝜋𝜎𝑎
𝑒𝑥𝑝 [−

1

2
(

𝑥−𝑥𝑎̅̅ ̅̅

𝜎𝑎
)

2

]  ,   
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where is 𝑥𝑎the arithmetic mean, and (σ) is the arithmetic standard deviation. The log-normal 

distribution is the most commonly used analytic expression in aerosol studies. 

1

𝑁𝑝

𝑑𝑁𝑝

𝑑 log 𝐷𝑝
=

1

√2𝜋 log 𝜎
𝑒−[log( 𝐷 /〈𝐷𝑝〉)]2/2(log 𝜎)2

 

𝐷𝑝 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟,  〈𝐷𝑝〉 = 𝑚𝑒𝑑𝑖𝑎𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟,   𝜎 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  

Standard deviation     𝜎 = √
1

𝑁
∑ (𝑥𝑖 − 𝑥)2𝑁

𝑖=1  

𝑥𝑖 = 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟,  𝑥 = 𝑚𝑒𝑎𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, N is the number density. Table 4.2 

shows the mean size distribution of Fe2O3 nanoparticles at different precursor loading rates. 

The table shows that the precursor loading condition has a strong influence on the mean 

particles. In addition, the table showed that the less precursor is loaded into the premixed 

flame, the smaller primary single particle sizes will be generated. Figure 4.8 shows the 

particle number distribution as a function of a particle diameter for the different precursor 

loading conditions. It can be seen that the primary single particles concentration is minimum 

at precursor feeding rate of 0.07 lpm.  Figure 6.7 shows that the maximum concentration of 

the primary particles is in the functional particle size range of 10 nm or less. 

 

Table 4.2: The mean size of Fe2O3 nanoparticles from STEM images at different 

collection height (HAB) 

 

        Height(cm) 

 

Loading(lpm)           

14 cm 16cm 18cm 20cm 22 cm 24cm 

𝑃 = 0.07 
13.73 16.81 17.35 19.96 22.55 25.14 

𝑃 = 0.10 
15.96 16.01 18.79 23.14 24.72 26.22 

𝑃 = 0.12 
18.75 22.25 28.26 31.17 32.49 32.98 

𝑃 = 0.15 
22.97 26.70 29.53 30.55 38.05 38.61 

𝑃 = 0.20 26.12 

 

30.3 

 

31.64   

  

32.81 

 

39.22 

 

 

46.81 
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Figure 4.8: STEM particle size distribution by different precursor loading conditions 

 

4.3.2. Morphology of particles at different precursor poading condition 

 

Morphologies of different particles have been obtained at different precursor loading rates as 

shown in Table 4.3. It can be seen from the table that hexagonal, spherical and rectangular 

shaped primary particles are formed at a lower height of 14 cm above the burner at low 

precursor loading rate of 0.07 lpm, 0.10 and 0.12 lpm whereas at a higher rate, coagulation of 

the particles is taking place, leading to the formation of other morphological features such as 

rod, elliptical and square shapes, and aggregates of a small number of primary particles. 
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Table 4.3: Morphologies of particle formed at different distances above the burner at 

different precursor loading conditions 

 

Precursor 

Loading 

Conditions 

Distance 

from the 

Burner 

Particle Images Particle Morphologies 

0.07 lpm 

14 cm 

 

 

 

 

 

 

 

 

 

16 cm 
 

 

 

 

18 cm 
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20 cm 

 
 
 
 
 
 
 

 

 

 

 

22 cm 
 

 

 

 

24 cm 
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0.10 lpm 

 

 

14 cm 

 

 

 

 

16 cm  

 

 

 

 

 
 
 

18 cm  

 
  

 

 
 

24 cm 

 

 

 
 
 
 
 
 

14 cm 
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0.12 lpm 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

16 cm  
 

 

 
 

 

 
 
 
 
 

18 cm 

 
 
 
 
 
 
 

 

 

 

 

 

20 cm 

 

 
 

 
 

 

24 cm 
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14 cm 
 

 

0.15 lpm 

 

 

16 cm  

 

 

 

 

 

 

 

18 cm  
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20 cm  

 

 

 

 

 

 
 
 
 
 
 
 

22 cm  

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
24 cm  

 
 
 
 
  

 

 

 

 

 

 

 

 
 
 

14 cm 
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0.20 lpm 

 
 
 
 
 
 
 
 

 

 

 
 

16 cm 

 
 

 

 

 

 

 
 
 
 
 

18 cm 

  

 

 
 

24 cm 
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4.3.3. Nanoparticle composition analysis using XRD 

 

Iron oxide powders were collected on the aluminum cooled plate for analysis by XRD for 

their phase purity as in Chapter 4. The working conditions for the XRD generator were the 

same as the previous conditions: 2θ scanning between 5̊ and 70̊ with 40 mA and 40 kV.  

Figure 4.9 shows the XRD patterns of synthesised powder at precursor loading rate of 0.07 

lpm. The indices of peaks correspond to the maghemite and magnetite phase. Peaks on the 

blue line show the maghemite phase in the particles and peaks in the red line show the 

magnetite phase in the particle powders. This also shows the first high peak value for 

maghemite 30 and an angle (2θ) of the first maghemite phase peak at an angle (2θ) of 37̊.  

Figure 4.10 also shows the mass fraction of the maghemite and magnetite phases of the Fe2O3 

nanopowders: 66% of maghemite phase nanoparticles and 34% of magnetite phase 

nanoparticles have been detected within the nanopowders which collected at a precursor 

loading rate of 0.07 lpm in a premixed flame. 

 
Figure 4.9: XRD spectrum for Fe2O3 powder produced at precursor loading 0.07 lpm in 

premixed flame 
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powder produced at different precursor loading  3O2Figure 4.10: XRD Graphics of Fe

rates 

 

Figure 4.10 shows the combined XRD spectrum for Fe2O3 nanoparticles collected at 

precursor loadings of 0.07, 0.10, 0.12, 0.15 and 0.20 lpm. The red lines indicate the magnetite 

phases in the particles and the blue lines indicate the maghemite phases in the particles. Table 

4.10 shows the Magnetite and Maghemite phase quantities in the Fe2O3 Powder proceed at 

different precursor loading conditions. Table 4.4 shows that, when the precursor loading 

decreases, the maghemite phase quantities will increase. At precursor loading 0.07 lpm, the 

nanopowders account for 66% of the maghemite phase Fe2O3 nanoparticles.  At precursor 

loadings 0.10 and 0.15 lpm the maghemite phase Fe2O3 nanoparticles will increase to 69% 

and 81%, respectively. When the precursor loading is at 0.20 lpm, the weight fraction of 

maghemite phase Fe2O3 nanoparticles increased to 87%, and, at the same time, the magnetite 

phase of Fe2O3 nanoparticle weight fraction decreased from 34% to 13%. This means that the 

higher the precursor feeding rate the more the maghemite phase of Fe2O3 nanoparticles will 

be generated. 
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Table 4.4: Magnetite and Maghemite Phase in the Fe2O3 Powder proceed at different 

precursor loading conditions 
   

 

 

 

 

 

 

   

                

  

 

 

 

 

Figure 4.11: Maghemite and magnetite phases composition 
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nanoparticle size from XRD spectra 3O24.3.4. Determination of Fe 

  

The mean particle size measurements between XRD and STEM are shown in Table 6.4. It can 

be seen from this table that the size of the nanoparticle which was measured by the XRD 

technique is less than that from the STEM technique. This is because the STEM is mainly 

focused on the primary single particles, whereas the XRD is focused on the bulk material 

purity and crystal lines. Table 4.5 shows the XRD calculations of Fe2O3 nanoparticles at 

precursor loading = 0.07 lpm. The most common and simplest method for calculating the 

average crystallite size is from the full width at half maximum (FWHM) of a diffraction peak 

by using the Scherrer equation 4.1 as follows: 

 

𝑑
𝑋𝑅𝐷= 

𝐾𝜆

𝐵 cos 𝜃

     (nm)                               4.1 

Where d= the crystallite size, and K = Scherrer constant in the formula accounts for the 

particle shape of value 0.9. B = is the corrected FWHM, λ = wavelength of x-rays, and θ = is 

the Bragg or diffraction angle of x-rays [213]. Also, the crystal lattice planes of the 

nanoparticles can be calculated by using Bragg’s Law as shown in equation 4.2: 

 

𝑛𝜆 = 2 𝑑 𝑆𝑖𝑛 𝜃                                          4.2 

Where λ is the wavelength of the x-rays, n is an integer, d is the spacing between two atomic 

layers, and θ is the angle between the incoming x-ray and the atom layer [212].  The phase 

and particle size of iron oxide nanoparticles can also be determined with an x-ray 

diffractometer by using the Scherrer formula. According to this formula, the particle sizes (d) 

can be estimated. 

Calculation of particle size for ϕ= 0.9:    

𝑑
𝑋𝑅𝐷= 

𝐾𝜆
𝐵 cos 𝜃

 

K = 0.9 

λ = Kα1 + Kα2 = (1.54 Å + 1.54 Å) / 2 = 1.54 Å = 0.15 nm 

FWHM ° = 0.12 = 0.0021   radians 

Cos θ = 0.96,   Substituting these values into the Scherrer formula: 

𝑑 =
(0.9) ∗ (0.15 𝑛𝑚)

(0.0021) ∗ (0.96)
= 65.3 𝑛𝑚 
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From Table 4.5 and 4.6, it can be seen the XRD calculations and  XRD mean size of Fe2O3 

nanopowders was around 30 nm. 

 

nanoparticle at precursor loading 0.07 lpm (full  3O2Table 4.5: XRD Calculations of Fe

table see Appendix iii) ϕ = 1.0, H=14 cm. 

 

Precursor 

lpm 

2θ Cosθ 

FWHM 

(degree) 

FWHM 

(radian) 

Size d-spacing 

0.07 

30.2  0.96  0.12  0.0021  65.3  2.95  

35.6  0.95  0.28  0.0049  29.3  2.51  

38.5  0.94  0.50  0.0087  16.7  2.33  

43.3  0.92  0.25  0.0043  33.9  2.08  

53.7  0.89  0.25  0.0043  35.4  1.70  

57.3  0.87  0.37  0.0065  23.9  1.60  

62.9  0.85  0.38  0.0067  24.2  1.47  

 

 

Table 4.6: Mean particle size measurement from STEM and XRD at ϕ = 1.0, H=14 cm 

 

Precursor loading 

(lpm)  

STEM Mean Size 

(nm) 

XRD Mean Size 

(nm) 

P=0.07 19.50 32.73 

P=0.10 20.80 
32.88 

 

P=0.12 27.65 
27.96 

 

P=0.15 31.06 
24.84 

 

P=0.20 34.48 
27.43 
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4.4. Effect of stoichiometry on Fe2O3 formation in the premixed Flame 

 

In this section, synthesis of functional nanoparticle of iron oxide Fe2O3 
 was undertaken and 

investigated from flame–space in premixed flame. Firstly, the effects of flame stoichiometric 

conditions (ϕ) on the nanoparticle size and its distribution was studied and established. Next, 

the calculation of the particle size distribution function (PSDFs) and particle statistics was 

undertaken. Secondly, a methodology for determining the particle phase purity and 

morphology of iron oxide nanoparticles by using the STEM, EDS and XRD techniques is 

presented. Finally, the results obtained from the premixed flames of the nanoparticles are 

discussed. 

4.4.1. Effect of stoichiometry on Fe2O3 formation in the premixed flame 

 

The properties of the end particles such as crystalline morphology are found to be affected by 

the properties of flame-spaces. The stoichiometric conditions of flames play an important role 

in the distribution of the oxidiser of the flame and the synthesis process. In the present study, 

experimental investigations of the effects of the equivalence ratio on the particle 

characteristics have been undertaken. A simple strategy was followed for varying the flame 

temperature through varying the fuel-air equivalence ratio. In the experiments, different fuel 

equivalence ratios of ϕ =0.9 1.0, 1.1, 1.2, 1.3,1.4,1.5 and 1.6 were used to evaluate the effects 

of these equivalence ratios on particles at different positions in the premixed flame outer 

flame space at heights of 12 cm, 14 cm, 16 cm, 18 cm, 20 cm, 22 cm and 24 cm. 

 

4.4.1.1. Fuel lean conditions (ϕ < 1) 

 

In the experiments, the equivalence ratio was applied under fuel lean conditions, which is ϕ 

=0.9 and 0.95. The particle growths under these fuel lean conditions are shown in Figure 4.12. 

It can be seen from the figure that fuel lean combustion conditions are significantly affected 

by stoichiometric conditions. The particle formation and growth under the fuel lean 

conditions of ϕ =0.9 is shown in Figure 4.12 (a). It can be seen from the figure that at the 

position near to the flame front in the outer flame space (14 cm), numbers of single primary 

particles are mainly formed in the size range of 1 nm to 10 nm. It can be seen from Figure 

4.12 (b, c & d) that primary particle formation is still going on inside these dark areas as well 

as separate individual particles. Figure 4.12 (e & f) indicates that the primary particles are 

aggregating to form large particles. However, at higher heights above 18cm, the temperature 
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is reduced further and large condensed particles combined together to form large aggregates 

as shown in Figure 4.12 (e & g.h), which indicates a lack of completion of particle formation. 

Figure 4.12 shows the different particle morphologies present in the flame space for the fuel 

lean condition of ϕ = 0.9. 

  

  

 

Figure 4.12: Particle formation and growth under fuel lean conditions of φ=0.9 & 0.95 
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4.4.1.2. Fuel stoichiometric conditions (ϕ = 1) 

 

The particle formation and growth in the laminar premixed flames space at φ = 1 is 

demonstrated in Figure 4.13 (e-h) and presented as φ = 0.9 for comparison. It can be seen 

from the figure that at φ = 1, particle formation and growth has take place through the 

coagulation process and it is very similar to that observed for φ = 0.9 conditions. However, 

very large agglomerated particles have been formed at greater heights, above 18cm.  The 

formed particles are found in the size range of 50 nm to 100 nm, which formed from the 

smaller coagulated particles. 
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Figure 4.13: Particle formation and growth under stoichiometric and fuel lean 

conditions of φ= 0.95 & 1.0  

 

4.4.1.3. Fuel rich conditions (φ > 1) 

 

The particle formation and growth at fuel rich conditions (ϕ = 1.1) is demonstrated in Figure 

4.14 (e-f). The figure also shows the comparison of particle formation and growth at ϕ = 0.95 

(Figure 4.14 (a-d). It can be seen from the figure that the particle formation and growth is 

through coagulation as observed in the process at ϕ = 0.95. However, primary particle 

concentration at ϕ = 1.1 is slightly higher and since the temperature is higher, the mean 

particle size is slightly smaller than that observed for fuel lean conditions of ϕ = 0.9. 

Similarly, particle formation and growth under fuel rich condition of ϕ = 1.2 was found to be 

similar to that observed for ϕ = 0.95. As the temperature under fuel rich conditions at ϕ = 1.2 

is slightly higher than lean conditions at ϕ = 0.95. Thus, the particles are agglomerates 

covered with condensed matter and show well-defined particles inside them (see figure 4.15).  
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Figure 4.14: Particle formation and growth under fuel lean conditions of φ= 0.95 & 

φ=1.1 
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Figure 4.15. Particle formation and growth under fuel lean conditions of φ=0.95 & 

φ=1.2 

 

4.5. TEM analysis for iron oxide nanoparticle at different equivalence ratio  

 

The particles’ morphology was examined by transmission electron microscopy (TEM). The 

analysis involved setting the microscope in a particular mode such as selected area electron 

diffraction (SAED). The TEM and SAED analyses were used to determine the crystal-

structure of the iron oxide NPs. In the experiment, the TEM analysis was undertaken at 

different equivalence ratios ϕ (0.9, 1, and 1.2).  TEM images exhibit the size and shape of 

iron oxide nanoparticles. In the fuels, the lean condition is ϕ =0.9. The particle micrograph 

under these fuel conditions is shown in Figure 4.16. The TEM image shown in Figure 4.16 

shows the morphology of the generated nanoparticles of almost hexagonal particles. The 

SAED analyses were used to determine the crystal-structure of the iron nanoparticles. The 

Nanoparticles that are shown in Figure 4.16 (b, c) were then further analysed at a higher 

magnification in order to have a closer look at their morphology. Figure 4.16 (e) contains 

diffraction rings implying that the synthesised nanoparticles are of crystalline phase. The 

distance of these spots from the centre represents the crystallographic inter-planar d-

spacing and provides a direct evidence of the crystalline phase of the nanoparticles. 
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(b)                                                            (a) 

     

(d)                                                                        (c) 

 

(e) 

Figure 4.16: TEM image of iron oxide nanoparticles in the scale bar 200nm (a), high 

resolution images at 100 nm (b) and 50 nm (c) and 20 nm (c), with (e) the corresponding 

SAED pattern containing the diffraction rings at at ϕ =0.9 
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In the fuels, the stoichiometric condition is ϕ =1.0. The particle micrograph under these fuel 

conditions is shown in Figure 4.17. Most of the morphology of the generated nanoparticles 

hexagonal particles can be seen from the images.  The TEM image at 4.17 (b, c) high 

resolution image of the iron oxide indicates the hexagonal structure.  

 

 

     
 

(b)                                                            (a) 

 

     

(d)                                                            (c) 
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e)) 

Figure 4.17: TEM image of iron oxide nanoparticles in the scale bar 100nm (a), high 

resolution images at 50 nm (b) and 20 nm (c) and 5 nm (d), with (e) the corresponding 

SAED pattern containing the diffraction rings at ϕ =1.0 

 

In the fuels, the rich condition is ϕ =1.2. The particle micrograph under these fuel conditions 

is shown in Figure 4.18. The TEM images of iron oxide nanoparticles at ϕ = 0.9 and 1.2 

indicated that the iron nanoparticles formed were mostly hexagonal with some polyhedral 

shapes having diameters ranging from 2 to 100 nm. Selected area electron diffraction (SAED) 

pattern of iron oxide nanoparticles is shown in Figure 4.18(d) which illustrates the crystalline 

nature of iron particles. 

 

 

    

(b)                                                            (a) 
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(d)                                                            (c) 

Figure 4.18: TEM image of iron oxide nanoparticles in the scale bar 100nm (a), high 

resolution images at 50nm (b) and 20 nm (c) with (d) the corresponding SAED pattern 

containing the diffraction rings  ϕ =1.2 

 

4.6. Particle size distribution function (PSDFs) and particle statistics 

 

The calculations that have been used to describe particle distribution were presented earlier 

and defined in section 4.3.1 applying the same equations. 

 

 Particle size distribution function (PSDF) 

 

Table 4.7 shows the mean size distribution of Fe2O3 nanoparticles which indicates that the 

effect of flame stoichiometric conditions on the mean particle size is profound.  Particle size 

at its minimum size at ϕ =1.2 and found to increase on either side of it. The larger mean 

particle can be produced by fuel lean as well as fuel rich conditions.  Figure 4.19 shows the 

particle number distribution as a function of particle diameter for the range from 0.9-1.6. It 

can be seen that the primary single particles concentration is at its maximum at ϕ = 0.9 which 

is found to decrease as the combustion shifts to fuel lean stoichiometric conditions. Also, it 

shows that the primary single particles concentration is maximum at ϕ =1.6, where all the 

particles formed are in the range of narrow size distribution.  
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Table 4.7: The mean size (nm) of Fe2O3 nanoparticles from STEM images at different 

collection points   

 

 

      Height(cm) 

 

 

Equivalence 

ratio  

 

 

14 cm 

 

 

16 cm 18cm 20cm 22cm 24 cm 

𝜙 = 0.9 18.76 

 

 

22.89 

 

25.66 

 

30.78 

 

33.06 

 

 

35.40 

 

𝜙 = 1.0 

 

15.96 

 

 

16.01 18.79 

 

23.14 

 

24.72 

 

26.22 

 

𝜙 = 1.1 18.79 

 

 

23.07 

 

27.77 

 

 

31.56 

 

32.07 

 

41.88 

 

𝜙 = 1.2 18.91 

 

 

20.87 34.60 

 

 

36.13 

 

38.04 

 

43.79 

 

𝜙 = 1.3 
 

18.41 

 

 

22.97 25.95 

 

27.58 

 

 

34.58 

 

44.42 

 

𝜙 = 1.4 22.7 

 

 

24.82 

 

33.53 

 

37.00 

 

42.77 

 

46.15 

 

𝜙 = 1.5 22.80 

 

 

25.05 

 

26.87 

 

25.78 

 

32.62 

 

45.91 

 

𝜙 = 1.6 

 

21.55 

 

 

 

25.79 34.68 

 

 

38.06 

 

 

43.19 

 

 

46.88 

 

 



201 
 

 

 

Figure 4.19: STEM particle size distribution by different equivalence ratios (0.9 - 1.6)   

 

4.7. Composition analysis of Fe2O3 nanoparticle by using X-ray diffraction powder 

(XRD) 

 

An aluminum cooled plate has been used to collect iron oxide powders to analyse phase 

purity by XRD. The parameters of the XRD generator are set at 40 mA and 40 kV. The XRD 

patterns of synthesised powder at equivalent ratio 1.0 are shown in Figure 4.20. From the 

figure, the indices of peaks corresponding to the maghemite and magnetite phases can be 

seen. Peaks on the blue line show the maghemite phase in the particles and peaks on the red 

line show the magnetite phase in the particles. Figure 4.20 shows the first high peak value for 

magnetite at the angle (2θ) of 30.26˚ and first maghemite phase peak at the angle (2θ) of 

35.46˚, and the bottom figure shows the mass fraction of the maghemite and magnetite 

phases. The Fe2O3 nanopowders contain 66% of maghemite phase particles, and 34% 

magnetite phase particles have been detected.  
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Figure 4.20: XRD spectrum for Fe2O3  powder produced at equivalence ratio 1.0 in 

premixed flame outer flame space 

 

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60

Counts

0

1000

2000

3000  Iron oxide nanoparticle  E=1.0, H=14 cm



203 
 

 

Figure 4.21: Combined XRD Spectrum for Fe2O3 powders at different equivalence ratios 

in premixed flame outer flame space compared with the reference 

 

Figure 4.21 shows the combined XRD spectrum for Fe2O3 Powders at equivalence ratios ∅= 

0.9 - 1.6. Figure 4.21 shows there is a good agreement between the XRD plot and reference 

plots. Also, each peak observed by the XRD pattern has been matched with the reference 

patterns to calibrate the process and enhance the confidence in the measurements. The 

reference patterns are usually represented by the position and sticks and the data should match 

the intensity of the reference stacks. However, a small amount of mismatch in peak position 

and intensity is acceptable within the experimental error. Table 4.8 and Figure 4.22 indicated 

that the maximum maghemite phase weight percentage, 78%, can be obtained in the premixed 

flame when the equivalence ratio is at ϕ =1.3. The mass fraction of the maghemite phase of 

Fe2O3 nanoparticles dropped at ϕ =1.4 - 1.6 to 65%.  
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Table 4.8: Magnetite and maghemite phase in the Fe2O3 powder proceed at different 

equivalence ratios  

   

 

 

 

 

 

 

   

                

  

 

 
 

 

 

   

   

 

Figure 4.22: Graph of maghemite and magnetite phase composition 
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nanoparticle size from XRD spectra  3O24.8. Determination of Fe 

 

The collected nanoparticles are characterised using X-ray diffraction (XRD) by an X-ray 

powder diffractometer (Philips PANalytical X’Pert X-ray diffractometer) with Cu Kα1 (λ = 

1.54060 Å). (θ - 2θ Bragg-Brentano) and angle range of 5-70. The calculation is based on the 

scherer equation which has been discussed in section 4.3.4.  The particle size calculations for 

iron oxide nanoparticles are summarised in this section. For full data, see Appendix IV. 

  

Table 4.9: XRD Data of iron oxide nanoparticle at equivalence ratio at 0.9  

 

E     2θ   Cosθ 

FWHM 

(degree) 

FWHM 

(radian) 

 βCOSθ Size d-spacing 

0.9 

30.2  0.96  0.25  0.0043  0.0042  32.74  2.95  

35.5  0.95  0.31   0.0054  0.0052  26.54  2.52  

43.2  0.92  0.31   0.0054  0.0051  27.17  2.09  

53.8  0.89  0.62   0.0109  0.0098  14.16  1.70  

57.3  0.87  0.37   0.0065  0.0057  21.05  1.60  

62.8  0.85  0.26   0.0046  0.0040  34.68  1.47  

 

 

4.9. Elemental analysis of samples by energy dispersive X-Ray spectroscopy (EDS) 

 

The iron oxide nanoparticle elemental composition was analysed by using EDS. The 

nanopowders generated from premixed flame used for EDS were collected at different 

equivalence ratios (ϕ =0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5 𝑎𝑛𝑑 1.6). The grid samples of STEM 

were prepared as per the following process: Disperse 2 mg of collected powder into 10 ml 

propanol then put the prepared solutions into the ultrasonic bath for 5 min. Then, drop a few 

droplets from the solutions on to the STEM grids. A filter paper has been used to absorb the 

extra liquid; then wait for the sample to dry. 

The sum spectrum map of the equivalent ratio at lean fuel conditions ϕ = 0.9 from EDS  is 

shown in Figure 4.23. The spectrum of points 10 and 11 is shown in Figure 4.24 and Figure 

4.25 shows the elements as scattered maps which can also prove that the nanoparticles 

collected in this grid are Fe2O3 nanoparticles. The sum spectrum map, spectrum points, the 
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elements at fuel stoichiometric conditions (ϕ = 1) and Fuel rich conditions (ϕ = 1.2) are shown 

in Appendix V,  The results obtained from stoichiometric and rich conditions show that the 

elemental compositions were C, O, Fe, Al, Cu, and Si. Also, the elements scattered maps 

proved that the nanoparticles collected in this grid are Fe2O3 nanoparticles. 

 

 
 

Figure 4.23: The sample image collected at ϕ =0.9 and its spectrum maps from EDS 
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Figure 4.24: Spectrum of point 10 and 11 at ϕ =0.9 
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Figure 4.25: The elements scattered maps of Fe2O3 nanoparticles at ϕ = 0.9  
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The spectrum maps from Energy Dispersive X-Ray Spectroscopy (EDS) were undertaken at 

different precursor loading rates (P=0.07-0.20). The sum spectrum map, spectrum points, and 

the elements scattered maps of Fe2O3 nanoparticles for precursor loading 0.07 are shown in 

Figures 4.26 to 4.28. The elements detected were C, O, Fe, Al, Cu, and Si. Figure 4.26 shows 

an example of the sum spectrum map of the equivalent ratio at 1.0 and precursor loading 0.07. 

Figure 4.27 shows the spectrum of points 7 and 8.  The elements scattered maps (Figure 4.28) 

also prove that the nanoparticles collected in this grid are Fe2O3 nanoparticles. The EDS for 

other precursor loading rates (0.10-0.20) are summarised in this section. For full data, see 

Appendix vi.   
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Figure 4.26: The EDS analysis and its spectrum map for sample image collected (ϕ =1.0, 

P=0.07) 
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Figure 4.27: Spectrum of points 7 and 8 at ϕ =1.0, loading rate P=0.07 
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Figure 4.28: The elements scattered maps of Fe2O3 nanoparticles at ϕ =1.0, P=0.07 
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4.10. Summary  

The following conclusions can be drawn from the above experimental studies:  

1. The influence of introducing iron pentacarbonyl Fe (CO) 5 precursor into a premixed flame 

and loading rates has a significant impact on the particle growth, inception, and formation. 

The low rate of precursor loading (0.07-0.10) lpm produces the formation of a large number 

of primary particles of 1 nm to 10 nm as a functional range of particles. This indicated that 

increasing the precursor rate mainly affects the particle size obtained.  At the higher rate of 

precursor loading (0.12-0.15) lpm, it has been observed that the precursor is still vapourising 

leading to the form a large vapour cloud as small spherical vapour balls. In addition, the 

inception of primary particles occurs both in the small spherical balls and in the large clouds.  

2. At lower-limit height above the burner (HAB), predominantly spherical and triangular 

shaped primary particles were formed. Also, different particles’ morphologies such as 

elliptical, rod and square shapes were formed due to the coagulation process. The hexagonal 

shape is the most common shape observed.  

3. The phase purity of the bulk particles formed was found to be significantly affected the 

precursor loading. At high precursor loading of 0.20 lpm, the maghemite phase in the bulk 

particles is highest, which decreased with the decrease in the precursor loading to 0.07 lpm. 

XRD diffraction of the powder produced shows mainly iron oxide nanoparticle properties by 

synthesising less hematite as compared to magnetite. Mean particle size obtained from the 

XRD is between 20 nm and 35nm and that obtained from STEM is less than 25 nm.  

4. The evaporation of precursor liquid leads to the formation of particle inception in the large 

droplets which occur in the outer precursor layer. The large liquid droplets completely 

vapourise to form large precursor vapour balls which move in the upward direction towards 

the flame front. Then, the vapour ball becomes completely consumed to form a large 

concentration of primary particles. The small droplets become vapourised quickly, which 

leads to the inception of the single particle resulting in the formation of the large primary 

particles. The most primary particles were formed in hexagonal, triangular, spherical and 

square. It was observed that these particles were coagulated to form larger particles.  It is also 

found that different morphologies of primary particles such as rod, spherical, and triangular 

shapes were formed at a height above the burner (HAB) of 14 cm. The size of nanoparticle 

will then grow through the coagulation process as a result of the particle moving up in the 

vertical direction.  
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5.  It has been concluded that premixed flames are a suitable route to synthesise functional 

nanoparticles of 1 nm 10 nm in size. Thus, in premixed flames, most primary particles were 

formed in the functional size range .The fuel conditions have a significant effect on particle 

formation and growth. Thus, the iron oxide nanoparticle size decreased as the precursor ratio 

decreased. The average primary particle size increased at increasing distances from the burner 

to confirm that the large sized particle is created in fuel rich conditions compared with the 

lean fuel conditions. 

6. The experiments on phase purity indicate that maximum maghemite phase contents are 

observed at the equivalence ratio of phi=1.3 and minimum at phi = 1.6.  

7. Energy Dispersive X-Ray Spectroscopy (EDS) analysis of the collected sample verified the 

iron content of the particles, and produces pure Fe2O3 nanoparticles with very little other 

impurities. It also showed the greater hematite content of the particles as compared to 

magnetite content. 

8. The XRD Technique has been used to determine the mean particle size and shows that 

average sizes are overpredicted compared with average size of SEM. The average size for 

XRD is taken for whole powder whearse, in SEM is only on the particles in the image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



215 
 

Chapter 5  

Investigation of the Use of Ultra-Violet Visible (UV-Vis) Spectroscopy for the Analysis of 

Iron Oxide Nanoparticles  

5.1. Introduction  

 

Iron oxide nanoparticles have recently attracted a great deal of interest due to their wide range 

of potential applications such as catalysts, pigments, printing ink, gas sensors, solar cells and 

lithium-ion batteries [5-11]. Determining the size of the iron oxide nanoparticles is important 

because of their uses in the applications above and influence on their properties. Thus, 

extensive studies have been undertaken for nanoparticle size characterization by different 

methods which are mainly based on microscopic, X-ray and spectroscopic techniques. In 

recent years, UV-Vis spectroscopy has been explored by many researchers for 

characterization of the nanoparticle based on ultraviolet visible (UV-VIS) spectroscopy 

technique [222-224]. It has been shown that the optical characteristics of some nanoparticles 

are related to the size, shape and this provides a simple and convenient procedure to 

determine these. This technique is considered as an important tool to characterize the 

nanoparticles due to their optical properties which are sensitive to the size, shape, 

concentration, agglomeration and refractive index [225]. However, (UV-VIS) spectroscopy 

technique has not been investigated for metal oxide nanoparticles such as iron oxide 

nanoparticles.  A table showing the most common methods that are used to characterise the 

nanoparticle sizes including advantages and disadvantages of each technique is presented. A 

review of the UV-Vis Spectroscopy and its application to nanoparticle characterisation is 

presented. Then, Haiss’s work on gold nanoparticles has been validated by use of more 

particles of different sizes (5-50) nm. This is followed by work on iron oxide particles and the 

results from spectroscopic measurements compared to those obtained by standard methods.  

 

5.2. Spectroscopic techniques for the measurements of nanoparticle characteristics  

 

In recent years, a great deal of interest has been given to the special properties of 

nanoparticles and their potential application.  The size of nanoparticles is one of the most 

important factors and plays a vital role in nanoparticle properties and their possible 

applications. Nanoparticle shape along with size is also an essential parameter to characterize 
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nanoparticles. Additionally, nanoparticle chemical composition, crystal structure, magnetic 

properties, surface area and surface charge are important to characterize nanoparticles for the 

wide range of applications. Therefore, credible and fast response experimental techniques are 

needed to increase the acceptance of the nanoparticle in the industry based on the robust 

regulations for nanoparticle size classifications.  

A variety of experimental techniques are used as tools to explore the characteristics of metal 

oxide nanoparticles to assist in clarifying their influence on properties [226-228]. Therefore, 

an essential task in property characterization of nanoparticles is particle sizing [228]. 

Fundamental studies have been undertaken for nanoparticles size characterisation by different 

methods. For instance, scanning/ transmission electron microscopy (SEM/TEM), dynamic 

light scattering (DLS), atomic force microscopy (AFM), and X-ray diffraction (XRD) [222, 

229-230] have been used.  A wide range of experimental techniques have been deployed to 

characterize the nanoparticle in the literature, which are recently reviewed in detail by 

Mourdikoudism et al. [226].  A distinctive studies have been made for nanoparticle size 

characterization by different methods. Most of these techniques are too complex and time 

consuming.  Many fields of science and industry have increasingly employed ultraviolet 

visible (UV-Vis) spectroscopy techniques to characterize powder properties. The UV-Vis 

technique is considered as highly important due to its advantages in terms of ease of 

operation, short time measurements, can give good selectivity of NPs and less rigorous 

calibration procedures [222, 231-233]. All of these features make UV-Vis spectroscopy very 

attractive for development as a simple and fast response technique to characterize size and 

concentration of iron oxide nanoparticles. Recently, UV-Vis spectroscopy has been explored 

by many researchers for characterization of nanoparticles [222, 223-224]. 

Many fields of science and industry have increasingly employed (UV-Vis) techniques for 

nanoparticle characterisation.  Thus, UV-visible spectroscopy has become one of the most 

widely and extensively used techniques for structural characterization of silver nanoparticles.   

This technique can be used to characterize pure rare metal particles such as gold and silver 

particles [234]. However, it has not been investigated for metal oxide nanoparticles such as 

iron oxide nanoparticles and developing the UV-Vis technique as a tool to characterize 

nanoparticle size and characterization will be a highly challenging task. This is because in 

iron oxide particles the electrons are more tightly held by individual Fe ions whereas with 

gold and silver particles the electrons are mobile on the surface. Therefore, any successful 

application of UV-Vis spectroscopy to metal oxide nanoparticles will underpin its 

development as a more rigorous new technique for the measurements of the size and 
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concentration characterization of a wide range of nanoparticles. This chapter presents the 

experimental methodology for the development of Ultra-Violet (UV-Vis) spectroscopic 

methods for metal oxide nanoparticles. A description of the UV-Vis spectroscopy technique is 

presented as an introductory background about the technique.  Table 5.1 presents the method, 

characteristics, advantages and disadvantages of the selected techniques used for nanoparticle 

characterization in the literature.  

 

Table 5.1: Experimental techniques for nanoparticle characterization  

 

Name Method Characteristics 

Measured 

Advantages Disadvantages Ref. 

XRD X-Ray Size, Elemental-

chemical 

composition, 

Crystal 

structure. 

 

 

 

 

 

  

 Performed in samples 

of powder form. 

 

Results in statistically 

representative. 

 

No preparation is 

needed. 

Low sensitivity 

 

Not suitable for 

amorphous 

materials. 

 

 

Unable to 

distinguish between 

the two crystal 

boundaries. 

 

[226], 

[228],[235] 

XAS X-Ray Chemical state, 

oxidation state 

Fast, determine both 

structural and kinetic 

parameters.  

 

Absorption spectra 

collected directly from 

wet samples.  

 

Element specific. 

Provide average 

oxidation state of 

metal. 

Required 

Synchrotrons 

facility which is 

highly specialized 

and expensive to 

operate. 

  

Lower precision 

and difficulty in 

extraction in 

structural 

information. 

 

 

[226], 

[236-237] 
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SAXS X-Ray Particle size, 

size 

Distribution, 

and shape. 

Allows elastic 

scattering processes 

into a given solid angle 

to be run. 

 

Reliable in determining 

polydispersity. 

Low resolution  

 

The detector in 

SAXS limited with 

only small 

scattering angles. 

 

Sensitive only to 

the 

ZnO core and to the 

size of the 

fluctuation 

region of electronic 

density. 

 

Analysis showed a 

monomodal 

scatterer size 

distribution. 

 

Not detect the large 

particles and 

aggregation. 

[226] 

XPS X-Ray surface 

chemical 

analysis 

electronic 

structure, 

elemental 

composition and 

oxidation states 

of elements in a 

material 

High sensitivity 

 

Distinguish between 

core/shell and 

homogeneous alloy 

structures. 

 

Identify the bonding 

mode of ligands. 

 

Provided information 

on the dielectric 

properties of 

nanomaterials. 

Preparation of 

samples.  

Interpretation of 

data. 

[226] 

UV-VIS Spectroscopic Optical 

properties 

 

 

Fast, Simple and cost-

effective techniques. 

 

 

Evaluate the stability of 

NP colloidal solutions. 

 

Low sensitivity 

 

 

Polydisperse 

samples. 

[226],[238] 
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AFM  Spectroscopic Size, shape and 

morphology 

Characterize 

the chemical 

structure/composition 

of the composite NP 

films. 

Particle size in 3D 

visualization. 

 

Providing more 

reliable results. 
 

Not require any surface 

modification or coating 

prior to imaging. 

 

Smaller laboratory 

space. 

 

Overestimations of 

dimensions 

 

Very sensitive 

to the free 

amplitude of the 

oscillating tip. 

 

Slower scanning  

[226],[239] 

NMR 

 

 

 

 

 

 

 

Spectroscopic 

 

 

 

 

 

 

mass, density, 

surface 

composition 

 

High sensitivity and 

ability to characterize a 

material at the atomic 

level.  

 

Providing more 

representative 

information on the 

average NP size.  

Lack of available 

Standards 

 

Not suitable to 

characterize ferri- 

or ferromagnetic 

materials. 

 

[223],[240-

241] 

 

 

 

 

 

 

DLS Spectroscopic 

 

Size, shape and 

morphology 

 

 

Suitable for colloidal 

matter in liquid 

or solid state. 
 
Quick, and easy 

operation, useful to 

study aggregation 

processes 

 

Highly sensitive and 

reproducible for 

Monodisperse. 

A good statistical 

representation of 

NP sample 

homogeneous samples 

Difficulty in 

Interpretation   

interference. 

 

Limited capability 

on polydisperse 

samples 

  

lacks the resolution 

to detect small 

aggregates  

Requires 

transformative 

calculations. 

[226],[242] 

 

 

 

 

 

 

 

TEM Microscopic  Size, shape and 

morphology. 

 

High resolution 

 

 

Characterize the 

nanoparticle 

aggregation. 

 

 

Accurate estimation 

of the nanoparticle 

Sample preparation 

 

Need high vacuum 
 

Overestimation 

results. 

 

Difficult to 

quantifying a large 

number of particles. 

 

[226],[243] 
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homogeneity. TEM cannot be 

used to study the 

growth of  NPs in 

solution 

 

STEM Microscopic  Detection of 

NPs 

Provided information 

concerning the metallic 

cores and shells. 

Difficult to identify 

organic species and 

contaminants. 

Time needed to 

take full 

tomographs 

 

Exclude many 

electron beams  

 

[226] 

HRTEM Microscopic  characterize the 

internal 

structure of NPs 

Highest resolution. 

Provides important 

information on the 

nanoparticle 

Structure. 

Provide the statistical 

assessment of NP 

morphology. 

 

Distinguish between 

single crystal and 

polycrystalline of gold 

nanoparticle. 

Requires a larger 

objective aperture 

for  

scattered electrons. 

 

Random orientation 

of the crystals 

resulting in 

complex images. 

 

TEM grids suffer 

from lower image 

resolution 

[226] 

SEM Microscopic Size, shape and 

morphology 

High resolution 

 

Though the size 

information obtained 

from electron 

microscopy is very 

precise, it 

Need high vacuum 

 

require high 

vacuum 

 

Require many 

images of the 

sample to obtain a 

statistically 

significant particle 

number 

concentration. 

 

[226],[243] 

 

 

 

 

 

 

 

 



221 
 

5.3. Brief description of UV-Vis spectrophotometry  

 

UV-Vis Spectrophotometry has become widely employed for quantitative analysis in various 

areas such as chemistry, physics, biology, material, biochemistry, clinical applications, 

chemical engineering and industrial applications. This technique can be used for almost any 

application dealing with chemical substances or materials [225,244]. Generally, the 

spectrophotometer involves two components, namely a light source for producing light of a 

variable wavelength. 

Wavelength is defined as the distance between adjacent peaks and may be designated in 

meters, centimetres or nanometres (10-9
 metres).Over a certain range of wavelength, every 

chemical compound absorbs, transmits, or reflects light (electromagnetic radiation). It can be 

classified into UV-visible spectrophotometer range (185 - 400 nm) and visible range (400 - 

700 nm) and infra-red range (700-15000 nm) of electromagnetic radiation [225]. 

The spectrophotometer involves two components, a light source to produce light in the 

UV/visible region and a photometer for measuring the intensity of the light. The mechanisms 

are arranged to allow a liquid in a cuvette to be easily placed between the spectrometer beam 

and the photometer. UV/Vis spectrophotometry samples are commonly liquids but also the 

absorbance of both gases and solids can be measured. Typically, these samples are placed in a 

transparent cell which is known as a cuvette. Usually, many cuvettes have rectangular shape 

with an internal width of 1 cm.  Cuvettes are frequently made of fused silica due to its 

transparent nature throughout the UV visible and near infrared regions [245]. A 

spectrophotometer can be either single beam or double beam.  In a single beam instrument, all 

of the light passes through the sample cell whereas in a double-beam instrument, the light is 

split into two beams before it reaches the sample as shown in Figure 5.1.  

 

 

 

Figure 5.1: Functional block diagram of a double beam UV-Vis spectrometer [245] 
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5.4. Principles of ultraviolet-visible absorption 

 

The set-up was based on spectroscopic measurement techniques with a range of photon 

energy that has been widely used to measure semiconductor band-gaps. The energy of the 

radiation can be determined through the equation 5.1: 

 

E=h.ν   (J)                                                                  (5.1) 

Where:  E is energy of one mole of radiation (J), h is Plancks constant (J.s), v is the 

frequency(s-1).  It can cause changes in the electronic nature of the molecule due to energy 

irradiated on the molecules. Therefore, UV-visible spectroscopy is known as electronic 

spectroscopy [245]. The transmittance (T) of a sample is defined as the ratio of the 

intensity of the incident light to the intensity of the light transmitted by the sample. To 

allow for cell and solvent absorption of light a reference cell is used containing the same 

solvent as the sample under investigation. The sample transmittance is automatically 

corrected this way. It is common for transmittance values to be corrected to absorbance 

(A), using equation 5.2.  

A= − log 𝑇                                                            (5.2) 

 

The relationship between transmittance and absorbance for nanoparticles such as gold 

nanoparticles is illustrated in Figure 5.2. The left-hand plot refers to absorbance whereas, 

the right-hand plot refers to transmittance [245].  

 

 

 

Figure 5.2: The relationship between the absorbance and transmission spectra for 50 nm 

gold [245] 
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5.4.1. Beer-Lambert Law 

 

The most significant principle in absorption analysis is the Beer-Lambert law which shows 

that for ideal solutions the relationship between concentration and absorbance is linear. The 

absorptivity (𝜀)  is constant for each wavelength and molecule as expressed in equation 

5.3.   

A= 𝜀𝑐𝑙                                                                    (5.3) 

 

Where 𝜀  the absorptivity of the material (mol-1. dm3.cm-1), c represents concentration 

(mol.dm-3) and 𝑙 optical path (cm) length which is the distance travelled by the light 

through the cuvette, commonly 1cm. According to this law the absorbance is proportional 

to the concentration of the substance in solution and as a result UV-visible spectroscopy 

can also be used to measure the concentration of a sample. An illustration of the Beer-

Lambert law to show the linear relationship between absorbance and sample concentration 

is given in Figure 5.3. 

 

 

 

Figure 5.3: Plot of the sample absorbance against the concentration [246] 
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5.5. Measurements of key characteristics of nanoparticles using Ultraviolet Visible (UV-

Vis) spectroscopy  

 

5.5.1. Literature review on use of UV-Vis for nanoparticles characterization  

 

In this section, use of Ultraviolet/Visible (UV/Vis) spectroscopy to determine the different 

characteristics of nanoparticles has been reviewed. Martinez et al., [247] presented a 

methodology to calculate the size of gold nanoparticles (GNPs) from 5-80 nm by using 

UV-Vis. In this method principal component analysis (PCA) was applied as a model to 

determine the size of nanoparticles. The (PCA) method is useful tool to determine the gold 

nanoparticle diameters from a simple measurement of the UV-visible spectrum. Also, the 

surface plasmon resonance peak and concentrations of particles can be calculated as a 

function of the first principal component. The surface plasmon resonance (SPR) is a 

physical phenomenon occurring due to the collective oscillation of conduction electrons in 

response to optical excitation. The resonance condition takes place when the frequency of 

light photons (UV or incoming visible) matches the natural frequency of electrons on the 

surface of nanoparticles oscillating and the red colour of the suspension is due to (SPR) as 

shown in Figure 5.4.  

 

Figure 5.4: Surface plasmon resonance [248]   

 

In this methodology the sample size of gold nanoparticles were obtained from Sigma 

Aldrich and Ted Pella Inc. in different sizes from (5, 10, 15, 20, 30, 40, 50, 60, and 80 nm).  

A Shimadzu UV-VIS 1800 Rayleigh model over the range from 400 to 700 nm was used to 

measure all the gold nanoparticle. The experimental section is carried out by analysing nine 

different GNPs samples of known sizes in colloid solution.  Table 5.2 show these reference 

products along with technical information.  



225 
 

Table 5.2. Summarize of reference products with their supplier and their technical 

information 

GNP diameter  

(nm) 

Concentration 

(particles/ml) 

Supplier 

5 5 𝑥1013 Ted Pella Inc. 

10 5.7 𝑥1012  Sigma-Aldrich 

15 1.4 𝑥1012 Ted Pella Inc. 

20 7𝑥1011 Sigma-Aldrich 

30 2 𝑥1011 Ted Pella Inc. 

40 9 𝑥1011 Ted Pella Inc. 

50 4.5 𝑥1010 Ted Pella Inc. 

60 2.6 𝑥1010 Ted Pella Inc. 

80 1.1 𝑥1010 Ted Pella Inc. 

 

To apply this model, firstly the visible spectrum of gold colloid suspensions (5-80) nm was 

obtained by using spectrometer UV-VIS. Then, five spectra of each gold colloid 

suspension were measured in the range from 400 to 700 nm. The results showed that in the 

wavelength range between 514 and 550 nm the surface plasmon peak (SPR) was clearly 

visible as a peak whereas, this peak for small particles was damped due to the reduced 

mean free path of the electrons. Figure 5.5 shows visible spectrum of gold colloid 

suspensions (5-80 nm). 
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Figure 5.5: Visible spectrum of gold colloid suspensions of 5, 10, 15, 20, 30, 40, 50, 60 

and 80 nm diameters [247]  

The spectra were pre-processed by baseline correction with asymmetric least squares 

smoothing. Next, comparisons of a raw spectrum with one normalization and baseline 

smoothing and the algorithms for data analysis were undertaken in Matlab commercial 

software. The main information obtained from by PCA is represented by the first few 

components. Thus, for the characterization it was used the first three principal components 

(PC1), (PC2) and (PC3) as shown in Figure 5.6.  

 

                                                                    (a) 
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                                                                   (b) 

 

Figure 5.6:  PCA plots show the patterns for different GNPs size [247] 

 

The behaviour pattern based on GNP size for the first three PCs, is clearly distinguished 

and easily identifies particle size in a GNP suspension by its visible spectrum. Thus, there 

is a clear relation between PC1 and the diameters of the gold nanoparticles. Thus it is 

observed that the value of the PC1 increases as the size of the gold nanoparticle. It is also 

possible with PCA to easily identify particle size in a GNP suspension from its visible 

spectrum. Concentrations, diameters, and surface plasmon resonance peaks of particles can 

be determined as a function of the first principal component. Figure 5.7 shows absorption 

spectra for gold nanoparticles diameters 5 to 80 nm by applying the PCA. 
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Figure 5.7: The first principal component as a function of the gold nanoparticle  

diameter[247] 

It can be seen from the Figure 5.7 the first principal component as a function of the GNP 

diameter fitting (red solid line) to equation 5.3. Also, it was found that this behaviour in the 

first principal component is congruent with the diameter (𝑑𝐶𝑃𝐴) of the nanoparticle by a 

polynomial function (R2=0.99).  The SPR is clearly visible as a peak in the range between 514 

and 550 nm. For small particles, this peak is damped due to the reduced mean free path of the 

electrons. It was found the values are best fitted with polynomial function. 

𝑑𝑃𝐶𝐴 = 𝑎1 + 𝑎2𝑥 + 𝑎3𝑥2 + 𝑎4𝑥3  (5.3) 

 

Where: 𝑥  is the first principal component value, 𝑎1 − 𝑎4 are the fit parameters. The value 

graph for the dominant component vs. the position of the surface plasmon resonance peak 

in the spectrum of each suspension is shown in Figure 5.8. This one can be fitted to a third 

order polynomial function for wave length in nm (R2=0.99). 

 

𝑥 = 𝑏1 + 𝑏2𝜆𝑆𝑃𝑅 + 𝑏3𝜆𝑆𝑃𝑅
2 + 𝑏4𝜆𝑆𝑃𝑅

3
         (5.5) 

 

Where: 𝜆𝑆𝑃𝑅  is the position of the SPR peak and  𝑏1 − 𝑏4    are the fit parameters 
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Figure 5.8: The first principal component as a function of the surface plasmon 

resonance peak [247]     

 

The results indicated that the value of the main component varies according to the resonant 

peak. In addition, the calculated diameters using the SPR peak were found in a good 

agreement with the work of Haiss et al. [249]. The calculations of concentration were 

undertaken according Martinez et al., [247] to equation:  

 

𝑐 = 5.18 + 6.53 exp(−
𝑥

3.24
)   (5.6) 

 
According to Martinez et al., [247] this model is considered to be easily exported to other 

nanoparticle characterizations.  Wulf et al. [250] examined five different solutions of gold 

nanoparticles which were prepared of varying sizes. Imaging measurements were used to 

determine the particle size of each suspension of gold nanoparticles.  UV-Vis was used 

because gold nanoparticles have strong plasmon resonance absorption which is dependent 

on size and shape of the particles.  The experimental methodology as described by Kwon, 

et al. [251 based on examining 3.5 nm of gold particles which were used as seeds to grow 

nanoparticles with cetyltrimethylammonium bromide (CTAB). In all solutions the shapes 

of nanoparticles that are taken by TEM are hexagonal as shown in Figure 5.9.  The particle 

in solution (a) is too small to determine the shape while, the particle in solution (e) is too 

large to show the hexagonal shape. However, solutions (b) to (d) showed high quality 

images with clear hexagonal shapes. 
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                           (a)                                             (b)                                           (c) 

   

                                                     (d)                                               (e) 

 

Figure 5.9: TEM images of each of the Cetyltrimethylammonium bromide (CTAB) gold 

nanoparticles for five solutions (a) 11.0 nm; (b) 13.3nm, (c) 32.2 nm; (d) 69.0 nm; and (e) 

87.3 nm [251] 

Table 5.3: The wavelength maxima and particle size for solutions a-e and gold seed from 

UV/Vis spectra by Kwon et al., [251] 

 

Solution  Mean size  

(nm) 
Wavelength 

(nm) 

A 11.0 ± 0.8 527 

B 13.3 ± 2.0 531 

C 32.2 ± 1.8 534 

D 69.0 ± 3.7 546 

E 87.3 ± 12.1 582 

Seed  504 
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To further investigate gold nanoparticles, ultraviolet–visible spectroscopy (UV-Vis) was used 

to determine the maximum wavelength of the five solutions. The visible spectra of the five 

solutions (a-e) and the gold seed can be seen in Figure 5.10. The data for solutions a-e showed 

a steady increase in the wavelength. The wavelengths increase with each sample as a result of 

the increasing particle size. At longer wavelengths the larger particles show plasmon 

absorbance.  Absorption bands are centered at 527, 531, 534, 546, and 582 nm for samples A, 

B, C, D, and E, respectively. The seed solution shows a band centered at 504 nm, it is 

noticeable that the position of the plasmon band is gradually red shifted from sample A to E. 

This absorption shift is believed to be caused by the progressive increase in particle size. 

 

 

Figure 5.10: shows the visible spectra of the five solutions (a-e) and the gold seed [251] 

 

Generally, this experiment aimed to correlate the size of GNPs to the wavelength of the 

surface plasmon wave. Therefore, the wavelength of SPR (λspr) was examined as a 

function of the diameter of the particles as shown in Figure 5.11.  
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Figure 5.11: The surface Plasmon peak (SPR) position as a function of particle diameter 

for GNP in water by Wulf [250] 

 

Haiss et al., [249] have undertaken a method that can determine size and concentration of 

spherical gold nanoparticles in the size range of 3 nm to 120 nm using Ricatti-Bessel 

scattering theory. The optical properties of gold nanoparticles in aqueous solutions were 

investigated and analyzed experimentally and theoretically. The main aim of this work was 

to make a fast and simple method for characterizing size and concentration of 

nanoparticles. A Perkin-Elmer 25 UV-Vis spectrometer was used to characterize all gold 

hydrosols in the range 300-800 nm. The theoretical calculations included an extinction 

cross section (σext), radius (R) inserted in a medium with dielectric function (𝜖m) at 

wavelength (λ) which was expressed in the following equation. 

 

σext = 
2𝜋

|𝑘|2  ∑(2𝐿 + 1)𝑅𝑒(𝑎𝐿+  𝑏𝐿)                                                           (5.7) 

Where: 𝑘 =2𝜋 √𝜖m/λ represented the wave vector. 

 The scattering coefficients are  𝑎𝐿  (𝑅, λ) and 𝑏𝐿 (𝑅, λ) in terms of Ricatti-Bessel functions 

(ηL- (x) and 𝜑𝐿(x) that defined as below. 

 

𝑎𝐿  =
𝑚𝜑𝐿 (𝑚𝑥)𝜑ʹ𝐿(𝑥)− 𝜑ʹ𝐿(𝑚𝑥)𝜑𝐿(𝑥)

𝑚𝜑𝐿 (𝑚𝑥)ηL(x)−𝜑𝐿 (𝑚𝑥)ηL(x)
                                              (5.8)                          
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   𝑏𝐿=
𝜑𝐿 (𝑚𝑥)𝜑ʹ𝐿(𝑥)−m 𝜑ʹ𝐿(𝑚𝑥)𝜑𝐿(𝑥)

𝜑𝐿 (𝑚𝑥)ηʹ𝐿(x)−m𝜑ʹ𝐿 (𝑚𝑥)η𝐿(x)
                                               (5.9)            

                                                                                           

Where: x= 𝑘𝑅 is the size diameter, m=
𝑛

𝑛𝑚
  and (n) represents the complex refractive index of 

the particle, (nm) is the real refractive index of the surrounding medium. The numerical 

calculations of the extinction efficiency (Qext) 𝜎ext/ 𝜋𝑅2  normally can be obtained by using 

the software and applying the code. However, the complex refractive index n (λ) for 

nanoparticles can be obtained from the experimental work.  

The calculated value for the extinction efficiency (Qext) can be related to the experimentally 

observed absorption (A) by equation 5.10 via the number density of particles per unit volume 

(N) and the path length of the spectrometer (d0), which is usually 1 cm. 

 

      A= 
𝜋𝑅2𝑄𝑒𝑥𝑡𝑑0𝑁

2.303
                                                                          (5.10)                                                                                                               

 

The size and concentration of the nanoparticles are determined directly from UV-vis spectra 

using the below equation to calculate particle diameter d in the range from 35 to 100 nm. 

Heiss found that results for particles of diameters less than 35nm were poor. However the 

agreement between experiment and theory was quite good over the whole range of particle 

diameters (35-100 nm). Figure 5.12 shows the agreement between experimental data (solid 

line) and mean free path corrected theory is excellent, especially as the absorption was 

calculated quantitatively from size and concentration of the particles without any adjustable 

parameter with the absorbance ratios in the wavelength region below 600 nm [249].  
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Figure 5.12: Comparison of the calculated absorbance (dotted line) with the 

experimentally measured absorbance (solid line) for a particle diameter of 20.4 nm and 

a particle concentration of 10-9 M by Haiss et al., [249] 

 

 

It can be also seen in the Figure 5.12 that there is a good agreement between calculated and 

experimental wavelengths. The exponential function fits with the wavelengths and 

diameters data for particles larger than 25 nm by simple exponential function R2= 0.99 

according to the equation 5.11.  

  

𝜆𝑠𝑝𝑟=𝜆0+L1exp (L2d)                                                   (5.11) 

 

Where 𝜆𝑠𝑝𝑟 = the surface plasmon resonance wavelength (SPR), the wavelength (λ) range 

is between 520 and 580 nm, λ0 = 512, L1= 6.53, and L2 = 0.0216 from theoretical value due 

to fit with the data and the percentage error was 3%.   The size and concentration of GNPs 

can be determined directly from UV-vis spectra using equation 5.12. 

 

d= 
ln(

𝜆𝑠𝑝𝑟−𝜆0

𝐿1
)

𝐿2
                                                                  (5.12) 

 

This equation can be used to calculate the gold particle diameters (d) ranging from 35 to 

100 nm from the peak position. However, the size of GNPs with diameters smaller than 35 
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nm cannot be determined using this equation. The peak position for particle diameter less 

than 35 is damped due to the reduced mean free path of the electrons.  Therefore, another 

method was employed to determine the size less than 35 nm as stated in the equation 5.13. 

 

d=exp (𝐵1
𝐴𝑠𝑝𝑟 

𝐴450
− 𝐵2)                                                (5.13) 

 

This equation can calculate diameters of the particles from the absorbance ratio by using 

UV-Vis spectroscopy as shown in Figure 5.13(a).  Where B1 is the inverse of the slope (m) 

of the linear fit in Figure 5.13(b), B2=B0/m where B0 is the intercept. This equation from 

UV-Vis spectroscopy can be used to calculate diameters of the particles when the 

absorbance ratio is known as shown in Figure 5.13. 

 

                                   (a)                                                                                (b)  

Figure 5.13: (a) Absorbance ratios values of gold spheres in dependence of their 

diameter. (b) Absorbance ratio of GNPs at (Aspr) / (A450) in dependence of the 

logarithm of the particle diameter by Haiss et al., [249] 

 

 

The particle diameter can also be determined from 𝑐𝐴𝑢 in mole per litre and the absorbance at 

the surface plasmon resonance (𝐴𝑠𝑝𝑟) as in equation 5.14. 

d= (
𝐴

𝑠𝑝𝑟 (5.89×10−6)

𝐶𝐴𝑢 exp(𝐶1)
)1/𝐶2                                                         (5.14)  

 

where: C1 and C2 are parameters determined from the slope and the intercept. The calculation 

of the number density of the particles per unit volume (N) can be found by the following 

equation 5.15. 
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N= 
𝐴

450 ×1014

𝑑2[−0.295+1.36 exp(−(
𝑑−96.8

78.2

2
) ]

                                                      (5.15) 

 

Rahman et al. [252] have recently demonstrated a new approach to synthesis of spherical gold 

nanoparticles by using the Turkevich method. This method is considered as the most common 

approach followed to produce Ag NPs based on the reduction of chloroauric acid (HAuCl4) 

solution with sodium citrate. The Turkevich method has been presented by Kumar et al. [253] 

which can be employed to synthesise gold nanoparticles with size range from 20 to 35 nm 

with a high degree of monodispersity, to determine the wavelength and absorption at SPR 

peak by using the data which have been collected from UV-Vis Spectrometer as shown in 

Figure 5.14. 

 

 

 

 

Figure 5.14: UV-VIS analysis of a GNP sample from the Perkin Elmer Lambda 35 

UV/Vis spectrophotometer by Rahman [252] 

 

According to the Turkevich method two attenuating species will exist in the solution that 

consists of trisodium citrate dihydrate and gold (III) chloride trihydrate. Thus, the 

absorbance of gold nanoparticle (𝐴𝐺𝑁𝑃) is expressed in equation 5.16. 

 

𝐴𝐺𝑁𝑃=𝐴1+ 𝐴2= ∈1 𝐶1 𝑓+ ∈2 𝐶2 𝑓                                         (5.16) 
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Where: 𝐴1  is the sum of the absorbance of trisodium citrate dehydrate, 𝐴2  is the 

absorbance of gold (III) chloride trihydrate. To calculate the number of atoms to form a 

nanoparticle (N) is shown in the equation 5.17. 

 

𝑁 =
𝜋𝜌 𝑑3

6𝑀
                                                                                (5.17) 

 

Where: (𝜌)  is the gold density (g/cm3), (𝑀)  is the molar mass of gold (g), and (d) is the 

diameter in centimetres. The diameter of a gold nanoparticle (d) can be determined 

according to the equation 5.13 above which was presented by Haiss. Figure 5.15 shows the 

ratio of the absorption at the SPR to the absorption at 450 nanometres for five different 

samples of GNPs. 

 

 

Figure 5.15: The ratio of the absorption at the SPR to the absorption at 450 nanometres 

for five different samples of GNPs was recorded over the natural log of the diameter of a 

GNP by Rahman [252] 

 

The results regarding the concentration calculations indicated some inaccuracy due to the 

polydispersity of GNPs, whereas, the concentration calculations are based on the assumption 

that gold nanoparticles are monodispersed. Also, the results showed some discrepancy 

between theoretical and actual calculation as results of different sizes of GNPs in the solution 

show in the SEM image in Figure 5.16. 
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Figure 5.16: The images are SEM scans of the GNPS at various strengths [252] 

 

A logical correlation between the concentration and wavelength peak showing validity in 

using Beer-Lambert’s law is shown in Figure 5.17. When the particle size increases the 

concentration of GNP should decrease since the GNPs will be taking up a larger volume of 

the solution. The data collection from UV-Vis at wavelength range from 400-700 nm and 

recorded in table 1. It is clear that SPR peak take place at 517, 1.788574.  It can be calculated 

λ, Aspr, and A450 by using the data collected from the UV-VIS spectrophotometer. 

 

Table 5.4: Data collection of UV-Vis [249] 

 

SPR Peak (nm) Absorbance at SPR Absorbance at 450 nm 

517 1.78 1.06  

518 1.66 1.05  

520 1.83 1.13  

521 1.76  1.12  
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Figure 5.17: The graph between the concentrations of GNPs over various wavelengths 

recorded through UV-VIS by Rahman [252] 

Baset et al. [254] presented another technique for size measurement of metal and 

semiconductor nanoparticles. This technique was based on comparison between theoretical 

calculation of absorption spectra and UV-Vis spectra fitting of the colloidal nanoparticles. In 

this method an effective mass model has been applied for size measurement of colloidal 

nanoparticles (CdS) as a semiconductor. The experimental methodology included measuring 

of the nanoparticle UV-Vis absorption spectra over 10 days. This allowed for measuring the 

size changes of nanoparticles with time. The UV spectrum shifted over this period to give a 

maximum at 414 nm. This was attributed to increase in clustering. A good agreement for CdS 

nanoparticles has been found with comparison between the result of theory and experiment. In 

summary, UV-Vis is a fast and economical technique for the determination of nanoparticles 

sizes and concentration. It can be seen from the above literature that there are only very few 

attempts to develop UV-Vis as a technique for gold nanoparticle characterization.  However, 

its methodology has not been attempted to apply to other pure nanoparticles and to metal 

oxide nanoparticles.  
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5.6. Development of UV-Vis technique for iron oxide particle size measurements 

 

This section describes the development of UV-Vis technique for the determination of the 

metal oxide nanoparticles.  First gold particles were studied to check the overall methodology. 

5.6.1 Application of UV-Vis technique for nanoparticle size measurement 

 

UV-Vis technique has been applied to determine the size and concentration of iron oxide 

nanoparticle synthesized from the flame-based method. Firstly, validation of the particle sizes 

for gold particles was undertaken to establish that the UV-Vis technique used in this method 

gives the same results to those reported in the literature [249]. Experiments were undertaken 

on a UV-Vis instrument to measure the sizes for the standard gold particles of 5, 10, 15, 30 

and 50 nm sizes. Measured UV-Vis sizes were compared with the sizes obtained from the 

SEM technique, and measured sizes from the present work were then compared with these 

obtained from Haiss et al. [249]. 

 

5.7. Validation of particle sizes for gold nanoparticles (5-50 nm) by using UV-Vis 

spectroscopy 

  

5.7.1. Size measurements using SEM technique 

 

The Au NPs were analyzed using Scanning Electron Microscopy (SEM: Carl Zeiss Microscopy) 

and Ultraviolet-visible spectroscopy (UV-Vis: Lambda 35 double beam Perkin Elmer). The 

SEM analysis was used to assess the size of the AuNPs. The SEM grid samples were prepared 

from drops from the original AuNPs solution (5, 10, 15, 30 and 50 nm) on a 300 mesh copper 

grip, which was coated with formvar film, the samples were then dried at room temperature. 

The details of the sample preparation and measurements methodology are discussed in detail 

in chapter 4. Figure 5.18 shows the sample images of standard gold nanoparticles obtained by 

the SEM technique. It can be seen from image 5.18 that Pa1 is the diameter by point to point 

measure in nm and Pb1 represents the angle direction  of measurement.  The Da1  refer to the 

readial measure of the diameter in nm and Dp1 acts the area of the image in nm2. 
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(a)                                                                        (b) 

          

(c)                                                                       (d)                                                        

 

 

                                                                       (e) 

Figure 5.18: SEM image of gold nanoparticle (a) (5 nm), (b) (10 nm), (c) (15 nm), d (30), 

and e (50 nm) 
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 5.7.2. Size Measurements using UV-Vis spectroscopy  

 

In this experiment, a sample of the standard solutions of the gold nanoparticles of different 

sizes (5, 10, 15, 30 and 50 nm) were obtained from Sigma Aldrich and analyzed by UV-Vis 

spectroscopy. The UV-Vis analysis of the sample was performed on the Lambda 35 double 

beam UV/Vis spectrophotometer from Perkin Elmer. The first sample was prepared by taking 

from the original suspension (5 nm) into a cuvette as shown in Figure 5.19. The specification 

of gold nanoparticles are summarized in the Table 5.5. 

     

Figure 5.19: Solution samples for gold oxide nanoparticles (5, 10, 15, 30 and 50 nm) 

 

Table 5.5: Products specification (SDS) with their technical information for gold 

nanoparticle (5-50) nm 

 

Product 

Number 

 

Diameter  

(nm) 

Form  Concentration 

(mg/ml) 

Supplier 

900147 

 

5  dispersion 10 In H2O 

Dia=5nm ± 2.5nm  

Sigma-Aldrich 

900012 10 

 

dispersion 1 In H2O 

Dia= 10 nm (TEM) 

Sigma-Aldrich 

900200 15    dispersion 5  In H2O 

Dia=15 nm (TEM) 

Sigma-Aldrich 

900093 

 

20  dispersion 1 In H2O 

Dia=20 nm (TEM) 

Sigma-Aldrich 

900062 

 

30 nm dispersion  5  In H2O 

Dia=30 nm(TEM) 

Sigma-Aldrich 

https://www.sigmaaldrich.com/catalog/product/aldrich/900062?lang=en&region=GB
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5.7.3. Sample loading in UV-Vis 

 

UV-vis spectra were acquired with a Perkin Elmer Lambda 45 spectrophotometer. Scans were 

run from 800-200 nm with a bandwidth of 1nm and a scan speed of 240 nm/minute. This was 

the optimum chosen for accuracy and measurement time. The reference cell contained 

deionized water. The characteristic absorbance peak was found around 500-550 nm and the 

data for all samples from sizes (5-50) nm are presented in figure 5.20. 

 

 

 

Figure 5.20:  UV-vis spectra of the gold nanoparticles from 5 - 50nm size  

 

According to Haiss et al. [249] it is possible to calculate the size of GNPs with diameters 

smaller than 35 nm using the equation 5.13 above. The absorption 𝐴𝑠𝑝𝑟 and 𝐴450  are 

known values. The parameters 𝐵1 and 𝐵2 are calculated values,  𝐵1  refers to the inverse 

slope of the plotted values and  𝐵2  represents  the y-axis intercept divided by the slope as 

shown in Figure 5.20. Table 5.6 demonstrated the value of ln (d), peak at SPR and 450 nm 

Gold nanoparticle 10 nm

Gold nanoparticle 15nm

Gold nanoparticle 30 nm

Gold nanoparticle 50 nm

Gold nanoparticle 5nm

Name Description

200 800300 400 500 600 700
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1.6
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2.0
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A
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518 nm, 1.08 A 

531 nm, 1.05 A 

527 nm, 1.00 A 

517 nm, 1.07 A 

529 nm, 0.33 A 
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for all samples.  A plot of ln (d) against the absorption ratio for gold nanoparticle samples 

is shown in Figure 5.21.  

 

Table 5.6: The peak at (spr) and 450 wavelength for gold nanoparticle 

 

     d  𝑙𝑛𝑑 450 𝑆𝑃𝑅 𝑝𝑒𝑎𝑘/450 

5 1.61 0.88 1.07 1.21 

10 2.30 0.22 0.33 1.5 

15 2.70 0.65 1.07 1.64 

30 3.40 0.54 1.04 1.92 

50 3.91 0.5 1.08 2.16 

 

 

 

 

Figure 5.21: Absorbance ratio against particle size for gold nanoparticles 
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5.7.3.1 Calculations of nanoparticle sizes  

Sample calculation of the particle sizes of 5 nm and 50 nm are presented below.  

 

Gold nanoparticles of size 5 nm: To calculate the diameter of the nanoparticle, firstly it is 

important to determine the fit parameters (B1 and B2) to be used in the linear equation below. 

 

𝐴

𝐴450
= 0.405 ln 𝑑  + 0.558                     (5.18) 

 

From the above equation:   

 

B1 (inverse slope) = 
1

𝑚
 = 

1

0.405 
 = 2.46            (5.19) 

 

B2 (y-axis intercept) =  
𝐵0

𝑚
=

0.558 

0.405 
= 1.37            (5.20) 

 

𝐴𝑠𝑝𝑟

𝐴450
= 1.215                   (5.21) 

Using equation 5.13   become   

 

d=𝑒𝑥𝑝  (𝐵1
𝐴𝑠𝑝𝑟 

𝐴450
− 𝐵2)                                     

this gives,  

d= 𝑒𝑥𝑝 (2.46*[1.215] - 1.37) = 5.03 nm 

                                                                                                        

The other size diameters for 10, 15, 30 and 50 are calculated by the same procedure and 

demonstrated in Table 5.8. 

Gold nanoparticles of size 50 nm: For large AuNPs (Figure 5.20) the absorbance peak at 

531 nm can be observed. To calculate the nanoparticle (d) size use the Haiss formula from the 

measurements of (SPR) wavelengths between 35 to 100 nm presented in equation 5.12.  

 

  𝑑 =
ln(

𝜆𝑠𝑝𝑟−𝜆0

𝐿1
)

𝐿2
                                                                                5.12                                                                                                                                            

Where d is a nanoparticle diameter, 𝜆𝑠𝑝𝑟  is the wavelength at which the absorbance peak was 

observed, λ0 = 512 nm, L1= 6.53, and L2 = 0.021 are the experimental fit parameters 
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determined from the theoretical values for d > 25 nm. Therefore, the calculated diameter of 

the large AuNPs is given in Table below: 

 

𝑑 =
ln(

531−512

6.53
)

0.0216
 = 49.44 nm  

 

Table 5.7: Calculated values of standard 50 nm gold nanoparticles  

 

Size (nm) 𝑙𝑛(𝑑)       λ λ -512 𝑙𝑛(λ-512)     D 

50 3.92 531 19 2.95 49.44 

 

The calculated diameters of the small gold nanoparticles 5, 10, 15 and 30 nm are 5.03, 10.17, 

14.36 and 29.21 respectively. The calculated diameter of the large (50 nm) AuNPs is 49.44 

nm. That is in a good agreement with the experimental data from SEM. The nanoparticle 

manufacturer quotes size variations of ± 2 nm for all the nanoparticles, the labelled mean size 

is shown in Table 5.5.  

Table 5.8: Diameter of the gold nanoparticles calculated by UV-Vis 

 

d Samples 

(nm) 

𝜆𝑠𝑝𝑟  

(nm) 

𝐴𝑠𝑝𝑟 𝐴450  A/𝐴450 d STEM  d(UV) nm  % error 

dUV-ds/ds  

5 517 1.07 0.85 1.21 5.24 5.03 0.6 

10 529 0.33 0.22 1.5 9.96 10.17 1.7 

15 518 1.08 0.67 1.64 15.23 14.36 -4.26 

30 527 

 

1.00 0.51 1.92 30.94 29.21 -2.63 

50 531 1.05 0.48 2.16 49.40 49.44 -1.12 

 

It can be seen from the figure 5.22 there is a good agreement between the values of the current 

work and the Haiss et al. [249] values. This result will enhance and validate this method for 

characterization of different types of nanoparticles like iron oxide nanoparticle. 
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Figure 5.22: Values of the gold nanoparticle obtained in the current work against Haiss 

et al. [249] values 

 

 The percentage errors have been calculated in Table 5.8 and plotted in the graph in Figure 

5.23. 
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Figure 5.23: The percentage error against particle diameters 

 

5.8. Calculation of number of particles for gold nanoparticles (5-50 nm) 

 

The calculation of the number density of the particles per unit volume (N) can be found by the 

following equation 5.15. 

For gold nanoparticle (d) 5 nm,  𝐴450 = 0.85  

 

N= 
𝐴

450 ×1014

𝑑2[−0.295+1.36 exp(−(
𝑑−96.8

78.2

2
) ]

                                                     (5.15) 

                                                    

= 0.85  ×1014

(5)2[−0.295+1.36 exp(−(
5−96.8

78.2

2
) ]

  = 6.9𝑥1011  particle /ml 

 

The same procedure can be followed with other sample sizes 10, 15, 30 and 50 nm as shown 

in the Table 5.9. 

 

-10

-8

-6

-4

-2

0

2

4

6

8

10

0 5 10 15 20 25 30 35 40 45 50 55
% Error 

Diameter (nm)



249 
 

Table 5.9: Particle concentrations of the gold nanoparticles (5-50 nm) 

 

 

GNP 

Diameter (nm) 

Concentration 

(particles/ml) 

Concentration 

(particle /ml) 

5 5.53𝑥1013 6.9𝑥1011 

 

10 7.1𝑥1012 7.5𝑥1012 

15 1.64 𝑥1012 1.77𝑥1013 

 

30 1.8𝑥1011 2.09𝑥1013 

 

50 3.5𝑥1010 2.9𝑥1013 

 

 

5.9. Calculations of particle sizes for iron oxide nanoparticles (5-30 nm) 

 

UV-visible spectroscopy has never been used to investigate particle sizes of iron oxide 

nanoparticles. Although these do not have an SPR in the same way as gold nanoparticles, it 

was considered interesting to examine the possibility of the use of this procedure to determine 

particle sizes. 

5.9.1. SEM analysis 

 
The iron oxide nanoparticles were analyzed by Scanning Electron Microscopy (SEM) and 

Ultraviolet-visible spectroscopy (UV-vis). The SEM analysis was used to assess the size of 

the iron NPs. The grid samples were prepared from drops from the original iron NPs solution 

(5, 10, 15 and 30 nm) on a 300 mesh copper grip, which was coated with formvar film the 

samples were then dried at room temperature. Figure 5.24 shows the samples the images by 

SEM. 
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                (a) (5 nm)                                                         (b) (10 nm) 

 

 

                   (c) (15 nm)                                                       (d) 30 nm                      

 

Figure 5.24: SEM image of iron oxide nanoparticle (a) (5 nm), (b) (10 nm), (c) (15 nm), d 

(30nm) 

5.9.2. Ultraviolet–visible spectroscopy (UV-vis) measurements for iron oxide 

nanoparticle (5-30 nm) 

 

Iron oxide suspensions of different sizes (5, 10, 15 and 30 nm) were obtained from Sigma 

Aldrich. The original suspension was 5mg/ml, this was serially diluted into water to produce 

suspensions of varying concentrations. The first sample was prepared by taking 0.05 ml of the 

original solution and diluting to 25 ml as shown in Figure 5.25. The UV-Vis spectra were 

measured using the Lambda 35 UV/Vis spectrophotometer from Perkin Elmer. The 

specification of iron oxide nanoparticles are summarized in the Table 5.10. 
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Figure 5.25: Solution samples for iron oxide nanoparticles (5, 10, 15, and 30 nm) 

 

Table 5.10: Products specification (SDS) with their technical information for Iron 

Oxide Nanoparticle (5-30) nm 

 

Product 

Number 

 

Diameter 

(nm) 

Form Concentration 

(particles/ml) 

Absorption 

(λmax ) 

Supplier 

753645 

 

50  suspension ~3.5 𝑥1010 535-536 nm Sigma-Aldrich 

753629 

 

30   

 

suspension ~1.8 𝑥1011 535-536 nm Sigma-Aldrich 

747564 10    dispersion ~7.1 𝑥1012 

 

514-524 nm Sigma-Aldrich 

752568 5  suspension ~5.5 𝑥1013 

 

510-525 nm Sigma-Aldrich 

777099 15  suspension ~ 1.64 𝑥1012 510-520 nm Sigma-Aldrich 

5.9.3. Sample loading in UV-Vis 

 

Scans were run from 800-200 nm with a bandwidth of 1nm and a scan speed of 240 nm/ theta 

reference cell contained deionized water. The spectra were resolved using Peak Fit to 

deconvolute into separate spectral peaks. The characteristic absorbance peak was found 

around 300- 450 nm and the data for size  5,10,15, and 30  nm are  presented in Figure 5.26- 
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5.29 with the Peak fitted spectra as well. The absorbance of the various suspensions of 

different concentrations at the deconvoluted wavelengths are shown in the Table 5.11. 

 

 

 
 
 

 
 

 

Figure 5.26:  UV-vis spectra and peak fit of the iron oxide nanoparticle at 5 nm size  
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Figure 5.27:  UV-vis spectra and peak fit of the iron oxide nanoparticle at 10 nm size  
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Figure 5.28:  UV-vis spectra and peak fit of the iron oxide nanoparticle at 15 nm size  
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Figure 5.29:  UV-vis spectra and peak fit of the iron oxide nanoparticle at 30 nm size 
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Table 5.11: Calibration for Beer-Lambert applicability 
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Different particle sizes produced quite different absorbances for the same concentrations, so 

the concentrations of the solutions used were chosen to give reasonable absorbances in the 

UV-visible region. 

 

5.10. Particle size calculations based on UV-vis spectra for iron oxide nanoparticles (5-30 

nm) 

 

UV-vis spectra were acquired with a Perkin Eklmer Lambda 45 spectrophotometer. The 

spectra were obtained over the range of 200-800 nm. The characteristic absorbance peak for 

iron oxide nanoparticles at 5 nm was found around 321 nm (Figure 5.26).  To calculate the 

size of iron oxide nanoparticles with diameters smaller than 35 nm, the same procedure 

followed with the gold nanoparticles was applied to the iron oxide particles according to the 

Haiss equation (5.13) To calculate the diameter of the nanoparticle, firstly it is important to 

determine the fit parameters (B1 and B2) to be used in the line equation in Figure 5.30.  

 

𝑦 = −5.49   𝑥 + 21.73   

B1 (inverse slope) = 
1

𝑚
 = 

1

−5.49 
 = - 0.18 

B2 (y-axis intercept) =  
𝐵0

𝑚
=

21.73  

−5.49 
= −3.77        

The peak ratio and absorbance value against particle size are shown in Figure 5.31. 

 

 

Figure 5.30: Absorbance ratio against particle size (5-30 nm) 
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Figure 5.31: Peak ratio and absorbance value against particle size 
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5 nm iron oxide nanoparticles 

 

The absorbance ratios for 5 nm iron oxide particle were calculated using the peakfit data in 

the table below. 

 

5 nm 

Peak λ A Aspr/A 

1 228 1.78 A1/A2 =1.67 

2 312 1.06 A1/A3 =12.06 

3 478 0.14 A2/A3= 7.19 

 

𝐴228

𝐴478
=  

𝐴1

𝐴3
=

1.78

0.14
   = 12.06     

d=𝑒𝑥𝑝  (𝐵1
𝐴𝑠𝑝𝑟 

𝐴3
− 𝐵2)   = 𝑒𝑥𝑝 (- 0.18 *[12.06] - (-3.77 ) = 4.82 

 

Samples of Iron oxide nanoparticles 10 nm have an absorbance peak at 319 nm as presented 

in figure 5.27.  

B1 = - 0.18 

 

B2 = −3.77        

 

10 nm iron oxide nanoparticles 

 

      10 nm 

Peak λ A Aspr/A 

1 223 1.84 2.71 

2 319 0.67 7.91 

3 407 0.23 2.91 

 

𝐴𝑠

𝐴407
=  

𝐴1

𝐴3
=

1.84

0.23
   = 7.91    

d=𝑒𝑥𝑝  (𝐵1
𝐴𝑠𝑝𝑟 

𝐴3
− 𝐵2)                                     

d= 𝑒𝑥𝑝 (-0.18 * [7.91] - (-3.77) =10.32 
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15 nm iron oxide nanoparticles 

 

Samples of Iron oxide nanoparticles 15 nm and have an absorbance peak at 223 nm is 

presented in Figure 5.28.  

 

B1 = - 0.18 

B2 = −3.77       

 

        15 nm 

Peak λ A Aspr/A 

1 226 1.91 2.39 

2 321 0.80 5.64 

3 406 0.34 15.96 

 

𝐴𝑠

𝐴407
=  

𝐴1

𝐴3
=

1.91

0.34
   = 5.64    

 

d=𝑒𝑥𝑝  (𝐵1
𝐴𝑠𝑝𝑟 

𝐴3
− 𝐵2)      

                               

d= 𝑒𝑥𝑝 (- 0.18 * [5.64] - (-3.77) =15.61 

 

30 nm iron oxide nanoparticles 

Samples of iron oxide nanoparticles 30 nm 

 

        30 nm 

Peak λ A Aspr/A 

1 290 0.62 A1/A2= 1.19 

2 319 0.51 A1/A3= 2.22 

3 407 0.27 A1/A4= 4.23 

4 599 0.14 A3/A4= 1.89 

 

𝐴𝑠𝑝𝑟

𝐴407
=  

𝐴1

𝐴3
=

0.62

0.27
   = 2.22    



261 
 

d=𝑒𝑥𝑝  (𝐵1
𝐴𝑠𝑝𝑟 

𝐴3
− 𝐵2)                                     

d= 𝑒𝑥𝑝 (- 0.18 * [2.22] - (-3.77 ) =29.07 

 

The obtained diameters of the small iron oxide nanoparticle (5-30 nm) are 4.82, 10.32, 15.61 

and 29.07 nm respectively, that is in a good agreement with experimental data from SEM and 

the sizes quoted by the manufacturer. The absorbance of different nanoparticles sizes were 

obtained from the Peakfit graphs at each of the resolved peaks and for different concentrations 

to check that the Beer-Lambert law was obeyed. Figure 5.32 shows the absorbance at 

different wave lengths against concentration for 5 nm size. The absorbance against 

concentration for sizes 10 nm, 15 nm are shown in Appendix vii.  

 

 

5.32`: Absorbance at different wave lengths against concentration for 5 nm sizeFigure  
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The three graphs in Figure 5.32 illustrate the absorbance at different wave lengths against 

concentration for 5 nm size. The data clearly shows that R2 values are close to 1. It can be 

seen from figure 5.32 that the concentration of iron oxide content against absorbance at wave 

length 521 nm shows low absorbance values. The absorbance values start at 0.02 to 0.14 as 

the concentration values increase to the maximum at 2 mg.  The maximum of the absorption 

in the wavelength range of 229 nm reaches 2.45. It is very remarkable that using different 

concentrations of iron oxide can very significantly change the absorbance value.  

 

5.11. Calculation of number of particles for iron oxide nanoparticles (5-30 nm) 

 

The absorbance should enable the volume concentration of particles to be calculated. 

density *  
4

3
  𝜋 𝑟3Mass of 1 particle (W) =,   

4

3
  𝜋 𝑟3Volume of 1 particle (V) =  

Density of Fe3O4= 5.18 g/cm3 

For particle size 5 nm = 5 x10-9 m= 5 x10-7 cm 

Mass of a 5 nm particle = 
4

3
  𝜋 (2.5 𝑥 10−7𝑐𝑚)3 ∗ 5.18 g/cm3 =3.38 ∗10 -19   g  

Using 321 nm peak  

=0.7465 x mg/100 - 0.0672 

Assume in an expt. A=0.65 Then concentration = 0.96 mg/100 

=0.0096 g/l 

For 1 particle mass = 3.38 ∗10 -19   g 

The theoretical calculations of the particle number density from the initial concentration of  

iron in the reaction.  

Number of particles in 1 litre   𝑁 =  
𝐶𝐹𝑒

4

3
  𝜋 𝑟3∗𝜌

       

 

=  
0.0096

4

3
  𝜋 (2.5 𝑥 10−7)3 ∗ 5.18

  =  
0.0096 𝑔/𝑙

3.38∗10−19𝑔
    = 2.85 ∗ 106    particle/ litre   

 

Where r is radius of the particle, 𝐶𝐹𝑒 is the initial concentration of iron in g/l and ρ is the 

density of iron in g/cm3
.
  The particle concentrations calculations for iron oxide nanoparticles 

are summarised in this section. For full data, see Appendix VIII.  
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Table 5.12: Calculations of numbers of particles   

 

5 nm particle       

 

Λ Abs Intercept Slope Conc.mg/100 Conc. g/l No. particles /l 

229 1.24  0.008   1.26  1.05 0.0105 3.09 E+16 

321 0.70  -0.067  0.74   1.04 0.0104 3.07 E+16 

500 0.12   -0.012  0.07   1.99 0.0199 5.88 E+16 

 

The particle numbers calculated from the absorbance at 229 and 321nm are in good 

agreement. Absorbance values at 500nm are so low and the slope of the graph is very low so 

that there is likely to be increased error in the calculation of particle concentration and the 

value obtained is presumably affected by this. 

 

5.12. Summary  

 

The following conclusions can be drawn from the above discussions: 

1. Ultra violet visible (UV-Vis) spectroscopy is a very simple and quick technique to develop 

absorption and transmission spectra of liquid suspensions. 

2. It is possible to use the pure rare metal (gold and silver) nanoparticles based-dispersion in 

liquid suspensions to determine the particle size and concentration.  

3. The efficacy of UV-Vis spectroscopy has not been thoroughly investigated for other 

nanoparticles such as metal oxides nanoparticles including iron oxide and titanium dioxide.   

4. The usability and versatility of this technique will be further extended if its use in the 

determination of other metal oxide nanoparticles can be developed and established.  

5. The results show that particle sizes and volume concentration of particles can be 

determined by UV-Vis spectroscopy. 

6. A number of techniques are used potentially to analyze and characterize nanoparticles 

among these techniques are SEM/TEM, XRD, DLS, and AFM. However, most of these 

techniques are time consuming and complex.  

7. The importance of accurate determination of nanoparticle numbers, or concentration has 

been essential for nanoparticle fabrications, modifications, and downstream applications. 
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The previous work on gold nanoparticles to determine particle size and particle numbers has 

been validated and extended here using a different range of nanoparticle sizes. The results 

found here for iron oxide nanoparticles suggest that UV –visible spectroscopy could be a 

viable method for similar determination of particle sizes and particle numbers even though 

these do not show surface plasmon resonance. This work needs further investigation over a 

wider range of particle sizes to validate the findings here. Compared to TEM and SEM, this 

method would provide a fast and inexpensive procedure for determination of particle sizes as 

the spectrophotometers are relatively cheap, of small size and do not require highly skilled 

personnel to operate them. 
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Chapter 6 

 

 

Conclusions and Future Work 

 

The nanoparticles flame-based method to synthesise iron oxide nanoparticles has significant 

advantages, including improving the capability of commercial production rate and 

nanoparticle property control. The flame technology is a simple one-step method which does 

not require post-processing, which is considered as the most economical method [61, 64, 68]. 

Therefore, as a method, it is suitable for the large-scale and inexpensive production of 

nanoparticles. The flame method can produce a wide variety of nanoparticles which have 

huge market commercial potential. This study evaluated the advantages of gas phase 

nanoparticle synthesis based on a premixed burner and diffusion system that was used to 

generate Fe2O3 nanoparticles. In the literature, a variety of flame configurations have been 

extensively studied and reported to synthesis different types of nanoparticles to improve and 

design a unique flame-based nanoparticle generator which has the ability to synthesise 

controlled functional particles. In recent years, the synthesis of iron oxide nanoparticles has 

attracted significant attention in the field because of their special properties and wide potential 

use in many practical applications. However, in the literature, the premixed flames method 

has only been given limited attention. Also, the capability for synthesising controlled 

functional Fe2O3 nanoparticles in the very narrow size ranges still remain an open research 

challenge for combustion science to overcome. It is essential to fully understand the particle 

formation in premixed flames for its high importance when designing the optimal industrial 

flame reactor. It is also important to understand the main three factors which can have an 

effect on the nanoparticle size, phase, and morphology. 

 

6.1. Study Conclusions 

 

This research has contributed to the following conclusions. 

i. In the literature, several methods for synthesising the nanoparticle were developed, which 

can be generally classified within the two groups of bottom-up and top-down synthesis 

approaches. The bottom-up approach was classified into liquid phase and gas-phase methods. 

The bottom-up approaches involve a wide variety of synthetic methods for fabrication of 

nanoparticles by nucleation, growth, and aggregation of atoms and molecules through a range 
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of techniques such as sol-gel, hydrothermal, co-precipitation, and microwave, among others. 

The top-down approach basically involves physical methods such as ball milling, and laser-

induced chemical etching and dry etching techniques. 

ii. A wide range of flame synthesis methods were used in this research to produce many novel 

nanoparticles. Flame synthesis is the most appropriate method for synthesising controlled 

nanoparticle sizes with high purity and controlled size distribution. However, the factors that 

have an effect on the size, phase, and morphology of end particles are not yet fully 

understood, and hence control over their end size, phase and morphology needs to be fully 

established. 

iii. In the literature, a number of different diffusion flames have been used to synthesise Fe2O3 

nanoparticles with different configurations and conditions, and hence it is difficult to compare 

which flame conditions and configurations are most suitable for producing functional Fe2O3 

nanoparticles. The premixed flame has been proven to offer and provide better control of 

flame configuration, conditions, and other flame factors. However, in the literature, the 

studies undertaken to synthesise functional iron oxide nanoparticles have not been detailed 

enough to allow us to establish a clear understanding of and draw a definitive conclusion 

about establishing them as an alternative provider to diffusion flame technology. 

iv. A new rig for synthesis of the nanoparticle was built and tested in-house involving burner 

assembly, precursor loading system, dilution and collection systems. The rig was subject to 

some improvements in the burner such as diffusion flames configuration for nanoparticle 

synthesis, which was successfully tested . 

v. The experimental methodology was successfully undertaken to synthesise the nanoparticle 

based on a novel combustion system from both premixed and diffusion flames. The 

experimental methodology to synthesise and analyse the nanoparticle from the laminar 

premixed flame was successfully developed and presented . 

vi. An important result from the preliminary experiments showed that functional nanoparticles 

of iron oxide in the size range 1nm to 10 nm can be synthesised from the premixed flame with 

precursor loading range of 0.7 -0.10 lpm and equivalence ratio of ϕ =1.1 to ϕ =1.2. 

vii. The most common factors such as particle residence time, flame temperature and 

precursor type were studied and investigated in detail. These factors have a significant effect 

on particle morphology, size, and phase. The increase in the particle residence time of 0.21 
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seconds can lead to the decrease of 135 ͦ C in the maximum temperature, leading to the 

agglomeration of the particles resulting in the formation of larger size particles in the form of 

aggregates of size range 50 to 100 nm. The change of equivalence ratio from 0.9 to 1.6 was 

also found to have an effect on particle characteristics. The reducing of flame space 

temperature led to a reduction in the number of primary particles, and also led to the change 

from morphological to non-spherical shaped particles . It is noted that particle inception, 

formation, and growth were significantly affected by the precursor loading rate. At low rates 

of precursor loading of 0.07 lpm, it was observed that a large number of primary particles are 

formed in the functional particles size range of 1nm to 10 nm. At high precursor loading rate 

of 0.20 the larger vapour clouds as small spherical vapour balls were formed. These particles 

then follow the coagulation model of particle formation and growth as they travel in the 

vertical direction above the flame. 

viii. The fuel stoichiometry has profound effects on the particle formation and growth. At rich 

side (ϕ =1.0 to ϕ =1.6) combustion gives larger size particle formation than the lean side 

(ϕ<1). As a results the flame stoichiometric conditions has effect on the particle sizes, 

morphology and phase. 

ix. The number concentration of particles formed in the functional range of 1 nm to 10 nm 

was found to be affected by the changing of the precursor loading; also, the phase purity of 

the bulk particle was found to be significantly affected for increase of precussor loading from 

0.07  lpm to 0.2 lpm the amount of maghemite phase increases from 66% to 87% and 

magnetite phase decreases from 34% to 13%. 

 x. It was observed that when the precursor vapour formed from the liquid droplet the particle 

inception takes place. The evaporation of precursor liquid leads to particle inception in the 

large droplets which takes place in the outer precursor layer formed. 

The outcomes of the research work are that iron oxide nanoparticles can be successfully 

produced in a laboratory scale by using premixed flame. The flame synthesis has been 

successfully used and improved to generate iron oxide nanoparticles based on studying the 

three main factors – residence time, precursor loading and equivalence ratio. These factors 

have a strong effect on the particle size, phase, and morphologies. The range of residence time 

at 0.74 -0.85 sec gives the size of the nanoparticles 1-10 nm and the phase with maghemite 

64% and magnetite 33%. The precursor loading in the range of 0.07-0.10 lpm give the size of 

the nanoparticles from 1-10 nm. At the higher rate of precursor loading (0.12-0.15) lpm give 
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the size of the nanoparticles from 10-50 nm. At precursor loading (0.15-0.20) lpm the size of 

the nanoparticles increases to 50-100 nm. 

At equivalence ratio of 0.9 to 1.2 the size of the nanoparticle are 1-10 nm. At equivalence 

ratio of 1.2 to 1.4 the size increases to 20-50 nm and at equivalence ratio of 1.4 to 1.6 the 

range size increases to 50-100 nm. The phase purity at ϕ =1.3 was highest with maghemite 

phase contents 87% which was found to decrease to 65% at ϕ=1.6.  

 

6.2. Experimental limitations and future works 

 

The research has successfully achieved the aims set out in the research proposal. However, 

some limitations have been observed during the study which can inform future works in the 

field. 

 i. The combustion system has been subjected to several small modifications and 

improvements. Therefore, the experiment process control can be affected due to the system 

precision and maintenance status. An easy maintenance generator system can be developed in 

the future.  

Many parameters influence the formation of the nanoparticles such as orifice diameter, 

injection pressure and combustion chamber shape. For a scale-up of flame synthesis it is 

recommended to use cylindrical quartz combustion chamber to enhance the stability of flame 

and allow for more homogeneous mixing of fuel and air. In addition, the feeding system has 

significant role in the particle formation process it is suggested to adopt a new 

microjet atomisation technology. This improve the injection pressure which is plays an 

important role in the droplet size as well as large scale production. 

ii. The Fe2O3 formation mechanism in the premixed flame zones was constructed particle 

growth model. This model helped to predicit shape and size of the nanopaticles in the end 

product. This model is important and can be follow and used as a design tool for choosing 

operating conditions and precursors to obtain desired resultant particle characteristics. 

 

iii. The variation of the environmental conditions such as room temperature, noise, and fine 

dust, among other factors may lead to difficulties of controlling the factors which can 

negatively impact the particle formation. For example, the dust in the air may mix with the 

sampling powders. Thus, a constant temperature and a dust-free laboratory are recommended 

for future experimental work . 

https://www.sciencedirect.com/topics/engineering/atomisation
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iv. The limitations of the parameter controller such as flowmeters and thermocouples have to 

be taken into account. 

v. The difficulties of controlling the factors which can affect the particle formation . 

vi. Investigate the effect of using different types of fuel such as Ethylene (C2H4) and methane 

(CH4) with varying equivalence ratios and different precursor solutions on the nanoparticles’ 

characteristics. 

The precursor flow rate affects several characteristics of the flame and the particle formation 

mechanism depend on the initial droplet size. Thus, the size and morphology of the end 

product nanoparticle can be directly controlled by the droplet size of the metal 

precursor  through particle formation mechanism.  The smaller the droplet size, the better is 

the mixing efficiency and hence more efficient is the combustion. The most common method 

to characterise the droplet size is by Phase Doppler Anemometry (PDA). This system based 

upon the use of an Ar-ion laser as light source in order to providing the mean droplets size. 

The (PDA) is one of the useful and reliable optical methods for sizing small spherical 

particles and velocity of a droplet, which is a unique advantage over other measurement 

techniques.  

 

vii. Investigate synthesising iron oxide nanoparticle with polymer coatings. This would lead 

future scientists to study the effect of this coating on electrical, optical and mechanical 

properties as well as the stability and functionality of the particles. Also, future work could 

investigate the generation of iron oxide–titanium dioxide composite nanoparticles by 

premixed flame synthesis.     

viii. For UV work, it would be important to investigate silver nanoparticles to determine 

whether the method used for gold could be used for silver. Some modification to the 

procedure in terms of wavelengths would be necessary as the SPR would differ from gold. 

For iron oxide, more particle sizes need to be investigated to confirm the results and to 

explore the limitations of the procedure. It would also be valuable to study other oxides such 

as titanium dioxide to discover whether the procedure used could be applied to these oxides 

with suitable modifications. 

 

 

https://www.sciencedirect.com/topics/engineering/droplet-size
https://www.sciencedirect.com/topics/engineering/metal-precursor
https://www.sciencedirect.com/topics/engineering/metal-precursor
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Appendices  

 

Appendix i 

 

Actual Flow rates of fuel at different equivalence ratios for 4 lpm of air 

 

𝛟 (𝐅/𝐀) 𝒂𝒄𝒕 Actual air(lpm) Actual fuel(lpm) 

0.8 0.033  4 0.13   

0.9 0.037  4 0.15   

1 0.042  4 0.16  

1.1  0.0462  4 0.18  

1.2 0.050  4 0.20  

1.3 0.054  4 0.21  

1.4 0.058  4 0.23  

1.5 0.063  4 0.25  

 

Appendix ii 

Actual Flow rates of air at different equivalence ratios for 0.2 lpm of fuel 

 

𝛟 (𝐅/𝐀) 𝐚𝐜𝐭 Actual fuel(lpm) Actual air(lpm) 

0.8 0.033  0.2 5.95 

0.9 0.037  0.2 5.29 

1 0.042  0.2 4.75 

1.1  0.046   0.2 4.32 

1.2 0.050  0.2 3.96 

1.3 0.054  0.2 3.66 

1.4 0.058  0.2 3.40 

1.5 0.063  0.2 3.17 
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Appendix iii 

nanoparticle at different precursor loading conditions 3O2XRD Calculations of Fe 

 

Precursor 2θ Cosθ 
FWHM 
(degree) 

FWHM(Rad) Size 
d-

spacing 
Phase 

0.07 

30.26 0.9653 0.1260 0.0021 65.39 2.953 
-ãIron diiron(III) oxide, 

, Iron(III) oxide3O2Fe 

35.64 0.9520 0.2834 0.0049 29.37 2.518 
-ãIron diiron(III) oxide, 

, Iron(III) oxide3O2Fe 

38.56 0.9439 0.5038 0.0087 16.72 2.334 
-ãIron diiron(III) oxide, 

, Iron(III) oxide3O2Fe 

43.35 0.9292 0.2519 0.0043 33.98 2.087 
-ãIron diiron(III) oxide, 

, Iron(III) oxide3O2Fe 

53.77 0.8919 0.2519 0.0043 35.40 1.704 
-ãIron diiron(III) oxide, 

, Iron(III) oxide3O2Fe 

57.36 0.8772 0.3779 0.0065 23.94 1.606 
-ãIron diiron(III) oxide, 

, Iron(III) oxide3O2Fe 

62.96 0.8528 0.3840 0.0067 24.28 1.475 
-ãIron diiron(III) oxide, 

, Iron(III) oxide3O2Fe 

0.10 

30.19 
0.9654 

 
0.3149 0.0054 

26.162 

 
2.95 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

35.59 
0.9521 

0.2519 
0.0043 

33.167 

 
2.52 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

37.30 
0.9474 

0.3779 
0.0065 

22.217 

 
2.41 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

38.53 0.9439 0.6298 0.0109 
13.379 

 
2.33 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

43.30 0.9294 0.3779 0.0065 
22.648 

 
2.08 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

53.68 0.8922 0.3779 0.0065 
23.59 

 
1.70 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

57.30 0.8775 0.1889 0.0032 
47.998 

 
1.60 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

62.77 0.8536 0.2304 0.0040 
40.443 

 
1.47 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

0.12 

26.17 0.9740 0.5038 0.0087 

 

16.21 

 

3.40 
, Iron(III) oxide iron 3O2Fe-ã

diiron(III) oxide, Magnetite 

30.23 0.9653 0.1574 

 

0.0027 

 

52.34 

 
2.955 

, Iron(III) oxide iron 3O2Fe-ã
diiron(III) oxide, Magnetite 

 

35.63 

 

0.9520 

 

 

0.3149 
0.0054 

 

26.53 

 

2.51 

 

, Iron(III) oxide iron 3O2Fe-ã
diiron(III) oxide, Magnetite 

38.53 0.9439 0.5038 0.0087 
16.72 

 
2.33 

oxide iron , Iron(III) 3O2Fe-ã
diiron(III) oxide, Magnetite 

43.38 0.9291 0.2834 0.0049 

30.20 

 
2.08 , Iron(III) oxide iron 3O2Fe-ã

diiron(III) oxide, Magnetite 

53.74 0.8920 0.1889 0.0032 
47.21 

 
1.70 , Iron(III) oxide iron 3O2Fe-ã

diiron(III) oxide, Magnetite 

57.32 0.8774 0.4408 0.0076 
20.56 

 
1.60 

, Iron(III) oxide iron 3O2Fe-ã
diiron(III) oxide, Magnetite 
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62.92 0.8529 0.4408 0.0076 
21.15 

 
1.47 

, Iron(III) oxide iron 3O2Fe-ã
diiron(III) oxide, Magnetite 

67.16 0.8331 0.4608 0.0080 
20.72 

 
1.39 

, Iron(III) oxide iron 3Fe2O-ã
diiron(III) oxide, Magnetite 

0.15 

 

5.51 0.9988 0.5038 0.0087 

 

15.80 

 

16.01 ------- 

23.96 0.9782 0.3779 0.0065 

 

21.51 

 

3.71 
, Iron(III) oxide iron 3O2Fe-ã

diiron(III) oxide 

30.31 0.9652 0.1889 0.0032 

 

43.63 

 

2.94 
, Iron(III) oxide iron 3O2Fe-ã

diiron(III) oxide 

35.69 0.9518 0.2519 0.0043 
 

33.17 
 

2.51 
, Iron(III) oxide iron 3O2Fe-ã

diiron(III) oxide 

38.55 0.9439 0.6298 0.0109 

 

13.37 

 

2.33 
, Iron(III) oxide iron 3O2Fe-ã

diiron(III) oxide 

43.36 0.929 0.3779 0.0065 
 

22.65 
 

2.08 
Iron(III) oxide iron , 3O2Fe-ã

diiron(III) oxide 

53.89 0.8914 0.4408 0.0076 
20.24 

 
1.70 

, Iron(III) oxide iron 3O2Fe-ã
diiron(III) oxide 

57.32 0.8774 0.2519 0.0043 
35.99 

 
1.60 

, Iron(III) oxide iron 3O2Fe-ã
diiron(III) oxide 

62.98 0.852 0.4408 0.0076 
21.16 

 
1.47 

, Iron(III) oxide iron 3O2Fe-ã
diiron(III) oxide 

68.33 0.8274 0.4608 0.0080 

 

20.86 

 

1.37 
, Iron(III) oxide iron 3O2Fe-ã

diiron(III) oxide 

0.20 

26.25 
0.9738 0.6298 0.0109 

12.96 

 
3.39 

Maghemite-C, syn 

Iron diiron(III) oxide 

30.30 
0.9652 0.2204 0.0038 

37.39 

 

2.94 Maghemite-C, syn 

Iron diiron(III) oxide 

35.66 
0.9519 0.2519 0.0043 

33.17 

 

2.51 Maghemite-C, syn 

Iron diiron(III) oxide 

38.69 
0.9435 0.6298 0.0109 

13.38 

 
2.32 

Maghemite-C, syn 

Iron diiron(III) oxide 

43.36 
0.9292 0.2519 0.0043 

33.98 

 
2.08 

Maghemite-C, syn 

Iron diiron(III) oxide 

53.72 
0.8920 0.2519 0.0043 

35.40 

 
1.70 

Maghemite-C, syn 

Iron diiron(III) oxide 

57.33 
0.8774 0.3464 0.0060 

26.17 

 
1.60 

Maghemite-C, syn 

Iron diiron(III) oxide 

62.97 
0.8527 0.3456 0.0060 

26.99 

 
1.47 

Maghemite-C, syn 

Iron diiron(III) oxide 
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Appendix iv 

 

nanoparticle at different equivalence ratio 3O2XRD Calculations of Fe 

 

E 2θ Cosθ 
FWHM 

(degree) 

FWHM 

(Radian) 
βCOSθ Size 

d-

spacing 
Phase 

0.9  

 30.23 0.965  0.2519  0.0043  0.004  32.71  2.95 

, Iron(III) oxide, 3O2Fe-ã
iron diiron(III) oxide, 
magnetite low. oxide 

35.59 0.953 0.3149 0.0054 0.0052 26.54 2.52 

, Iron(III) oxide, 3O2Fe-ã
iron diiron(III) oxide, 

magnetite low. oxide 

43.26 0.929 

0.3149 

0.0054 0.0051 27.17 2.09 

Iron(III) oxide, , 3O2Fe-ã

iron diiron(III) oxide, 

magnetite low. oxide 

53.80 0.891 0.6298 0.0109 0.0098 14.16 1.70 

, Iron(III) oxide, 3O2Fe-ã

iron diiron(III) oxide, 

magnetite low. oxide 

57.34 0.877 

0.3779 

0.0065 0.0057 21.05 1.60 

, Iron(III) oxide, 3O2Fe-ã

iron diiron(III) oxide, 

magnetite low. oxide 

62.87 0.853 
0.2688 

0.0046 0.0040 34.68 1.47 

, Iron (III) oxide, 3O2Fe-ã

iron diiron(III) oxide, 

magnetite low.  

1 

30.26   0.965 0.2519  0.0043   0.0042 32.71  2.95  
, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

35.63   0.952  0.1574  0.0027  0.0026  53.08  2.51  
, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

43.33   0.929  0.3149  0.0054   0.0051 27.18  2.08  
, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

53.82   0.891   0.5038  0.0087   0.0078 17.70  1.703  
, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

57.33   0.877  0.3149  0.0054  0 .0048 28.78  1.606  
, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

62.94 0.852 0.2688 
0.0046 0.0040 

34.69 

1.475 , 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

1.1 

30.22 
0.965 0.2519 0.0043 0.0042 32.70 2.95 

, 3O 2Fe-ãIron Oxide, 

Iron(III) oxide 

35.63 
0.952 0.2834 0.0049 0.0047  29.48 2.51 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

43.32 0.929 0.3779 0.0065 0.0061 22.64 2.088 
, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

57.32 0.877 0.3779 0.0065 0.0057 23.98 1.60 
, 3O 2Fe-ãIron Oxide, 

Iron(III) oxide 

62.93 0.852 0.3840 0.0067 0.0057 24.28 1.47 
, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 
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1.2 

 30.36  0.965  0.2519  0.0043   0.0042  32.72  2.94 
-iron diiron(III) oxide, ã

, Iron(III) oxide3O2Fe 

 35.65  0.951  0.3149  0.0054   0.0052  26.53  2.51 
-iron diiron(III) oxide, ã

, Iron(III) oxide3O2Fe 

43.45 
 

0.92896 
 0.3779  0.0065   0.0061   22.65   2.08 

-iron diiron(III) oxide, ã

, Iron(III) oxide3O2Fe 

 53.89  0.891  0.7557  0.0131   0.0117  11.80 1.70  
-iron diiron(III) oxide, ã

Iron(III) oxide, 3O2Fe 

 57.41  0.877  0.3149  0.0054  0.0048   28.80  1.60 
-iron diiron(III) oxide, ã

, Iron(III) oxide3O2Fe 

 62.03  0.856  0.4608  0.0080   0.0068  20.14  1.47 
-iron diiron(III) oxide, ã

, Iron(III) oxide3O2Fe 

1.3 

30.26 0.965 0.3149 0.0054 0.0053 26.16 2.95 
, 3O2Fe-iron(III) oxide, ã

Iron(III) oxide 

35.62 0.952 0.2834 0.0049 0.0047 29.48 
2.52 , 3O2Fe-iron(III) oxide, ã

Iron(III) oxide 

38.49 0.944 0.4408 
0.0076 

0.0072 19.11 2.33 
, 3O2Fe-iron(III) oxide, ã

Iron(III) oxide 

43.32 0.929 0.1889 0.0032 0.0030 45.30 2.08 
, 3O2Fe-iron(III) oxide, ã

Iron(III) oxide 

53.78 0.891 0.5038 0.0087 0.0078 17.70 
1.70 , 3O2Fe-iron(III) oxide, ã

Iron(III) oxide 

57.29 0.877 0.3779 0.0065 0.0057 23.98 
1.60 , 3O2Fe-iron(III) oxide, ã

Iron(III) oxide 

62.93 
0.852 0.3840 0.0067 0.0057 

24.28 
1.47 

, 3O2Fe-iron(III) oxide, ã

Iron(III) oxide 

 1.4   

30.20   0.965 0.1260  0.0021   0.0021  65.38 2.95  
, 3O2 Fe-Iron Oxide, ã

Iron(III) oxide 

35.62 
0.952 0.2834 0.0049 0.0047 29.48 2.52 

, 3O2 Fe-Iron Oxide, ã

Iron(III) oxide 

43.30 
0.929 

0.3149 
0.0054 0.0051 27.17 2.08 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

53.78 
0.891 

0.4408 
0.0076 0.0068 

20.23 1.70 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

57.34 
0.877 

0.3779 
0.0065 0.0057 

23.98 1.60 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

62.94 
0.852 

0.3072 
0.0053 0.0045 

30.35 1.47 

, 3O 2Fe-Iron Oxide, ã

Iron(III) oxide 

1.5 

30.25 
0.965 0.2519 0.0043 0.0042 32.71 2.95 

Iron Oxide, iron(III) 

oxide 

35.60 
0.952 0.2519 0.0043 0.0041 33.16 2.52 

Iron Oxide, iron(III) 

oxide 

38.48 
0.944 0.5038 0.0087 0.0083 16.72 2.33 

Iron Oxide, iron(III) 

oxide 

43.34 
0.929 0.3149 0.0054 0.0051 27.18 2.08 

Iron Oxide, iron(III) 

oxide 

53.77 
0.891 0.5038 0.0087 0.0078 17.70 1.70 Iron Oxide, iron(III) 
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oxide 

57.29 
0.875 0.4408 0.0076 0.0067 20.60 1.60 

Iron Oxide, iron(III) 

oxide 

62.90 
0.852 

0.3072 
0.0053 0.0045 30.36 1.47 

Iron Oxide, iron(III) 

oxide 

1.6  

30.23  
0.965 

0.1260 
0.0021 0.0021 65.42 2.95 

Maghemite,irondiiron(III

) oxide 

35.60 

0.952 

0.2519 

0.0043 0.0041 33.17 
2.52 Maghemite,irondiiron(III

) oxide 

38.54 

0.943 

 

0.3779 0.0065 0.0062 22.30 
2.33 

------- 

 

43.27 
0.929 

 

0.1574 
0.0027 0.0025 54.37 2.09 

Maghemite,irondiiron(III

) oxide65 

53.72 

0.892 

0.3149 

0.0054 0.0049 28.32 1.70 
Maghemite,irondiiron(III

) oxide 

57.30 
0.877 

0.3779 
0.0065 0.0057 23.98 1.60 

Maghemite,irondiiron(

III) oxide 

62.94 

0.852 

0.3456 

0.0060 0.0051 26.99 1.47 
Maghemite,irondiiron(

III) oxide 
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Appendix v 

The sum spectrum map, spectrum points, the elements at fuel stoichiometric conditions 

(ϕ = 1) and fuel rich conditions (ϕ = 1.2)  

 

   

 

ϕ = 1.0 
ϕ = 1.0 

ϕ = 1.0 ϕ = 1.0 
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ϕ= 1.0 
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ϕ = 1.2 

ϕ = 1.2 

ϕ = 1.2 ϕ = 1.2 

ϕ = 1.2 
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Appendix vi 

 

The EDS analysis and its spectrum map for sample image collected at precursor loading 

rates (P) from (0.10-0.20) 

 

 

 

 

  

 

P=0.10  
P=0.10  

P=0.10  P=0.10  
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P=0.10  
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P=0.12  
P=0.12  

P=0.12  P=0.12  
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P=0.12  
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P=0.15  

P=0.15  P=0.15  

P=0.15  
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P=0.15  
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P=0.20  
P=0.20  

P=0.20  P=0.20  



306 
 

 

 

 



307 
 

Appendix vii 

Absorbance at different wave lengths against concentration for 10-15 nm size 
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y = 0.25x - 0.0012
R² = 0.9974
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y = 0.6222x + 0.028
R² = 0.9985
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Appendix viii   

Calculations of numbers of particles 

 

10 nm particle       

 

λ Abs Intercept Slope Conc.mg/100 Conc. g/l No. particles /l 

229 1.01 0.045 1.18 0.81 0.0081 3.02 E+15 

321 0.35 0.003 0.44 0.79 0.0079 2.93 E+15 

406 0.13 0.001 0.17 0.79 0.0079 2.92 E+15 

500 0.05 0.0005 0.06 0.75 0.0075 2.77 E+15 

 

15 nm particle       

 

λ Abs Intercept Slope Conc.mg/100 Conc. g/l No. particles /l 

229 0.53 0.028 0.62 0.80 0.0080 8.82 E+14 

321 0.20 0.0012 0.25 0.80 0.0080 8.75 E+14 

406 0.07 0.0005 0.08 0.79 0.0079 8.70 E+14 

500 0.02 0.001 0.02 0.71 0.0071 7.76 E+14 

       

30 nm particle       

 

λ Abs Intercept Slope Conc.mg/100 Conc. g/l No. particles /l 

229 0.81 0.091  2.86 0.25 0.0025 3.45 E+13 

321 0.23 0.006  0.91 0.24 0.0024 3.33 E+13 

406  0.11 0.001  0.48 0.23 0.0023 3.24 E+13 

500 0.12 0.002  0.22       0.51 0.0051 7.05 E+13 
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