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RÉSUMÉ: 

Cette étude concerne la synthèse des nanoparticules Si02 dans un réacteur à plasma 

thermique radio fréquence (R.F.). Les effets du débit d'alimentation de la poudre mi-

crométrique, de l'injection du gaz de refroidissement et de la configuration du réacteur sur 

la morphologie et la distribution de la taille des particules ont été observés. La méthode 

de diffractométrie laser a été employée comme une technique supplémentaire à celles de 

la microscopie électronique et de l'adsorption d'azote pour déterminer la morphologie, la 

taille et le niveau d'agrégation des nanopoudres obtenues. On a montré que la configu-

ration propre du gaz de refroidissement et la géométrie du réacteur peuvent contrôler la 

morphologie et la taille des nanoparticules dans ces réacteurs. 

Selon les conditions de préparation et la configuration du réacteur, de nombreuses nanos-

tructures ont été synthétisées : celles fortement agrégées, celles partiellement frittées et 

celles contenant des nanopaticules sphériques à faible niveau d'agrégation. Ce dernier 

type de nanopoudres contient des particules dont le diamètre est compris entre 10 et 200 

nm, tandis que des agrégats ont les tailles de quelques centaines de nanomètres à plusieurs 

micromètres. 

Le logiciel CFD (computational fluid dynamics) Fluent 6.2.16 et le modèle de particule 

fine (FPM) est utilisé pour une meilleure compréhension de l'évolution temps-température 

des particules dans les réacteurs. 

Les résultats obtenus servent à décrire les effets des paramètres sur la formation (nu-

cléation et croissance) des nanoparticules et des clusters par différents mécanismes. Par 

combinaison des mesures expérimentales et des résultats numériques, les paramètres cri-

tiques, devant être considérés pour une grande échelle de production, ont été identifiés. 

Ces paramètres sont la configuration du gaz de refroidissement, la prolongation de régions 

à hautes températures et la réduction de circulations de fluides à l'intérieur du réacteur. 
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ABSTRACT 

The synthesis of SiO2 nanoparticles in radio frequency (RF) plasma reactors is studied. 

The effect of feed rate, quench gas injection and reactor configuration, on the final size 

distribution and morphology of the prepared nanoparticles, are investigated. The laser 

scattering is used as a technique complementary to scanning electron microscopy (SEM) 

and the nitrogen absorption (BET) techniques, to determine the morphology, size and 

aggregation level of the resulting nanopowders. It is demonstrated that the quench gas 

configuration and reactor geometry can now be designed to control the morphology and 

size of the nanoparticles in these reactors. 

Depending on the preparation conditions and the reactor configuration chosen, various 

nanostructured products have been synthesised: i.e. highly aggregated nanostructured, 

partially sintered nanospheres and spherical nanoparticles with very low levels of aggre-

gation. These nanostructures have their primary particles sized between 10 and 200 nm, 

while the aggregates sizes can lie in the range of between hundreds of nanometer to several 

micrometers. 

Computational fluid dynamics (CFD) modelling, using Fluent 6.2.16, and the fine particle 

model (FPM) are further employed to better understand the time-temperature history 

of the generated particles. The results are utilised to describe the effects of the above 

mentioned parameters on the formation (nucleation and growth) of the nanoparticles 

and clusters by various mechanisms. By combining the experimental measurements with 

the numerical results, the critical parameters that should be considered for a large scale 

production process are identified as: establishing the proper quench gas configuration, the 

extension of high temperature regions and the reduction of fluid circulations within the 

reactor. 
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1.1 Overview 

Radio frequency (RF) thermal plasma processes are effective techniques for the production 

of high quality metallic and ceramic materials in the nanometric size range. In these 

methods, as a result of very high temperatures zones, (in the order of 10000 K or even 

more), it is very easy to evaporate ail types of materials and then to condensa te the vapors 

and thereby obtain nanoparticles of the desired morphology and size distribution. 

Nanoparticles have unique properties which corne from their extremely small size and 

their large number of surface atoms ( or molecules). These materials have found many 

applications in different industries. However their methods of production and control of 

their structure is still a big challenge. 

In this work the synthesis of silica nanoparticles via RF thermal plasmas route is studied 

both experimentally and nurnerically. To control the size and nanostructure and hence 

the properties of these particles, understanding of the rnechanisrns involved in particles 

formation and growth is critical. Therefore, an RF plasma reactor is rnodelled using corn-

putational fluid dynarnics rnodelling (CFD) Fluent and the resulting temperature and flow 

fields are examined. To increase further our understanding about the particle dynamics 

phenomena, the fine particle model (FPM) is employed to evaluate the final size of the 

synthesised powders. 

In the following, first the properties of silica nanoparticles and their applications are 

reviewed. Then, the different gas phase synthesis methods of nanoparticles are presented. 

Next, the nanoparticles characterization and theoretical tools of study of nanoparticles 

formation and growth are reviewed. Finally the objectives of this project and the structure 

of the thesis will be explained. 

1.2 Applications : 

Nanoparticles are widely used in different fields. These superfine materials have unique 

properties and play an important role in todays modern life. They have found many 
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applications in different industries like computer, ink, rocket fuels, ceramic, polymer, and 

catalyst production. Silica nanopowders synthesis is the focus of this thesis. Table 1 shows 

a list of the applications (current applications and potential ones) of these materials. 
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TAB. 1.1: Current and potential applications of various types of Siû2 nanopowders. 

Potential Applications of Si02 Nanopowders Reference 

Additives in cosmetics for UVB and UVA shielding Zhou s. et al. [129) 

Additives in epoxy resin for improved solidification Ragosta G. et al. [87) 

Antibacterial powder Kalaugher L. et al [57) 

Biosensors Tang F. et al. [104) 

Catalysts Ishigaki et al. [55) 

Dental ceramics Vital A. et al. [108) 

Drug carriers Li Z. Z. et al. (69) 

Electrical Insulators Sainsbury T. et al. [89) 

Filed nematic liquid crystals Lee S. et al. [65) 

Humidity sensors Wang C. T. et al. (110) 

Infrared reflection Menning M. et al. [72) 

Metal or ceramics nanocomposites Gaule T. J. et al. [48) 

Polymer nanocomposites for : Ke Y. C. et al. [58) 
-Enhanced strength, elongation, toughness, and hardness 

-Heat resistance 

-High mechanical scratch resistance 

-Lower wear rates and friction coefficients 

-Transparency 

-UV shielding 

-Waterproofing 

Paintings Allen N. S. et al. [4) 

Thermal insulators Abe et al. [1] 

The size and nano-structure of the composing particles, beside the chemical structure, 

determine the properties of these materials (Roco M. C. [88]). Therefore in this study, the 

focus is on the identification of the parameters that affect the size and nanostructure of 
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nanopowders in radio-frequency (R.F.) plasma reactors. 

1.3 Properties of silica powders 

A summary of the silica physical properties is presented in table 2. In fact, the nanopar-

ticles are said to differ from the corresponding bulk substances in that their surface areas 

are relatively large. In other word, the ratio of surface atoms to the total number of atoms 

in a superfine particle is much greater than that of the corresponding bulk solid. Table 3 

shows the number of surface atoms in a single particle of different sizes as percentage of' 

their totals. 

TAB. 1.2: Bulk Properties of silica powder (Addona T. [2]). 

Property Il VaJue 

Bulk density (kg/m3) 3478.61 - 0.599T 

Specific heat capacity (J/Kg.K) 1427.51 

Thermal conductivity (W /m.K) A+BT+CT2 

A= 2.89 W/m, B = -5.29x103 W/m.K2 , 

C = 5.05x10·6W/m.K3 

Electrical conductivity (O.m) A.exp(U /R.T) 

A= 3.86x1Q·120.m, U = 3.63x105J/mol 

Refractive index 1.45 

Absorption( cm·1) 0 - 1 
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TAB. 1.3: Ratio of surface atoms to total number of atoms in a superfine particle {Ichinose 
N. et al. (54)) 

Diameter (nm) Number of atoms 
1 Sur/aœatmna (%) 
1 Total numTiii-oJ atoma 

20 2.5x105 10 

10 3x104 20 

5 4xlü3 40 

2 250 80 

1: 30 99 

1.4 Synthesis methods : 

Production methods of nanopowders, can be grouped as chemical processes, mechanical 

processes (e.g. ball milling ), and vapor phase synthesis (Kruis F. et al. [63)). Each of 

these methods has advantages and limitations. The first group comprises the liquid-phase 

methods, which apply chemical reactions in solvents. This leads to colloids, in which the 

nanoparticles formed can be stabilized against aggregation by surfactants or ligands. The 

second group namely mechanical, uses mechanical energy to dissociate the big particles 

into smaller ones, ball milling is among this group. The gas-phase synthesis methods which 

involve nucleation and growth of the particles, is the principal concern of this section. 

These methods have the following distinct advantages relative to other conventional me-

thods (Swihart M. T. et al. (101), Friedlander S. K. [34)) : 

1) Higher purity materials can be produced. 

2) Particles diameter can be easily controlled. 

3) Number of steps involved are less than other conventional methods. 

The morphology and size of the synthesised particles by these methods strictly depend on 

the temperature and time history (velocity) of the particles inside the reactors (Friedlander 

S. K. (32)). Therefore, to be able to control the size and the morphology of the nanoparticles 

6 



in gas phase, first we should identify how the temperature and velocity distributions affect 

the formation of nano particles. And then, the existing temperature and velocity in the 

reactor should be changed by a proper reactor geometry design and quench gas injection. 

In the following, these methods and the techniques used to control the nano particles size 

are reviewed. 

The mechanism of nanoparticles gas phase synthesis consists of the following essential 

steps: 

a. Evaporation of precursor solid material and vapor formation. 

b. Nucleation of the vapors by supersaturation. 

c. Growth of the nuclei and nanoparticles formation by condensation and coagulation. 

1.4.1 Furnace flow reactors. 

In this method, a crucible containing the source material is placed in a heated flow of 

inert carrier gas. Nanoparticles are formed by subsequent cooling, such as natural cooling 

or dilution cooling. The construction is very simple and process parameters are moderate 

in comparison to other gas phase reactors (Kruis F. et al. [63), Gutch A. [501). This 

technique has the disadvantage that the operating temperature is limited by the choice of 

the crucible material and that impurities from the crucible might be incorporated in the 

nanoparticles. 

1.4.2 lnert gas condensation 

One of the earliest methods used to synthesize nanoparticles, is the evaporation of a ma-

terial in a cool inert gas, usually He or Ar, at low pressures conditions. It is usually called 

inert gas evaporation. A convective flow of inert gas passes over the evaporation source 

and transports the nanoparticles formed above the evaporative source via thermophoresis 

toward a substrate with a liquid N2 cooled surface (Granqvist C. et al. [47)). This method 
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is well suited for production of metal nanoparticles, since many metals evaporate at reaso-

nable rates at attainable temperatures. By including a reactive gas, such as oxygen, in the 

cold gas stream, oxides or other compounds of the evaporated material can be prepared 

(Swihart M. T. et al. [101]). 

1.4.3 Flame reactors 

Flame reactors are one of the most common reactor designs for the production of high 

purity nanoscale powders in large scale (Gutch A. [50]). The capacity for full-production 

scale has been demonstrated for metal oxides such as silica, titania, alumina and other 

powders (Wenger K. et al. [1171). Powders, liquids and vapors can be used as precursors. 

The flame provides the energy to evaporate the precursors and to begin the chemical 

reactions. In the flames, temperatures from 1000 °C up to 2400 °C can be realised. The 

residence time in the highest temperature region is very short and usually ranges between 

10 and 100 ms. However, the product of this method is often agglomerated. 

1.4.4 Plasma reactors 

A plasma can also deliver the energy necessary to cause evaporation or initiate chemical 

reactions. The plasma temperatures are in the order of 104 K, decomposing the reactants 

into ions and atoms and radicals. Solid powder feeds can also be decomposed by the 

plasma. Nanoparticles are formed upon cooling while exiting the plasma region. Main 

types of the thermal plasmas are de plasma jet, de arc plasma and radio frequency (RF) 

induction plasma. The latter, is often used at atmospheric pressures in combination with 

an aerosol spray system. 

1.4.4.1 Arc Plasma Reactors 

In these reactors, the energy necessary for evaporation and reaction is provided by an 

electric arc which forms between anode and the cathode. In the study of Balabanova E. 

[11] for example, the silica sand is vaporized by the use of Ar arc plasma at atmospheric 
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pressure. The resulting mixture of plasma gas and silica vapour is rapidly cooled in a flow 

reactor by quenching with oxygen. 

1.4.4.2 Radio Frequency Plasma Reactors 

In R. F. induction plasma torches (Boulos M. I. [20)), energy coupling to the plasma 

is accomplished through the electromagnetic field generated by the induction coil. The 

plasma gas does not corne in contact with electrodes, thus eliminating possible sources of 

contamination and allowing the operation of such plasma torches with a wide range of 

gases including inert, reducing, oxidizing and other corrosive atmospheres. Pure argon or 

mixed with other gases is still the usual choice for the plasma gas largely because of its ease 

of ionization. The working frequency is typically between 200 kHz and 40 MHz. Laboratory 

units run at power levels in the order of 30-50 kW while the large scale industrial units 

have been tested at power levels up to 1 MW. As the residence time of the injected feed 

droplets in the plasma is very short it is important that the droplet sizes are small enough 

in order to obtain complete evaporation. 

RF plasma method has been used to synthesise different nanopowder materials. Synthesis 

of various ceramic nanopowders such as oxides, carbours/carbides and nitrides of Ti and 

Si is reviewed by Kong C. et al. [62], Baronnet J. M. [13] and Laflamme C. B. et al. [64). 

Carbides nanopowders with an average particle size below 100 nm have been synthesised 

within inductively coupled plasma prototype (40-600 gram per hour). Even very high 

melting refractory materials such as WC (melting point = 6273 K ) could be evaporated 

in RF plasmas (Leparoux et al. [66)). 

1.4.5 Miscellaneous methods 

Laser vaporization, sputtering and spray drying are other types of gas phase synthesis of 

nanoparticles. 

Laser vaporization of solids technique uses a laser which evaporates a sample target in an 

inert gas flow reactor (Powers D. E. et al. [81)). The source material is locally heated to 
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a high temperature enabling thus vaporization. The vapor is cooled by collisions with the 

inert gas molecules and the resulting supersaturation induces nanoparticle formation. 

Sputtering is a method of vaporizing materials from a solid surface by bombardment with 

high-velocity ions of an inert gas, causing an ejection of atoms and clusters. Sputter sources 

such as an ion gun or a hollow-cathode plasma sputter source are normally used in vacuum 

systems, below 10-3 mbar, as a higher pressure hinders the transportation of the sputtered 

material. Instead of ions, electrons from an electron gun can be also used. Gunther B. et 

al. [49] applied an electron beam in an inert gas atmosphere with pressures up to 5 mbar 

in order to produce 5 nm Al203 and Si02 particles. Sputtering has the advantage that it 

is mainly the target material which is heated and that the composition of the sputtered 

material is the same as that of the target. 

In spray drying method of production, a solution or suspension of the material are sprayed 

in hot gases and the resulting products are formed upon drying (with or without chemical 

reactions). Kikuo O. et al. [60] used colloïdal silica particles (d= 5nm) which was mixed 

with poly styrene latex a precursor and produced silica powders which contained ordered 

mesopores. 

1.5 Characterization methods and numerical modelling 

In this work, laboratory measurements and observations are combined with theoretical 

studies of computational fluid dynamics (CFD) modelling to study the synthesis and to 

control the formation of different Si02 nano structures. For this purpose, the following 

numerical and experimental tools have been utilised : 

Scanning electron microscopy is used to evaluate the primary particles size and the mor-

phology of the synthesised powder. 

Nitrogen absorption BET method is used to evaluate the equivalent diameter 0(3,2) of 

the synthesised nanopowder. 

To determine the aggregates size distribution, laser scattering (wet technique) is utilised. 
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X-ray diffraction is used to determine the crystalline structure of silica nanopowder. 

Numerical investigation using computational fluid dynamics (CFD) modelling by Fluent™ 

and the fine particle model (FPM™) is conducted to analyse the mechanism of nanopar-

ticle synthesis and to clarify how the diameter of the particles are influenced by the 

operating conditions such as the quenching gas and powder feed rate. 

1.6 Problem description and objectives of the project 

A literature survey shows that RF plasma production of nanoparticles, is among the most 

challenging routes of large scale nanoparticles synthesis, in the future world of science and 

technology (Leparoux et al. [66), Boulos M. I. [20], Young R. M. et al. [128]). This technique 

is a modern method of continuous evaporation-condensation synthesis of nanoparticles. 

However, in the elementary steps of selection and design of a sui table large scale reactor 

for a given material, it is the author's opinion that up to present, no systematic work has 

been done to find about the effect of reactor configurations and process parameters on the 

structure and morphology of the synthesised nanopowders. 

One objective of this thesis is to investigate how quenching can be used as an effective tool 

to control the nanoparticles size and morphology. For this purpose, three different quench 

configurations and reactor designs have been designed (or modified) and the nanoparticles 

of SiO2 are synthesised and characterised. CFD modelling by Fluent is used to study the 

formation and growth of various SiO2 nanostructures inside the reactors. 

This thesis provides a criteria to design a suitable quenching method for a desired nano-

structure and particle size. Time-temperature history of the particles is an essential factor 

determining the final properties of nanoparticles in all gas phase synthesis methods ( and 

of course in RF plasmas) of nanoparticles (Wenger K. et al. [118], Young R. M. et al. 

[128], Singh Y. et al. [96]). However, no information is available about how this factor can 

be modified to have a specified nanostructure. One objective of the project is to fill this 

gap. 
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Silica is selected as the working material because of its health safety of work, and because 

of its chemical stability, before and after treatments by RF plasma process. Furthermore, 

various nanostructures of this material have many potential and practical applications in 

different industries (table 1). 

The work described in this thesis was designed to characterize the silica nanopowder by 

using laser scattering technique. This technique, is used as a complementary technique to 

imaging techniques (SEM, TEM) and nitrogen absorption BET method. 

The present study considers the concept of equivalent diameter, and uses different cha-

racterization techniques to find and to interpret the particles size. In the literature, the 

reported diameters are all based on imaging techniques and/ or nitrogen absorption mea-

surements (Panda S. et al. [77], Wang X. et al. [112], Shigeta M. et al. [93], Leparoux et al. 

[66], Wang Yi et al. [111], Girshick S.L. et al. [38), Watanabe T. et al. [114], Wu M. K. et 

al. [124), Wenger K. et al. [118), Désilets M. et al. [26), Vital A. et al. [109), Choi M. et al. 

[24)). However, no reference compares the reported diameters by different techniques. In 

this work, everywhere that a diameter is reported, the method of characterization and the 

method of calculation of the equivalent diameter (namely, D(l,0), 0(3,2), and D( 4,3)1) is 

reported. 

In summary, the following items are the objectives of the present work : 

1) Possibility of RF plasma synthesis of silica nanoparticles and identification of the critical 

parameters, esp. feed injection rate and quench gas injection, affecting the product. 

2)Performing laser scattering as a complementary technique to nitrogen absorption and 

SEM techniques to report on the size, morphology and aggregation level of the particles. 

2) Synthesis of different nanostructures of SiO2 using various reactor design configurations. 

These nanostructures can be named as : 

a) Highly aggregated and porous clusters in the radial-top quench injection reactor. 

b) Partially sintered nano spherical structure in the counter-current quench reactor. 

1 These terras are defined in section 3.3.1.5 
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c) Completely spherical structures with low level of aggregation in the alumina-wall reac-

tor. 

3) Systematic combination of computational fluid dynamics ( CFD) modelling using Fluent™ 

and FPM™ with the laboratory observations to find the time-temperature history of the 

particles in each reactor geometry. And furthermore drive general guide lines and identify 

the factors that must be considered for the reactor scale-up. 

4) Validation of a model developed by Mendoza N. et al. employing the fine particles 

model (FPM) joined with Fluent. 

1. 7 Structure of the thesis 

This thesis consists of five principal chapters. The first and second chapters are introduc-

tion and literature review. They review the applications and different methods of silica 

nanoparticles synthesis and the present project objectives. 

The third chapter reviews the experimental and numerical tools used to perform the 

study. In the experimental part, first the components of experimental set-up and different 

reactors designed (or modified) for the experiments is explained. Later, the major methods 

for the characterization of the synthesised nanopowders are described. In the numerical 

part, some basic concept from fluid mechanics and aerosol dynamics will be presented. 

Further, the CFD modelling using Fluent and the fine particle model is explained. 

The fourth chapter focuses on the synthesis of silica nanopowders by RF plasma reactors. 

The importance of feed injection rate control and quench gas injection on the nanoparticles 

structure and size distribution is studied. 

The fifth chapter focuses on the control of the nanostructure of silica partiel es in RF plasma 

reactors. The eff ects of reactor design and quench gas configuration on the morphology 

and size distribution of the synthesised nanopowders is studied. 

Finally some conclusions are drawn on the basis of this study and one interesting future 

work is mentioned. 
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In Appendix. 1, the characterization results of some commercially available silica nano-

powders are presented and are compared to the various nanostructures prepared during 

this thesis. 
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2 LITERATURE REVIEW 
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2 .1 Overview 

In this chapter the various gas phase methods of nanoparticles synthesis are presented. 

First each process is described then the effects of different parameters on the particles 

size distribution and morphology is reviewed. The importance of time-temperature his-

tory of the particles and the effect of injecting quench gas inside the reactor is shown. 

Finally, the RF plasma technique, the effects of various process parameters and quenching 

configurations will be examined in more detail . 

2.2 Furnace flow reactors. 

Figure 1 shows a schematic of the production process by this method. According to the 

figure, a crucible containing the source material is placed in a heated flow of inert car-

rier gas and evaporates the solids. In the next step, the resulting vapors are condensed 

by injection of quench ( or other appropriate method such as cold wall or liquid spray 

injection). 
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Fra. 2.1: Schematic of the tubular furnace flow reactor (Backman U. [7]) 

The size and morphology of the prepared nanoparticles depends on different parameters 

which affect the time-temperature history of the particles inside the furnace. 

2.2.1 Parameters affecting the particles time-temperature history 

Variation on the evaporation/condensation method can be used to alter the time-temperature 

history during the synthesis of nanoparticles. Singh Y. et al. [96) for example, measured 

size distributions for metal nanoparticles formed using a standard flow configuration (fi-

gure 2 top), as well as using several modifications (figure 2 the middle and the top one) 

on the standard configuration. 
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Fra. 2.2: Schematic of the standard evaporation/condensation set-up along with the two 
modifications (Singh Y. et al. [96]). 

An increase in the number concentration of particles and sometimes significant decrease 

in average particles size (TEM images) was observed when modified reactor configurations 

were used. According to their one dimensional (axial) monodisperse model, the steeper 

temperature gradient in the modified configurations are responsible for the observed im-

provement in partiel es size and number concentration. However, no results are presented 

about the radial changes in temperature and the resulting deposition of the particles along 

the reactor wall . 

Evaporation temperature can alter the size and the morphology of particles. Schiebel H. 

G. et al. [90] showed that in the synthesis of Ag and NaCI nanoparticles, the higher tem-
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peratures increase the crusible evaporation rates and consequently enables the particles to 

grow to larger sizes by condensation. Backman U. et al. [8] investigated the formation and 

morphology of the TiO2 nanoparticles deposited at different positions along their reactor 

and observed that spherical nanoparticles are formed at the exit while leaf-like structures 

are formed at the inlet. In fact, the difference in the regimes (namely, diffusion control-

led and thermophoresis) along the reactor length as a result of temperature difference 

(T;nlet=973 K, Toutlet=373 K) causes this phenomenon. 

Residence time of the particles inside the furnace can significantly alter the nanoparticles 

synthesis. The longer the particles rest in high temperatures, the larger are the synthesised 

nanoparticles. Backman U. et al. [10] prepared Ag nanoparticles employing a porous tube 

diluter to quench the carrier gas. They showed that shorter residence time in the high 

temperature zone resulted in 13 nm primary particle titania with a specific surface area 

of 92 m2 / g as compared to 22 nm primary particles with 40 m2 / g specific surface area 

when the residence time in the high temperature zone was longer. However, no results is 

presented for the effect of this longer residence time on the level of particles aggregation. 

2.3 lnert gas condensation (INC) 

Figure 3 shows a schematic of the production process by this method. According to this 

figure which is the apparatus used by Tsantilis S. et al. [107], the solid metal (Pd) is 

vaporized into the inert gas jet (nitrogen) exiting from the inner nozzle. As the vapors 

flow away and cool down, metal particles are formed by nucleation that subsequently grow 

by condensation and coagulation. The nature of this process is batch and production rate 

in this method is generally low. 
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FIG. 2.3: Schematic of the inert gas condensation process (Tsantilis S. et al. [1071). 

The morphology of the particles depends on gas flow velocities, at high velocities only 

spherical primary particles are formed. Employing computational fluid dynamics model-

ling (CFD) and an aerosol dynamics model, Tsantilis S. et al. [107] demonstrated that 

coagulation is the dominant mechanism for the particle growth in this reactor. 

A modification which consists of a scraper and a collection funnel allows the production 

of relatively large quantities of nanoparticles, which are agglomerated but do not form 

hard agglomerates and which can be compacted in the apparatus itself without exposing 

them to air. This method was pioneered by the group of Birringer R. et al. [17]. Increased 

pressure or increased molecular weight of the inert gas leads to an increase in the mean 

particle size. The cluster or particle size depends critically on residence time of the particles 

in the growth regime and can be influenced by the gas pressure, the kind of inert gas, i.e. 

He, Ar, or Kr, and on the evaporation rate/vapor pressure of the evaporating material 

(Granqvist C. et al. [471). 

2.3.1 Importance of particles time-temperature history : 

In general, the equivalent diameter D(3,2) and D(l,O) of the particles, decreases by increa-

sing temperature gradients. According to the model of Panda S. et al. [77] which accounts 

for particles nucleation, condensation, and coagulation, production of Al nanopowders 
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with high specific surface area, or equivalently lower diameter D(3,2), is favoured using 

high cooling rate, low evaporation temperature, low system pressure or low precursor va-

por concentration. It is further shown that particle formation and growth takes place in 

a short temperature range. 

2.3.2 Effect of quenching 

An efficient quenching of the vapors can produce nanoparticles with a controlled size range. 

The INC system studied by Wenger K. et al. [118) had the possibility to compare two 

quenching configurations, namely 'cup-mixing' and 'no-cup mixing'. The results showed 

that the 'cup-mixing' configuration is more efficient, nanoparticles with less diameter size 

(based on SEM and BET measurements) can be synthesised. Moreover, the broad size 

distribution in 'no-cup' configuration indicates that particles have different temperatures 

and residence time histories due to insufficient mixing with quenching gas. 

2.4 Flame reactors 

The following figure shows a schematic of the experimental set up used to synthesise 

silica nanoparticles by flame. The precursor (hexamethyldisoloxane) and fuel (ethanol) 

flow through the capillary tube while the dispersion gas passes through the annular gap. 

The nanoparticles are produced by employing the flame heat to initiate chemical reactions 

producing condensible monomers. Outside the flame, as a result of colder temperatures, 

the nanoparticles nucleate and grow by condensation/ coagulation mechanisms. 
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FIG. 2.4: Flame synthesis of nanoparticles (Madler L. et al. [70)). 

The flame route has the advantage of being an inexpensive method, however usually it 

yields agglomerated particles. A method to reduce the agglomeration of nanoparticles, 

avoiding oxidation, is to encapsulate them within a material which can be later removed. 

This technology is attractive for manufacture of solid and rather narrowly distributed 

particles as it is used to make carbon black, fumed silica, pigments titania and other oxide 

particles on an industrial scale (Wenger K. et al. [117)). 

Non-aggregated silica nanoparticles with a mean diameter of 10-110 nm have been syn-

thesised by Vital A. et al. [109]. The burner configuration and 0 2 flow rate are found to 

be the main parameters influencing the morphology and size of the particles. Low oxygen 

flow rates produced spherical particles while fractal like structured aggregates were made 
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at high flow rates. 

2.4.1 Importance of particles time-temperature history : 

In these reactors, temperature and residence time history of the particles inside the flame 

determines the final properties of the nanoparticles. 

Soft and hard agglomerates of silica are synthesised by Tsantilis S. et al [106). It is de-

monstrated that increasing the cooling rate, decreases the hard-agglomerate collision and 

primary particles diameters but increases soft-agglomerate collision diameter. Soft or even 

non agglomerated silica nanoparticles were predicted for maximum process temperature 

above 2000 K followed by high cooling rates. 

The study of Choi M. et al. [24) for the synthesis of SiO2 aggregates shows that at high 

flame temperatures, the particles diameter increases and the number density decreases 

with coagulation. While at low flame temperatures, the size of the primary particles de-

creases as the particles move upward. Laser scattering technique is used in their work 

to obtain the fractal dimensions of the aggregates in the flame. However, no information 

about the size distribution of the aggregates is presented. 

The morphology of particles formed in flames is determined by the competition between 

particle collision and sintering (Wideler M. et al. [120)). The formation of aggregates is 

due to the collision occurring faster than the particles coalescence. In the opposite case 

( fast sintering), particles become nearly spherical. 

2.4.2 Effect of quenching 

In this method, to the knowledge of the author, no direct gas mixing quench is reported, 

however in some references indirect quenching methods is reported. Adiabatic expansion 

through a critical flow nozzle is technique proposed by Wendelin J. et al. [116) to produce 

titania nanoparticles clown to 5 nm with little degree of agglomeration. 

Glumac N. et al. [41) used a liquid nitrogen cooled drum exposed in exhaust combustion 
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gases to collect the nanoparticles and to control the size. This technique is used to produce 

silica nano particles by combustion of hexamethyldisoloxane. 

2. 5 Arc plasma reactors 

This apparatus, according to figure 5, consists of a water cooled shell supporting a conven-

tional thoriated tungsten cathode assembly and a graphite crucible anode which contains 

the molten material. Here fused silica nanoparticles are produced by transferring thermal 

arc directly into the silica anode (quartz). The evaporated silicon oxide leaves in a side 

stream with the plasma forming gas where it is quenched by a large number of symmetrical 

radial steam jets (Munz R. J. [73), Addona T. et al. [3]). 
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Fra. 2.5: Transfered arc silica evaporator (Addona T. et al. [3]). 

In the study of Balabanova E. [11], the silica sand is vaporized by the use of Ar arc 

plasma at atmospheric pressure. The resulting mixture of plasma gas and silica vapour 

at a temperature of 3000 K is rapidly cooled in a flow reactor by mixing it with excess 

oxygen. In this method, cooling rates of the order of 106 K/s can be attained. 

2.5.1 Effect of process parameters : 

Increasing chamber pressure increases the particles mean size due to longer residence times 

for coagulation at higher chamber pressures. Wang X. et al. [112] observed a shift towards 

higher diameters in particles size distribution (based on number) by increasing pressure 
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and decreasing feed rates. It is further demonstrated that at low chamber pressures (p < 

1333 Pa), most particles are smaller than 10 nm. However, no information is presented 

about the effects of the these parameters on the temperature and velocity distributions 

inside their reactor. 

Devaux X. et al. [27] studied experimentally the synthesis of submicrometric Bi-Sb for 

semiconductor applications. They showed that by increasing powder yield, the mean dia-

meter of the particles increases. 

2.5.2 Effect of quenching 

Injection of quench increases the temperature gradients and decreases the diameter of 

the particles. The effect of radial quench gas injection into a tubular aerosol reactor is 

investigated by Aristabal F. et al. [6]. It is demonstrated that by changing the quench gas 

flow rate, different zones namely: laminar with no penetration, laminar with penetration, 

transition, and turbulent are presented. Operating in turbulent regime would be more 

efficient and insensitive to slight changes in the injection rate. Increasing quench gas, 

decreases the particles diameter and increases the geometric standard deviation. 

Carlos A. et al. [22] experimentally and numerically investigated the the injection of Ar 

as quenching, through a ring of 24x0.8 mm-diameter-holes. According to their results, 

increasing quench increases the formation of AIN particles and decreases the diameter. 

2.6 Radio frequency inductively coupled (RF-ICP) plasma reactors 

Figure 6 shows a schematic illustration of nanoparticles synthesis reactor consisting of a 

particle growth tube and an RF-ICP torch. According to the figure, the precursor material 

is injected to the torch. The precursor obtains thermal energy as it passes through the 

plasma flame and the particle growth tube. The rapid temperature decrease leads to the 

supersaturation of the solid vapors, which promotes the recondensation of the metal va-

por. Nanoparticles are synthesised from the vapor by using this recondensation, including 
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homogeneous nucleation and heterogeneous condensation. 
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Fic. 2.6: Schematic illustration of a nanoparticles synthesis reactor [Shigeta M. et al. [92]]. 

The size and structure of the synthesised powders highly depend on process operation 

parameters and quenching mechanism employed in the reactor. Among the operation 

parameters, injection feed rate, reactor pressure and plasma power are shown to have 

determinant effects on the nanopowder size and morphology. 

2.6.1 Effect of solid particles injection rate 

Injection of solid particles into the plasma has a local cooling effect on the temperature field 

and can alter the velocity distributions in the plasma. However, increasing this injection 
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seems to have little effect on the vaporization efliciency if the solid particles are dispersed 

completely into plasma, Proulx P. et al. [82) for example numerically demonstrated that by 

increasing the alumina feed rate from 1 to 50 g/min the maximum temperature attained 

by the particles drops from 3800 K to less than 800 K. This effect is due to the important 

plasma-particle interaction effects under high powder feed rate conditions. 

By increasing the injection feed rate, the solid vapor concentration increases and conse-

quently the growth of the particles increases. According to the experimental and numerical 

results of Girshick S.L. et al. [38], increasing the iron particles feed rate from 0.0156 to 

0.216 gram per minute (g/min), the particles equivalent diameter D(3,2) increases from 

24 to 73 nm. In their study the nucleation and growth of iron particles in the particle 

growth tube were modelled by solving the aerosol general dynamic equation (GDE), with 

the particle size spectrum treated using a moment-type approach with an assumed log-

normal distribution. However, in the results, no data is presented about the change in 

aggregates size by increasing the feed rate. 

In the RF-ICP nanoparticles synthesis of Al, Ti, Au and Pt (Shigeta M. et al. [93)) with 

the injection of quench gas radially in the growth section (figure 2.6) the number mean 

diameters and volume mean diameters decrease by decreasing powder feed rate (0.02 - 0.5 

g/min) and increasing the quench injection rate. These results are with the presumption 

that all the the injected particles (1 < d < 10 µm) evaporate completely. However no 

result is available if the particles do not evaporate completely. 

The size of the feed particles injected into the plasma is an important factor, and should 

be as small as possible to have a good level of evaporation and avoid the presence of 

unevaporated nanoparticles in the product. The results of Chen X. et al. [23) showed that 

for complete particles evaporation a very long residence time is necessary. For instance, 

a 50 µm droplet of water, exposed to an argon plasma at 12,000 K, requires 2.45 ms to 

evaporate. A similar alumina particle needs 41.5 ms, a tungsten particle needs 60.1 ms. 

These time periods are excessive when compared to the typical residence times of particles 

in most plasma systems. 
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2.6.2 Effect of plasma power 

Increasing plasma power, increases the temperature and the temperature gradients, conse-

quently the size of the nanoparticles decreases. Dêsilets M. et al. [26) numerically have 

shown that increasing input plasma power, increases the temperature gradients and conse-

quently favors the homogeneous nucleation and broadens the particles size distribution. 

Increasing the temperature, affects directly the particle nucleation even in low pressure 

plasmas. Bhandarkar U. et al. [15) observed that the particle nucleation is delayed with an 

increase in temperature. They demonstrated that temperature dependence of the diffusion 

coefficient is a strong candidate to explain the observed delay in nucleation. This delay is 

a combined effect of increasing diffusion losses and reduced particle growth rate when the 

gas temperature increases. 

2.6.3 Effect of reactor pressure 

Increasing the plasma pressure, has two counter effects. From one sicle, it increases the 

temperature and consequently the process vaporization efficiency increases. From the other 

sicle, the concentration of the feed in gas phase increases and growth of the synthesised 

nanoparticles by coagulation and condensation increases. Consequently, the nanoparticles 

size become larger (Suda Y. et al. [98), Ishigaki et al. [55)). 

Ishigaki et al. [55) showed that by increasing reactor pressure, the size of the product (TaC) 

primary particles increases while the size distribution of the particles ( as determined by 

SEM) becomes broader. 

2.6.4 Effect of quenching 

Introduction of quench gas inside the plasma reactor, affects the temperature and velocity 

distributions. This introduction, consequently, influences the nanoparticles formation and 

growth inside the reactor. 
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Various numerical modellings predict that an obvious route to control particle size is 

controlling the cooling rate in the temperature region for particle growth (Shigeta M. et 

al. [93), Désilets M. et al. [26), Girschick S.L et al. [40)). This can be accomplished by 

quench gas injection. 

To date, design of quenching configuration has been astate of the art problem. Various 

quenching methods has been used by the researchers, without indicating the logic and 

criteria of selection and design. Pirzada S. et al. [80) employed the Joule-Tomson effect 

to synthesise different nanoparticles such as zinc, Iron-Titanium, Mo2 N, and Caü. A 

supersonic expansion in a ceramic lined nozzle is utilised by Neuman A. et al. [75) to 

quench the plasma. A water cooled coil was utilised by Watanabe T. et al. [114) to quench 

the metal vapors and collect the nanoparticles in an induction plasma reactor. 

Sugasawa et al. [99) used a quartz-pyrex assembly according to figure 7 to control the 

cooling process for the synthesis of nanoparticles of Y-Fe-O. In this method the tail flame 

is kept long and surrounded by a non-water cooled quartz tube. The quartz tube has 

small holes near the bottom edge, and is surrounded by a Pyrex tube. Because of long 

tail flame, the liquid particles formed by nucleation are expected to remain much longer 

in the temperature range between nucleation and crystallization. 
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FIG. 2.7: Instruments for controlling the cooling process and product collection areas (Su-
gasawa et al. [99)). 

Young R. M. et al. [128] and Sundstorm D. W. et al [100] reviewed various quenching 

mechanisms namely; cold wall contact, fluidized bed, spray evaporation, and gas mixing 

used to control the product in high temperature methods. Among these, the gas mixing, 

is the most efficient quenching method and has been the focus of attention in recent years. 

Ishigaki et al. [55] used the direct gas mixing method and have shown that through 

injection of He gas to the plasma tail, the TaC nanoparticles size distribution becomes 

smaller and narrower. 

Rahmane M. et al. [83] used enthalpy probe techniques to measure the temperature and 

velocity profiles and demonstrated that the axial injection of a cold gas in the plasma 

decreases the temperature profiles and increases the velocity profiles. 
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Schreuders et al. [91] and Siegmann S. et al. [95] studied experimentally and numerically 

the performance of two quench configurations namely, two gas jets and eight nozzle rings. 

In the eight nozzle ring configuration, as a result of more uniformity in temperature and 

velocity distributions, more uniform nanoparticles are produced. 

Leparoux et al. [66], using a prototype reactor (60-400 g/h) for carbide nanopowders syn-

thesis, demonstrated that quench injection reduces the size of the particles in a factor of 

two or more. This is a direct result of change in temperature and increase in tempera-

ture gradients according to figure2.8. The right side curves, show the change in particles 

temperature and diameter as they move along the reactor. It is clear that with quench, 

these curves are more uniform than those without quench. However in the results, no 

information is reported about the quench effect on the morphology and on the level of 

aggregation of the powder. 
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FIG. 2.8: Left : calculated temperature profiles (K) without on the left and with quenching 
on the right ; Right : modelled particle size as a fonction of temperature quenched 
and not-quenched conditions (Leparoux et al. [66]). 
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2.6.5 Reactive systems : 

The effect of quench gas injection is even more complex in the reactive plasma synthesis of 

nanopowders. Depending on the nature of the reaction, increasing quench may decrease or 

may increase the diameter of the synthesised nanopowder. For example, in the synthesis of 

titanium nanoparticles from a titanium tetrachloride, Murphy A. B. [74] showed that, for 

high quench rate ranges, the particles become smaller by increasing quench rate. While 

for low quench rates, a reverse behavior is observed. The reason is that at low quench 

rates the condensation is weak and Ti reacts with the active species of Cl and HCl. 

Tangential gas flow is injected to the plasma tail flame to control the diameter and the 

yield of the oxide nanopowders TiO2, SiO2 and AbO3 by Watanabe T. et al. [113]. It is 

shown that increasing the quench gas flow rate, increases the number mean diameter ( as 

determined by TEM). The reason is that increasing quench rate reduces the cross section 

of the oxide vapor passage in the plasma and the total number of the nucleates decrease. 

A smaller number of nucleates leads to the formation of larger diameter particles. 

The effect of axial injection of CH4 into the plasma tail for the synthesis of ultra fine SiC 

is studied by Gitzhofer F. [35]. It is demonstrated that by increasing the reactants (quench 

gas) penetration, the mean particles size decreases. Production of TiO2 nanopowders by 

thermal oxidation of titanium butoxide is studied by Li J-G. et al. [68]. They have shown 

that the product particles diameter decreases by increasing oxygen flow rate. 

Shrikant V. et al. [94] have shown that for the reactive synthesis of sub-micron ZnO pow-

der, increasing the quench gas decreases the particles size and shifts the size distribution 

toward smaller diameters ( the degree of this shift depends on the reaction constant). Fur-

thermore, the gradual and controlled quenching (path 2, figure 9) is more beneficial than 

rapid quenching (path 1, figure 2.9). 
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Fra. 2.9: Schematic representation of the plasma powder synthesis process of ZnO (Shri-
kant V. et al. [941). 

2.6.6 Vaporization efficiency 

Vaporization efliciency is an important subject in RF plasma reactors when micrometric 

precursors are injected continuously into the plasma. This factor depends on many pro-

cess parameters such as reactor pressure, plasma power, plasma gas and the size of feed 

particles. 

The vaporization of titanium carbide in thermal plasma reactors is investigated by Li Y. 

et al. [67]. They showed that introducing of hydrogen in the system impedes the total 

vaporization rate and the rate of titanium vaporization. 

Injection results of alumina particles with different sizes Ye R. et al. [127] indicate that a 

small particle, of diameter d = 6.5 µm fully evaporates after travelling 300 mm in Ar-H2 

while a larger particle, with d = 42.5 µm does not experience any evaporation at all. 

2.6.7 Importance of fluid recirculation's on the particles morphology and size 

Fluid recirculations inside reactor cause the created nanoparticles to return to the higher 

temperature regions. Depending on the temperature history that these particles expe-

rience, the morphology can change. Fabry F. et al. [28] for example, revealed two high 

temperature recirculation regions : a very large one in the arc region and a small one near 
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the top corner of the graphite wall. They showed that the main part of the carbon black 

grows at temperatures in the range 1300-1600 K and is then annealed in the region of 

electric arcs (the large one) due to fluid recirculations. TEM analysis indicates the exis-

tence of three plasma carbon black populations. However no results are presented about 

the effects of these recirculations on the level of aggregation of the powder. 

Shigeta M. et al. [92] numerically demonstrated that by installing a DC plasma jet nozzle 

on top of the RF plasma torch, the fluid recirculation inside the torch can be elimina-

ted and consequently large numbers of particles with smaller size can be produced. They 

demonstrated that high temperature zone is shifted downstream and characteristic recir-

culation zone disappears due to additional energy and momentum of DC plasma jet. 

2.6.8 More details about the numerical models and results 

In the literature, generally two sets of equations have been employed to predict the pro-

files of tempreture, velocity and particles size distributions : Fluid mechanics equations 

and particles dynamics. In this section, a brief review is made through the results and 

assumptions of some selected papers. 

Shigeta M. et al. [92] used the following general form for the governing equations of con-

tinuity, momentum, energy, and plasma species per unit volume (cylindrical coordinates): 

â l â â â<I> l â â<I> 
-('lj!u<I>) + --(r'lj!v<I>) = -(I'-) + --(rI'-) + Sc âz r âr âz âz r âr âr 

(2.1) 

where corresponds to the physical variable such as u, v, w, h, and n. In this equation 

the terms of the left hand side mean the convection, the first and second terms of the 

right hand side mean diffusion and the third term S represents the source term for each 

governing equation. In their nanoparticle synthesis model, they assumed the Girshick 

(Girshick et al. [391) homogeneous nucleation model. Their results showed that quench 

injection increases the specific surface for all materials. 

In the aerodynamics equations, Panda S. et al. [77] assumed Kelvin diameter as the critical 
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cluster size: 

(2.2) 

Their model accounts change in concentration of the condensing molecules as: 

(2.3) 

where the right hand side (RHS) accounts for the addition of particles by nucleation and 

the second RHS term accounts for the loss of particles by coagulation. Their final results 

show that aerosol production of Al nanopowders with high specific surface area is favored 

using high cooling rate, low evaporation temperature, low system pressure or low metal 

vapor concentration. 

In the one dimensional model of Girschick S.L et al. [40) which accounts for the nanopar-

ticle nucleation and growth, the following assumptions are made: 

1) Particles growth is initiated at a specified temperature T0• 

2) A spherical particle of size k is formed by the collision of an i-mer with a j-mer, where 

i+j=k. 

3) Particles are assumed to be spherical and electrically neutral. 

4) Kinetic theory is assumed for the calculation of Brownian collision rates. 

Their results suggests two obvious routes for nanoparticle size control; through the reac-

tant concentration and through the cooling rate ( equivalently the residence time) in the 

temperature region for particle growth. 

In the developed model by Girshick S.L. et al. [38), it is assumed that the flow was steady, 

laminar, and axisymetric. The computational domain was divided into two parts, the 

plasma and the particles growth tube. The equations included the continuity, all the 

directional components of momentum equation, the energy equation, the electromagnetic 
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field equation and diffusion equation for iron vapor. The nucleation and the growth the 

the nanoparticles were modelled by solving the aerosol general dynamics equation (GDE) 

with the particles size spectrum treated as log normal distribution. 

Their results showed a recirculating vortex in the upstream portion of the coil ( caused by 

Lorenz forces). It was further showed that a significant fraction of the vapor (about 50%) 

diffuses to the wall of the plasma tube and deposits there. 

Wenger K. et al. [118] employed a monodisperse particle dynamics model along with 

Fluent (2-D axisymetric) to simulate the temperature, velocity, and particles growth. 

The Their results showed the formation of dead volumes in the aerosol condenser. It was 

demonstrated that increasing quench and decreasing pressure decrease the product size. 
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3 EXPERIMENTAL METHODS, CHARACTERIZATION 

TECHNIQUES AND BASIC MODELLING PRINCIPLES 
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3 .1 Overview 

In this chapter, the experimental methods and principles of numerical study, utilised in the 

thesis, are presented. First, the experimental set up and the accessories for the preparation 

and collection of various Si02 nanostructures is described. Three RF plasma reactor confi-

gurations, designed or modified in this work, to synthesise different Si02 nanostructures, 

are explained. Second, the nanopowder characterization methods are reviewed. Sorne im-

portant terms in particulate systems analysis, are defined. In the last part, the theories 

behind the numerical analysis, is presented. Several principal concepts in fluid mechanics 

and particles dynamics are briefly reviewed. Finally, the role of CFD modelling by Fluent 

and FPM in the thesis, is explained. 

3.2 Experimental Set-Up 

Figure 3.1 shows a schematic diagram of the experimental set up. As shown in the figure, 

the set up is composed of four basic systems namely : feeding system, plasma torch, 

reactor, and filtration . The feed particles1 are injected into the plasma torch by means of 

a peristaltic pump. Subsequently, they are mixed with the hot plasma gases in the plasma 

flame and are vaporized. The vapor mixture is then entered into the reactor chamber and 

cools down upon mixing with the injected cold gas flow of quench. The resulting products 

(nanoparticles, aggregates and the unevaporated portion) are then separated from the 

gases in the filter and on different positions along the reactor wall. 

Atomlslng Plasma 
Gas Gas 

Plasma Torch 

Evaporation 

Quench 
Gas 

Reaelor 

Nucleatlon and 
Growth 

Nanopowder 

F~ter Separulor 

Separatlon 

1 The feed is a 50% (based on weight) suspension of quartz particles in methanol. 
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Fra. 3.1: Schematic diagram showing the four basic systems of the experimental set-up for 
SiO2 nanoparticles production. 

Micronised quartz powder, MIN-U-SIL 5™ US Silica Company, is used as the feed. Figure 

3.2 shows three different scales of scanning electron microscope image of this powder. From 

this figure, the particles are irregularly shaped with sharp edges. Figure 3.2 down, shows 

that this shape pattern exists even for the smallest particles of the powder. The majority 

of these particles lie in the range of diameter between 500 nm to 5 µm . 

Fra. 3.2: SEM image of the raw powder feed, Quartz (US-Silica, Minusil-5). 

Figure 3.3 shows a picture of the laboratory set up. For all the geometries discussed in this 

thesis, the feeding system, plasma torch, and the filter are the same. While the reactor 
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body design is modified. The feeding system is composed of a peristaltic pump and the 

accessories (figure 3.3, left). The reactor is equipped with two sight glasses to observe 

inside the reactor and to measure the time required for the feed to pass from the pump to 

the plasma flame. The torchis an inductively coupled plasma torch model PL-50 (Tekna 

Plasma Systems, Sherbrooke). The filter is a Goretex filter, supported on a stainless steel 

cylindrical frame as shown in the figure 3.3, right (h = 70cm, d = 10 cm, Gore-Tex High 

durability filter bag, Polytetrafluroethylene felt, 830 g/m2, Gore & Associates, Inc.). 

Plasma torch 

Reactqr chamber 

Suspension 
feed 

Peristaltic 
pump 

Feed injection Reactor assembly 

Fra. 3.3: The reactor set-up along with the feeding system and filter used for the SiO2 
nanoparticles synthesis. 
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Table 3.1 shows the operating parameters for the reactor and the torch. In the plasma 

gas (sheath and central), oxygen was used at the flow rate indicated in table 1. The 

presence of oxygen decreases undesired reactions in the reactor (i.e. production of Siü), 

and also reduces the complexity of the system from a modelling view point. So, in the 

reactor the only possible reactions would be the combustion of methanol ( the suspension 

medium) while no chemical reactions should be considered for the growth mechanism of 

nanoparticles. Secondly presence of oxygen increases the heat transfer to the particles, 

compared to pure argon, increasing the effi.ciency of vaporization. Pure oxygen was used 

as the sheath gas, but not in the central gas where a minimum flow of argon had to be 

maintained in order to facilitate the plasma generation and maintainance. 

According to table 3.1, an effi.ciency of 40 percent has been considered to calculate the 

net induction heat transfered to the plasma gases. The major losses lie in the coupling 

between the generator and gas flow. According to Boulos M. I. [19), when the induction 

generator is used as a heating source, a 40 percent effi.ciency would be realistic. 
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TAB. 3.1: The operating process parameters used during the experiments. 

1 Process Parometer 1 Value 

-Central Gas Argon, 22.5 slpm 
Plasma gas and flow rate 

-Sheath Gas Oxygen, 65 slpm 

Feed Rate and Size 4.5 - 27 g/min; 100 nm <dp< 5 µm, 

(A 50% (weight) suspension of quartz particles in D(3,2)=290 nm 

methanol) 

Plasma Power Plate 40 KW; Efliciency 40% 

Reactor Pressure 650 Torr 

Quench Gas 10-15 scfm, Oxygen 

Sampling points : 

Synthesised powders were sampled at the following points of the reactor set-up : 

1) Reactor wall in different positions ( 4-6 point). 

2) Cyclone and filter wall. 

3) Filter. 

Silica mass balance and percentage of nanopowder recovery 

Table 3.2 shows the percentage of recovery of silica for a typical experiment. According to 

this table, 77% of the total quartz particle have been recovered from the different zones 

43 



of the reactor. About 10 percent of the product was from the filter. the lost of the powder 

was a result of the following factors : 

a) The efficiency of the filter. 

b) The humidity present in the original powder. 

c) The impurities of the original powder 

d) The powder which is trapped on the parts that are difficult to recover. 

TAB. 3.2: Silica mass balance results over the reactor. 

Radial bottom quench 
Type of the reactor 

Operating conditions 
Feed injection rate= 4.5 g/min Net, No quench gas injection 

The other parameters are as stated in Table 3.1 

Total quartz particles injected 70.4 g 

Recovered powder 
7 g (= 10 %) Filter 

Reactor wall and transfer tubes 47 g ( = 67 %) 

Lost powder 
16.4 g (= 23%) 

3.2.1 Radial-top quench design : Synthesis of highly aggregated and porous SiO2 

clusters 

In this design, a stainless steel tube with 16 holes of 2 mm diameter was installed to 

inject oxygen radially from the top of the reactor. This design is named radial-top quench 

injection in the thesis. Figure 3.4 (right) shows the quench injection tube . The tube is 

installed within a stainless steel water cooled cylinder-cone reactor (L1 = 30 cm, L2 = 20 

cm, i.d = 20 cm, figure 3.4 left). 
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Fra. 3.4: The reactor (left) and the quench nozzle tube (right) in radial-top quench injec-
tion. 

In this reactor, the distance between the quench gas injection and the plasma flame is 

small. Therefore this configuration is designed to inject the jet of cold oxygen into the 

plasma flame and to quench the hot vapors of SiO2 as fast as possible. The synthesised 

nanostructures of SiO2 are consequently transported to the filter and to the reactor wall. 

According the the experimental characterization results (provided in chapter 5), the syn-

thesised nanoparticles in this geometry are composed of highly aggregated and porous 

clusters. 

3.2.2 Radial-bottom quench design : Partially aggregated SiO2 nanoparticles 

In this design, a nozzle (id= 0.8 cm) is installed at 50 cm downstream of the reactor inlet 

to inject the cold flow of quench into the reactor. Two configurations are possible : radial 

and counter-current. These are named in this thesis as radial-bottom and counter current 

quench injections. Figures 3.5 a and b show these two geometries. In counter-current 
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quench configuration, figure 3.5 left, the quench gas is injected in opposite direction from 

the bottom while in radial-bottom quench configuration, figure 3.5 right, the quench gas 

is injected radially at downstream of the reactor. 

L2 

l 
Quench Gas .----

Injection 

Plasma Gas 

Plasma Torch 

î 
L1 

l 
î 
L2 

FNd(Si02 Suspension) 
and Atomlzlng Gas 

1~-~ Quench Gas 
Injection 

FIG. 3.5: Counter-current (left) and radial-bottom (right) quench configurations. 

In these two configurations, the distance between the quench gas injection and hot plasma 

gases is more than that in the first design. Therefore the injected micronsized particles 

have more time to evaporate and a higher level of evaporation is expected. 

The experimental results ( chapter 4 and 5) show that the synthesised partiel es are com-

posed of partially sintered spherical nanoparticles. 

3.2.3 Alumina wall reactor : Highly spherical, uniform SiO2 nanoparticles 

In this design, the reactor is composed of an alumina tube (id = 10 cm, L = 60 cm) 
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installed within a stainless steel, water cooled support. Quench gas is injected radially 

through a 0.8 cm nozzle at 60 cm downstream of the reactor. 
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FIG. 3.6: The Alumina-wall reactor .. 
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Figure 3.6 shows the reactor set-up used in the laboratory. The left side figure is the 

ceramic tube and on the right is the stainless steel water cooled support. Two sight glasses 

are installed on the support to measure the temperature of the ceramic tube during the 

experiments. This design is named alumina-reactor in the thesis. In this reactor as a result 

of higher temperature of the reactor wall, higher levels of vaporization is expected. The 

experimental characterizations revealed that the nanoparticles in this reactor design are 

composed of non-aggregated spherical nanoparticles. 
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3.3 Characterization of SiO2 clusters and nanoparticles 

Four major characterization techniques are used to measure the size and to determine the 

morphology and aggregation level of prepared Si 0 2 nanostructures d uring the experiments. 

These techniques are : scanning electron microscopy SEM, nitrogen absorption (BET), 

laser scattering and X-ray diffraction XRD. Before describing each of these techniques, it 

is very important here to define some basic concepts from particulate science. These terms 

are frequently used in the presentation of the results during the thesis. 

3.3.1 Terminology 

N anoparticles can be characterized using the following terms based on their morphological 

properties (Friedlander S. K. [32)) : 

3.3.1.1 Primary particles : 

The smallest identifiable individual particles, usually in the size range less than 100 nm, 

are called primary particles. 

3.3.1.2 Aggregates : 

Assemblies of primary particles held together by strong bonds, probably ionic / covalent 

in nature, are called aggregates. In some references these are called hard agglomerates 

(Tsantilis S. et al [106)). 

3.3.1.3 Agglomerates : 

Assemblies of aggregates held together by weak bonds which may be due to van der Waals 

forces or ionic / covalent bonds operating over very small contact areas. Agglomerates may 

break up to form aggregates, for example, when they are blended with polymers in the 

manufacture of rubber; or when they are exposed to ultrasound energy in a liquid medium. 

In some references these are named as soft agglomerates (Tsantilis S. et al [106)). 
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3.3.1.4 Particles equivalent diameter based on physical property or particle behavior 

Particle size and shape can be quite complex and are defined only to the extent that one 

can measure or calculate them. Therefore there are numerous definitions of particle size 

and shape depending on the measurement technique or on the use to which the pattern 

is put (Willeke K. et al. [123], Skoog D. A. [97], Micromeritics Inc. [78]). 

A commonly used term in aerosol science and technology is that of equivalent diameter. 

This refers to a diameter that is a measurable index of a particle. An equivalent diameter 

is reported as the diameter of a sphere having the same value of the specific physical 

property as the irregular shape pattern being measured. 

Figure 3. 7 shows the different definitions of particle size and shape. According to this 

figure, three different particles equivalent diameter definitions are presented : 

l)Particles equivalent diameter based on physical property. 

2)Particles equivalent diameter based on particles behavior in the fluid. 

3)Particles equivalent diameter based on calculation method 

Aerodynamic diameter for example, is the diameter of a unit density sphere having the 

same gravitational settling velocity as the particle being measured. 

A particle may be extremely complex in shape, such as an agglomerate. In this case, a 

significant part of the interna! value of the particle is made of voids. In this case two 

additional definitions are available : the mass-equivalent diameter for which the particle is 

compressed into a spherical particle without voids, and the envelope equivalent diameter 

for which the particle voids are included in the spheres. The mass equivalent is convenient 

because it uses the bulk density of the material, a parameter often available in the literature 

or easily measured. 
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FIG. 3.7: Particles size definitions that depend on observations of particle properties, be-
havior or calculation method. 

3.3.1.5 Particles equivalent diameter based on calculation method 

An important definition of particles and aggregates equivalent diameter depends on the 

method of calculation of the diameter. The general symbol is D ( n,m). Here three of the 

most used equivalent diameters in the thesis are presented. For a sample composing of 

species i with ni particles of diameter di, the followings are the definitions of equivalent 

diameter (Orr C. [76), Beddow J. K. [14]) : 

1) Arithmetic mean or equivalent diameter based on number : 

(3.1) 

Where ni and di are the number and the diameter of each category of the particles. 
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2) Equivalent diameter based on surface area: 

(3.2) 

The equivalent diameter which is calculated from nitrogen absorption results is based on 

this type of diameter. 

3) Equivalent diameter based on weight fraction : 

(3.3) 

The equivalent diameter which is reported from laser scattering data, is a measure of this 

diameter. 
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3.3.2 Determination of the morphology : scanning electron microscopy (SEM) 

The most frequently used technique to determine the size of primary particles and the 

morphology of the aggregates, is SEM. In this method, X ray emission is stimulated on 

the surface of the sample by a narrow beam of electrons. The resulting X ray emission is 

detected and analysed with a wave length or energy dissipation spectrometer (Skoog D. 

A. [97]). 

This technique is used throughout the thesis to find about the following aspects of the 

synthesised nanoparticles. 

1) The size and shape of the primary particles. 

2)The sintering among primary particles. 

3) The existence of unevaporated particles in the sample. 

Figures 3.8 a and b show the SEM images of two samples of SiO2 . Figure 8-a shows 

that the particles have rectangular shapes with sharp edges in the size range of 10-150 

µm. While the particles in figure 8-b are spherical and partially sintered together. The 

particles in this sample can be assumed to be hi-modal. One mode, particles of less than 

20 nm diameter while the other mode particles of 200 nm in diameter and larger. The 

figure further shows that a high level of sintering exists between the primary particles. 

FIG. 3.8: SEM images of two samples of SiO2 nanopowder. a) Quartz particles ( +325 
mesh). b)RF plasma synthesised nanoparticles of SiO2 . 
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3.3.2.1 Sample preparation : 

It is essential to create a conductive layer on the SiO2 particles and to make them de-

tectable by the electron microscope. For this purpose, a small spatula of the powder is 

dispersed in methanol and the resulting suspension is spread on a silica wafer. The speci-

mens are then metallised ( coated with a layer of Pt using cold Ar plasma at 25 mAm for 

45 s) using Emitech K550. 
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3.3.3 Specific surface area measurement using BET method 

One of the very useful techniques which gives an idea about the average primary particles of 

the sample, is nitrogen absorption technique. The results of this technique is the specific 

surface area, SSA in m2 / g. SSA is then used to calculate the surface area equivalent 

diameter D(3,2) according to the following relation : 

D(3, 2) = 1000 x 6/(p x SSA) (3.4) 

The results of this technique gives the particles diameter gear towards the smallest particles 

(the primary articles) in the powder. This technique is used during the thesis for the 

following purposes : 

1) To calcula te the equivalent diameter of the primary particles. 

2) To directly compare the results with the simulations of the Fine Particle Model. 

In this section some basic principles of this technique are reviewed. 

When a solid is exposed to a gas, gas molecules impinging on the surface may not be 

elastically reflected but remain on the surface for a finite time, this is called adsorption. The 

graph of the amount of gas adsorbed (v) at constant temperature, against the adsorption 

pressure (P) is called isotherm. This property is used to measure the specific surface 

area of a given sample. In nitrogen adsorption method, the sample is cooled to cryogenic 

temperatures under vacuum then nitrogen is admitted to the solid in controlled increments. 

An adsorption isotherm is derived from which the surface area of the sample is determined. 

A commonly used method to determine the specific surface area of a solid is to deduce the 

monolayer capacity (V ) from the isotherm. The most important equation for this study 

is the BET (Brunauer, Emmet, and Teller) equation for the adsorption of gases on solid 

surfaces, which can be written in the following form [105] : 

(3.5) 
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Where v is the volume (at standard temperature and pressure, STP) of gas adsorbed, p 

is the pressure, and is Poo the saturation pressure which is the vapor pressure of liquid gas 

at the adsorbing temperature, V the volume of gas (STP) required to form an adsorbed 

monomolecular layer and C is a constant related to the energy of adsorption. The surface 

area S of the sample giving the monolayer adsorbed gas volume V (STP) is calculated 

from: 

(3.6) 

Where Ais Avogadro's number, M is the molar volume of the gas and N is the area of 

each adsorbed gas. 

Figure 3.9 shows a typical diagram which has been obtained in the laboratory (Autosorb I). 

The powder is collected from reactor wall (in radial-top quench reactor, with no quench 

gas injection and feed rate of 4.5 g/min). From this graph which is usually linear, the 

abscissa is equal to 1/(vm.c) and can be used to calculate the surface area from equation 

3.5. These results show that the SSA of the powder is equal to 55.5 m2 / g. This gives an 

equivalent diameter of 

D(3, 2) = 1000 x 6/(p x SSA) = 1000 x 6/(2.2 x SSA) = 49 nm (3.7) 
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Sample Preparation 

It is important that the sample be completely dry to avoid errors in the measurement 

by this method. Therefore, before each measurement, all of the samples were kept in 110 

degree for a minimum of 2 hours and were cooled down. 
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3.3.4 Evaluation of the level of sintering and solid bridging degree of primary 

particles : laser scattering 

One of the distinct features of this study is assessing the level of aggregation of the 

Siü2 nanoparticles. For this purpose, the laser scattering technique, using Mastesizer 2000 

(Malvern Instruments), is used as a complementary technique to the SEM and the nitrogen 

absorption. The results of this technique are based on volume gear toward the biggest 

particles and aggregate in the sample. 

In this section, first a brief review about the fundamentals of light scattering is given. 

Then, this technique with the settings to calculate the size distribution based on number 

and based on volume is described. 

3.3.4.1 Dispersant selection 

Selection of an appropriate dispersant is an important stage when making wet laser scat-

tering measurement. It is important that the dispersant has the following characteristics : 

a)Transparent to the laser beam. 

b )The refractive index is different from that of particles being measured. 

c)Does not dissolve the material under test. 

d)Can wet and stabilise the particles 

Based on the above criteria, isopropanol is selected and used during ail the measurements. 

3.3.4.2 Measurements settings 

It is important to consider how the amount sample and the dispersion unit settings affect 

the measured particles size. Optimization of the pump /stirrer rate can simply be achieved 

by determining how the the reported particle size changes as the pump speed is increased. 

At low speeds the reported particles is too low as the pump rate is not fast enough to 

suspend the large particles within the sample. At higher pump rates the reported particles 
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size reaches a plateau value where the particles size remains constant. It is at this point 

that the particles size are correctly presented to the measurement cell. Very high pump 

rates create cavitation and consequently there is a tremendous error in the reported size. 

For the measurements during the experiments, pump rate of 1500-1900 rpm was used. 

3.3.4.3 Sample preparation and sonification energy 

Once the material being measured has been wet by the chosen dispersant, it is important 

to assure that the full particle dispersion is achieved. In the measurements reported in 

this study, before each measurements, the sample was placed in ultrasound bath for a 

minimum of 3 minutes to assure the dispersion of soft agglomerates maintained by van 

der Walls forces. Cole Parmer ultrasonic processor (model 130 W) with a 6 mm tip was 

used for this purpose. 

As expected for such powders there was a considerable difference between the results with 

ultrasound application and with no ultrasound application. A minimum of three minutes 

was found to be necessary for obtaining stable and reproducible results. 

3.3.4.4 Sample concentration 

The sample concentration used for wet laser scattering measurements must be set so as to 

allow reproducible scattering data to be obtained without observing multiple scattering. 

For the measurement of this study obscuration of between 6-14 percent is used. 

3.3.4.5 Optical properties determination 

To have reasonable results from this analysis, it is critical to know the optical properties 

of the material. Mastersizer 2000 uses the results of the scattered light pattern and uses 

Fraunchofer theory (assuming opaque material) to calculate the particles diameter. For 

the measurements of partiel es size less than 20 micrometer, this theory is no longer valid 

and Mie theory (Bohren C. F. et al. [18]), a more precise theory, should be utilised. 
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For the first series of measurements a refractive index of Rl= l.45 and absorption lm = 

0 was assumed and the results of figure 3.10 graph 1 was obtained. In the first view the 

results are reasonable and a major part of the nanoparticles lie below 500 nm. 

However further investigations, and dry and wet measurements performed in Malvern Inc. 

(Rawle A. [84]) and by Microtrac Incorporation showed that the correct optical properties 

are refraction index of 1.45 and absorption of 1. The results were changed according to 

graph 2. From this graph, a major part of the powder aggregates are larger than 1 µm. 
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FIG. 3.10: Effect of optical properties on the results of SiO2 aggregates size distribution 
for radial-bottom quench geometry. Graph 1 : R.l.=1.45, I.m.=0. Graph 2 : 
R.l.=1.45, I.m.=1 
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3.3.5 Estimation of the crystalline structure : X-ray diffraction (XRD) 

To know the crystalline structure of the synthesised nanoparticles and to be sure if the 

powder is treated by plasma, this technique is used. Philips instruments X-Ray diffracto-

meter (model X-Pertpro ) is utilised for this purpose. 

When a material (sample) is irradiated with a parallel beam of monochromie X-rays, the 

atomic lattice of the the sample acts as a three dimensional diffraction grating causing the 

X-ray beam to be diffracted to the specific angles. The diffraction pattern, that includes 

the position (angles) and intensities of the diffracted beam, provides several information 

about the sample and are discussed below. 

* Angles are used to calcula te the interplannar spacings ( d-spacings). Because every crys-

talline material will give a characteristic diffraction pattern and can act as a unique 'fin-

gerprint', the position (d) and the intensity (I) information are used to identify the type 

of material by comparing them with patterns existing in the data base. 

* The 'd' and 'I' from a phase can also be used to quantitatively estimate the amount of 

that phase in a multi-component mixture. 

Figure 3.11 shows the XRD pattern of the feed (quartz particles). The graph shows the 

intensity of the diffracted light as a function of diffracted angle 20 . From this graph 

the characteristic peaks of the samples are obtained and because they are unique, by 

comparing these curves with the existed bank in the software of the equipment, the samples 

can be identified to be Siû2 . 
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FIG. 3.11: X-ray diffraction pattern of the raw powder feed (quartz). 
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3.4 Prediction of different structures and size of SiO2 nanopowders by 

computational fluid dynamics (CFD) modelling of the process 

In this section the mathematical formulations and the theory behind the modelling of the 

gas phase synthesis of nanoparticles is briefly presented. The solutions of these formula-

tions can be used to analyse the mechanism of nanoparticles synthesis and to clarify how 

the size of the nanoparticles are influenced by parameters such as feed rate, quenching 

gas flow rate and reactor configuration. For this purpose two sets of equations are solved 

simultaneously. Firstly, the equations of change (mass, momentum and energy) are solved 

using a CFD modelling software such as FluentTR_ Secondly, the general dynamics equa-

tion (GDE) for the aerosols is solved to derive the particles size distribution function. The 

fine particle model (FPMTR) a third party package added to Fluent to salve GDE, is used. 

We present here the equations related to the transport of gas-phase and nanoparticles in 

the reaction reactor of the system. The plasma torch and evaporation of micro-particles 

has been developed by Xue S. et al. [125]. 

3.4.1 Equations of change 

Conservation of mass, momentum and energy are three sets of fundamental equations 

which should be solved to give the temperature, velocity and concentration profiles for a 

given problem (Bird R. B. et al. [161). Consequently the time-temperature history of the 

particles can be determined. 

3.4.1.1 Equation of continuity 

The general form of this equation is : 

8p/&t + '1.8v = 0 (3.8) 
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So that in cylindrical coordinate in steady state, it has the following form 

(3.9) 

In which pis the density of the fluid and Vr, ve and Vz are the components of velocity in 

r , 0, and z directions. 

3.4.1.2 Equation of continuity for species o: 

The general form of this equation is : 

(3.10) 

Where wa is the mass flow rate of species o: across a surface and ja is the mass flux of 

species o: across a given surface (the surfaces are r= cte. or 0=cte. or z=cte. ). 

3.4.1.3 Equation of motion 

The general form of this equation is : 

(3.11) 

In which r is the stress tensor and p is the pressure and D is the substantial time deri-

vative2. If we assume steady state conditions and monoatomic gas we have the general 

vector form in the laminar flow : 

v'.(pu.u) = -v'p + v'.(µv'u) (3.12) 

2 for any variable c we define the substantial derivative as g~ = 8c/ât + (v.v'c) 
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3.4.1.4 Equation of energy 

The general form of this equation is : 

pcpDT/Dt = -(V.q) - (8lnp/8lnT).Dp/Dt - (T: Vv) (3.13) 

So that in steady state conditions it is in the form of : 

V.(pucpT) = V.(kVT) (3.14) 

Where cp, u and k are respectively specific heat capacity, velocity, and thermal conductivity 

of the fluid and T is the fluid temperature. 

3.4.2 Basic principles of aerosol dynamics 

Aerosol dynamics studies the factors that determine the distribution of aerosol properties 

with respect to particle size and represent a useful tool to describe the formation, trans-

port, and changes in the particles (Whitby W. [119], Chimera Technologies Inc. [29]). 

Figure 3.12 shows the different processes which occur within and at the boundaries of a 

simple control volume. 

Diffusion 

Nucleation 

Sedimentation 

other 
external 
Forces 

Condensation 

Eva oration 

FIG. 3.12: Particle processes occurring within and at the boundaries of a single control 
volume [30]. 
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To have a better picture, the processes mentioned in the last figure are classified into two 

groups, internal and external processes. Internal processes affect the aerosol within a single 

cell and external processes cause particle transport across cell faces. Figure 3.13 shows this 

classification. These processes are explained in more detail in the following section. 

Processes That modify the particle size 
distribution 

lnternalProcesses External processes 

Particle 
generation 

Nucleation 

Particle 
growth 

Condensation 

Particle 
coagulation 

Diffusion Migration in an Deposltlon t B ·--Ë:J •··· ··•--····-······························-···-
external field walls 

Sedlmentation Thermophoresis 
1 

! 

Fra. 3.13: processes that modify the particle size distribution (Aristabal F. [5]). 

3.4.2.1 Nucleation 

Homogeneous nucleation is the formation of particles from a supersaturated vapour wi-

thout the assistance of condensation nuclei or ions. In the present work the formulation 

of Girshick ( Girshick et al. [39)) is used : 

(3.15) 

(3.16) 
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d* = 4 ViCJi 
P RaTlnSi 

(3.17) 

(3.18) 

In the above formulation, d* is the critical cluster diameter, ~G* is the Gibbs free energy, 

p is the gas density, Pi is the liquid density of i , Si is the saturation ratio and cr is the 

surface tension. 

3.4.2.2 Brownian motion and diffusion 

Brownian motion is the irregular wiggling motion of an aerosol particle in still gas caused 

by random variations in the relentless bombardment of gas molecules against the particle. 

Diffusion of aerosol particles is the net transport of these particles in a concentration 

gradient. This transport is always from the region of higher concentration to the region 

of lower concentration. The related expression has the following form : 

(3.19) 

Where Dp is the diffusion coefficient and can be calculated by Stokes-Einstein expression 

(Kivelson D. et al [591) : 

(3.20) 

Where kb is Boltzmann constant, T is the temperature, and f is the friction coefficient. 

3.4.2.3 Coagulation, coalescence and agglomeration 

In these processes, particles collide with each other, due to the relative motion between 

them, and adhere to form larger particles. Depending on the time temperature history of 
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the colliding particles, the formed nanostructure may be spherical, aggregated or agglo-

merated. 

If the collisions are between liquid particles, spherical particles are formed and the process 

is called coalescence. However if the colliding particles are solid and the temperature is high 

enough, the aggregates are formed and the process is called coagulation. Agglomeration 

is the physical collision of two particles and formation of larger agglomerates ( see the 

terminology chapter 3.3.1). 

The net result of these processes is a decrease in particle number density and increase in 

the size of product. When the relative motion between the particles is Brownian motion, 

the process is called thermal (or Brownian) coagulation. In general the rate of change of 

PSD by coagulation is : 

ân lf 1{°0 

[ ât ]coag. = 2 Jo f3(v', v - V')n(v')n(v - v•)d(v') - n(v)2 Jo f3(v', v)n(v')dv' (3.21) 

Where f3 is the frequency of collision. The first integral in the right hand side represents 

the formation of the particles of size v by collisions between ail the particles of size v' 

and v-v,. The second integral represents the Joss of the particles of size v by collisions 

between ail the particles of this size any other particle. 

In the fine particles model, only the coalescence of the particles ( e.g. formation of spherical 

particles) are considered . 

3.4.2.4 Thermophoresis 

The movement of particles that results from a temperature gradient in gas, is called 

thermophoresis. 

Theoretically the thermal force on a particle of diameter d for (d < À) is : 

F, _ -p.À.d2 . VT 
th - T (3.22) 
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Where p is the gas pressure and À is the mean free path of the gas molecules. And the 

resulting velocity can be stated as : 

-0.5517.VT 
Uth=----

pg.T 

Where pg is the gas density and 17 is the gas viscosity. 

3.4.2.5 Convection 

(3.23) 

This term is the transport of particles as a result of bulk motion of the fluid. It can be 

expressed as : 

Jcanvec. = U. n (3.24) 

Where u is the velocity of the bulk fluid in a given direction. 

3.4.2.6 Condensation and evaporation 

Once a stable drop let is formed, that is, once the droplet diameter exceeds d * for a parti-

cular saturation ratio, the droplet has passed a threshold and will grow by condensation. 

Evaporation is the reverse process of condensation. In a simple case rate of growth by 

condensation can be expressed as (d < .X) : 

G = d~:) = A(T).(P00 - p) (3.25) 

Where A(T) is a fonction of temperature and the molecular properties of condensible 

component, P 00 is the vapor pressure of the condensible material far from the particle 

surface and p is the vapor pressure of the condensible material at the particle surface. 

68 



3.4.2.7 General dynamics equation 

The equation or equations that describe the time dependent of size distribution fonction 

of an aerosol are referred to general dynamics equations, GDE for the aerosols. By solving 

the GDE for different initial and boundary conditions, the PSD fonction for a variety 

of geometries and flow conditions of practical interest can be calculated. When all the 

processes of aerosol transport, nucleation, condensation, and coagulation exist the GDE 

has the following form : 

~; + "v.(n Û)convection = "v.(Dp "vn)Diffusion - "v.(n Û)Thermophoresis + I(v*)8(v-v*)Nucleation-

â(Gn) 11v 100 -â- . +-2 f3(v',V-V')n(v')n(v-v•)dv·-n(v) (3(v·,v)n(v·)dvcoagulation (3.26) V Convection o O 

3.4.3 Methods of solution 

GDE is a nonlinear, partial integro-differential equation. Due toits complexity, it must be 

generally solved numerically. The method of moments is one of the widely used techniques. 

The main idea of the method is to simplify the GDE and to change it from a complex 

partial integro-differential equation into a partial diff erential equation. The Fine Particle 

Model FPM™, the name used for the program developed by Chimera Technologies Inc. 

[29] and based on the thesis of Whitby W. [119], uses this technique to solve the equations. 

FPM™ is now available as a third-party add-on program of Fluent. 

An important assumption in FPM is that it considers only the effect of the gas phase on 

the particles and not the reverse. In fact, first the fluid mechanics equations are solved 

by the model (Fluent) and then the converged results are used in the fluid dynamics part 

(FPM) to solve the general dynamics equation. 

It is very important to note that, all the previously described particles dynamic processes 

depend on time-temperature history of the particles inside the reactor. Consequently, if 
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we control this time-temperature history, the size and morphology of the particles inside 

the reactor can be controlled. 

By using the commercial fluid dynamics software Fluent, we can simulate the process and 

salve the previously said fluid mechanics equations (section 4.1). Consequently, the velocity 

and temperature distributions inside each reactor design can be calculated. However, the 

experimental data are limited to the particles diameter at the reactor exit and on the 

reactor wall. For this reason, the 3-dimensional CFD simulations are used as general 

guidelines in the analysis of the applied model and results. 
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4 SYNTHESIS OF SiO2 NANOCLUSTERS BY CONTROLLING 

THE FEED RATE AND QUENCH GAS INJECTION 
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4.1 Overview and objectives 

Feed rate control and quench gas injection are among important parameters which highly 

affect the continuous gas phase synthesis of nanoparticles. As previously mentioned in 

the literature review, the effects of these parameters have been investigated in the gas 

phase synthesis processes and in radio frequency production routes (Shigeta M. et al. 

[93], Leparoux et al. [66], Proulx P. et al. [82], Désilets M. et al. [261). However, there are 

a number of questions which are not responded yet. These are indicated as the objectives 

of this chapter in the following. 

Increasing the feed rate injection, increases the vapour phase concentration of the material 

and consequently increases the rate of growth of the newly created particles. Injection 

of quench on the other hand, dilutes the vapour phase and also stops the growth of 

nanoparticles in the gas phase. Consequently, the size of the particles is expected to 

decrease. The major concern of this chapter, is to investigate the effects of these two 

parameters on the nano structure and size of the Si02 powders [43, 44]. 

Objectives of the present chapter : 

1) Possibility of continuous RF plasma synthesis of Si02 nanoparticles in pilot scale by 

injection of quartz micronised particles into the torch. 

2) Identification of the critical parameters affecting the product. 

3) Considering the level of primary particles aggregation to report the results. 

4) Using the fine particle model (FPM) to analyse the influence of experimental parameters 

on the time-temperature history of the particles inside reactor 1 . 

1 The FPM mode! used in this section has been developed by Norma Mendoza. 
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4.2 Controlled feed rate system : Avoiding undesirable nano-micro structures of 

silica 

It is very important to control the feed to have a uniform structure of nana silica powder. 

When the size of the particles become small and the shape of the particles deviates from 

sphere ( esp. when the partiel es have sharp edges), the flowability of the powder decreases 

and controlled injection of the powder is very diflicult. Consequently, the morphology and 

structure of the synthesised powder can not be controlled properly. 

4.2.1 Experimental set-up and operating conditions 

The experimental set up utilised for the study is , the counter-current quench configura-

tion, of the previous chapter. Two cases of without quench gas injection and with quench 

gas injection is studied here. The operating parameters for the reactor and the torch are 

summarized in table 1 of chapter 3. 

4.2.2 Feed injection mechanism 

In order to gain insight into the characteristics of the plasma reactor for the synthesis of 

SiO2 nanoparticles, the first series of experiments are carried out. The quartz feed in dry 

form, is injected into plasma torch by means of dry powder feeders. Two types of powders 

feeders were utilised : a) Screw Powder Feeder, model IX (Sylco Incorporation), and b) 

Dise powder feeder, model PF 400 (Tekna Plasma Systems Incorporated). 

In Sylco powder feeder, the powder is pushed forward by means of the rotating screw to the 

solid-gas mixer section where it is mixed with the carrier gas (Ar for these experiments). 

The solid-gas mixture, is then carried to the plasma torch and into the reactor. The faster 

the rotation, the more feed is injected. 

The second powder feeder utilised for the experiments is the Tekna powder feeder model 

PF 400. In this type of powder feeder, the powder is transfered through a vibrating happer 

and pipe assembly. It is then transported to a rotating dise and then into the solid-gas 
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mixing section of the system. The feed injection is proportional to the rotation of the 

dise and the distance between the dise and feeding tube. The powder gas mixture is then 

transported to the plasma torch and into the reactor torch. 

It was observed that instabilities in the feeding rate resulted from the irregular shape 

(figure 3-2) and poor flowability of the powder, causing large aggregates to be formed2• 

"Blobs" of feed material suddenly fed in to the plasma resulted in transient high loading and 

poor evaporation or even melting. A significant fraction of these aggregates consisted of 

sintered, partially melted micron size particles, along with the newly formed nanoparticles. 

Figure 4.1 shows SEM images of the powder before and after treatment, using this type 

of powder feeding. In figure 4.1 a a typical image of the original quartz particles is shown. 

These partiel es have irregular, sharp edged shapes and a large mass fraction consists of 

rather large particles. Figures 4.1 band c show typical images of the synthesized powder. 

In figure 3-b a large scale image of the synthesised powder is shown. The figure shows that 

the created spherical nanoparticles are deposited on the unevaporated quartz particles. Fi-

gure 3-c shows that nanometric particles are fused, along with some original unevaporated 

particles, to form micrometric aggregates (in this case approximately 10 µ). Similar beha-

viour about the fusion of nanometric particles and large aggregate formation is reported 

by Rawle A. F. [86). 

2 These instabilities existed at the exit of the powder feeder and therefore they were not a result of transportation 
tube blockage. 
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Fra. 4.1: SEM images of the resulting powder when using poorly regulated powder feeding. 

These results arising from the poor feeding rate control, has led us to use a better powder 

feeding mechanism, based on the original ideas of Gitzhofer et al. [36]. The new feeding 

system consisted of a peristaltic pump, a magnetic mixer, and associated accessories. The 

suspension feed consisted of a 50% quartz micron sized particles in methanol which was 

injected through a twin fluid nozzle. For the rest of the experiments discussed in the paper 

this type of feed injection is utilised. lt is possible to control the feed rate between 9 and 54 

gram per minute (g/min), being equivalent to 4.5 to 27 g/min net (dry) quartz injection 

rate. Stable injection rates below 4.5 g/min could not be achieved. 

The flow of atomising gas (Ar) was set to the maximum amount to have the minimum 

droplets diameter at the nozzle exit. To have a idea of the droplets size at the nozzle 

exit and to keep them as small as possible, a suspension droplet measurement test ( cold 
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conditions) was performed. To measure the suspension droplet size at the exit of the 

nozzle, EPCS (Ensemble Particle Concentration and Size), a spray particle analyser made 

by Malvern Instruments, is used. The suspension was a 50 percent silica particles in 

methanol (the same as the feed). Figure 4.2 shows the measured droplet size distribution. 

The figure shows that the droplets at the probe exit have a bimodal size distribution: one 

mode between 4 and 20µm and the other between 20 and 150 µm . 
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FIG . 4.2: Droplet size distribution of feed suspension at the injection probe (suspension 
injection rate = 9 g/min, Ar flow rate = 15 slpm). 

4.3 Experimental results : 

The characterization techniques described in chapter 3 are utilised to determine the crys-

talline structure, morphology, size and aggregation level of the synthesised nanopowders. 

In this section, first the experimental results without quench injection at various feeding 

rates are presented. Next the results with the injection of quench gas is shown. A summary 

of all these measurements for the powders as collected on the filter is shown in table 4.1. 
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TAB. 4.1: Summary of the experimental results and numerical predictions for the particle 
diameter of the powders produced under different conditions collected from the 
filter. 

Case Quench =O Quench = 270 slpm 

4.5 8 11.1 16 27 6.5 

Equivalent Diameter 
BET D(3,2) (nm) 37 52 54 57 65 25 

SEM D(l,O) (nm) 20-300 10-300 

Laser Scattering 
d O 1=1.1, d 05=2.2, d 09=5.l Volume based 0(4,3) d 0.1 = 1.3 • dos= 2.5, d 0_9 = 4.55 

Number based 0(1,0) d 01 =0.84,d 0.s= l.28,d 09 -= 2.3 d 0.1 = 0.63, d o.s = 1.0, do., =1.90 

Simulation ------------------ 50 nm 

4.3.1 Without quench gas injection 

In this part, the experimental measurements of morphology, crystalline structure, and size 

of the synthesised powder are provided. First the results of the powder collected from the 

filter is presented. Then the measurement results of the powder deposited at different 

positions on the reactor wall is presented. 

4.3.1.1 Morphology and size range 

Figure 4.3 a and b show typical SEM images of the synthesized powder for the cases of 4.5 

and 11 gram per minute (g/min) respectively. In general, the particles are spherical and 
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partially aggregated (sintered). The average diameter of the primary particles D(l,0) is 

in the range of 20 and 300 nm. Comparison of the figures show that the primary particles 

for 4.5 g/min are relatively smaller than those for 11 g/min. 

It is important to note that the sample collected from the filter contained less unevaporated 

particles than that collected form the reactor wall. By increasing the feed rate an increase 

in the number of these unevaporated particles are observed. 

FIG. 4.3: SEM images of Si02 nanoparticles synthesised at different powder feed injection 
rates a) 4.5 gpm b) 11 gpm. 

4.3.1.2 Crystalline structure : 

The results of X-ray diffraction measurements for the raw material (quartz) and for the re-

sulting synthesized powders collected from the filter, for the case of the 4.5 g/min injection 

rate are given in figure 4.4. Figure 4.4-b, shows that particles are completely amorphous 

compared to the original quartz particles (Figure 4.4-a) which are fully crystalline. This 

further implies the lack of original particles being present on the filter and that complete 

change in the crystalline structure of the powder (separated on the filter) in plasma zone 

has taken place which is an indication of the effectiveness of the plasma treatment applied 

to the original crystalline particles. Similar patterns, for the powders collected on the 

filter, are obtained at higher feed rates. 
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Fra. 4.4: X-ray diffraction pattern of the original quartz particles and the resulting nano-
powder obtained on the filter by RF plasma reactor process : top, XRD pattern 
of the raw feed material (quartz) ; Down : XRD pattern of the resulting powders, 
as collected on the filter. 

4.3.1.3 Equivalent diameter based on specific surface area, 0(3,2) : 

Figure 4.5 shows the effect of feed rate on the final diameter of synthesized nanoparticles 

at the reactor exit (powders collected from the filter). It is seen that by increasing the 
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feed rate from 4.5 g/min to 27 g/min, the resulting equivalent diameter of the powder 

increases from 37 nm to 65 nm. 
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FIG. 4.5: The effect of feed rate on the equivalent diameter D(3,2) of SiO2 nanoparticles 
calculated from nitrogen absorption results (powders collected from the fil ter). 

Figure 4.6 shows the variation of particles diameter D(3,2) deposited on the reactor wall 

for different operating conditions. The horizontal coordinate is the distance of the sampling 

point from the reactor inlet. From the figure, for the case of 4.5 g/min feed rate, without 

quench (the squares), there is a sudden decrease in particles diameter from 50 nm at 2.5 

cm to 30 nm at 7.5 cm from the reactor inlet. It further shows that after this point the 

diameter of particles on the reactor wall begins to reach 60 nm at the exit of the reactor. 

The Figure further shows that similar behavior exists at the higher feed injection rate of 

11 g/min. 
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Fra. 4.6: Variation of the particles diameter 0(3,2) deposited on the reactor wall for dif-
ferent feeding rates, calculated from BET measurements. 

4.3.1.4 laser scattering : 

Figure 4. 7 shows laser scattering results based on volume fraction. According to this figure, 

the majority of the aggregates (90 percent on weight basis) are between 1 and 4 µm with 

a peak at 2 µm. The figure further shows that, the minimum equivalent diameter of the 

particles existing in the sample ( detectable by laser) is 400 nm. This implies the significant 

level of sintering among the primary partiel es of the synthesised powder. The SEM images 

in the figure 4.3 can confirm this statement. 

4.3.2 With quench gas injection : 

In the second set of experiments, oxygen, used as the quench gas, is axially injected 

upwards in the rector 50 cm downstream of the inlet through an 0.8 cm diameter nozzle 

(Design number 2, chapter 2). The feed rate is set at 6±0.5 g/min and two quench gas flow 

rates are studied : 270 slpm and 450 slpm. The measurements obtained for the resulting 

powder are completely different from those of the case without quench. 
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FIG. 4.7: Aggregates size distribution, results oflaser scattering, based on volume fraction. 

4.3.2.1 Powder collected from the filter 

Figure 4.8 a shows SEM image of the synthesised powders collected from the fil ter ( Q=270 

slpm). Compared to the case of no quench, the primary particles diameter are much 

smaller and a higher level of sintering among the primary particles is observed. Figure 4.8 

b on the other hand, shows a smaller scale image of the powder containing unevaporated 

particle. The figure implies that the created nanoparticles are sintered together and to the 

unevaporated particles and consequently, large aggregates are formed. 

Sintering of nanometric 
partlcles wlth the 
unevaporated particles 
and formation of large 
aggregates 

FIG . 4.8: SEM images of Siû2 nanoparticles in counter-current quench design(270 slpm 
and 6. 5 gpm) as collected from the fil ter. 
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Nitrogen absorption results show that the equivalent diameter of the particles 0(3,2) is 

25 nm. By increasing the quench gas to 450 slpm, this diameter reduces further to 20 nm. 

Figure 4.9 shows laser scattering results based on volume fraction 0(4,3) for the quench 

rate of 270 slpm (bold line) and 450 slpm (dashed line). From the figure, the majority of 

the aggregates ( or unevaporated partiel es) lie in the size range between 500 nm and 20 

µm with a large peak at 2 µmanda small one at 15 µm. It further shows that the second 

peak for 450 slpm is considerably bigger than that for 270 slpm. This implies that the 

aggregates between 10 and 30 µm are produced more at higher quench rate of 450 slpm. 
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Fra. 4.9: Aggregates size distribution, results of laser scattering, based on weight fraction. 
Countercurrent quench gas injection rates of 270 and 450 slpm. 

4.3.2.2 Powder deposited on the reactor wall 

Figure 4.6 (the triangles) shows the equivalent diameter, 0(3,2) of the powders (based on 

SSA) on the reactor wall. From the figure, the particles diameter lies between 15 and 35 

nm. The figure further shows a minimum of 15 nm at 5 cm from the reactor inlet. 
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4.4 Simulation 

In order to interpret the above described behaviours, we used a model of the reactor 

to analyse the influence of the experimental parameters, quench gas injection and feed 

rate injection, on the time-temperature history of the particles inside the reactor. As 

previously described, FPM is used for the modelling. The results provide the distributions 

of temperature, velocity and particles diameter at different positions in the reactor. Thus 

giving us another way of looking at the experimental results. 

4.4.1 The model : 

The geometry of the reactor is axisymetric. Therefore, reactor is represented by a 2 di-

mensional computational domain as shown in figure 4.10. This domain is split into 80 000 

discrete control volumes. 
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Fra . 4.10: Calculation domain used for the numerical simulation [44) . 

By integrating the governing equations over individual control volumes, algebraic finite 

difference equations are created for the unknown variables. 

The model developed by S. Xue et al. [125) is used for the calculation of the electromagnetic 

fields , fluid mechanics, heat and mass t ransfer in the induction plasma generation zone. 

The particle dynamics model includes the effect of internal and external processes as 

described in chapter 3. 

The following assumptions are further made for performing the present simulation : 
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a) Steady state. 

b) Axisymetric flow. 

c) The flow is turbulent and the k - E model is used. 

f) Particle velocity is the sum of convective and external-force velocities. 

g) Particle size distribution is represented using a log-normal distribution fonction. 

h) Particles are spherical. 

i) Particles concentration at the wall is zero. 

j) The feed particle's size distribution are logarithmic with an average of 2 µm and maxi-

mum of 5 µm. 

k) The particles concentration on the reactor wall is zero (i.e. all the particles that deposit 

on the wall are absorbed). 

4.4.2 Simulations results : 

The profiles of temperature, velocity and particles diameter along the reactor wall for the 

two cases of without and with quench gas are obtained. 

Figure 4.11 shows the contours of temperature with quench (right) and without quench 

(left). According to this figure, without quench, the fl.uid maximum temperature decreases 

from 3500K in the reactor inlet to about 1500 K at the reactor exit. While with quench 

the fluid maximum temperature reduces suddenly from 3500 Kat the reactor inlet to 1000 

K, 10 cm downstream of the reactor inlet. 
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FIG. 4.11: Contours of temperature (K) ). Left : with 270 slpm quench gas injection and 
6.5 g/min feed rate. Right : without quench gas injection and 4.5 g/min feed 
rate. (Goortani B. M. et al. [44]). 
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Fra. 4.12: Contours of streamlines (kg/s) in the reactor chamber. Left : with 270 slpm 
quench gas injection and 6.5 g/min feed rate. Right : without quench gas injec-
tion and 4.5 g/min feed rate ( Goortani B. M. et al. [44] 

Figure 4.12 compares the streamlines for the two cases of with quench (left) and without 

quench (right). It demonstrates that with quench, the fluid recirculations are considerably 

greater than those without quench. The importance of these recirculations is also seen 

experimentally to cause a change in the powder morphology and an increase in the laser 

equivalent diameter based on volume D(4,3). 

Figure 4.13 (the triangles) shows the diameter of particles deposited at different positions 
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on the reactor wall. The figure compares the experimental results with the models pre-

dictions with quench. The horizontal axis is the distance along the wall from the reactor 

inlet. The diameter of the particles decreases from 29 nm at the reactor top (x=2.5 cm) 

to 25 nm at a point 12.5cm downstream of the reactor. Beyond this point the diameter 

begins to increase to 37 nm, 30 cm downstream of the reactor. 
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FIG. 4.13: Comparison of experimental results (calculated from BET measurements) and 
simulation predictions : Particles size distribution along the reactor wall for the 
case of 6.5 g/min feeding rate, and 270 slpm injection of oxygen as quench gas 
[44). 

4.5 Discussion : 

The experimental results, based on BET measurements (figure 4.5) and the corresponding 

numerical predictions (figure 4.13) showed that there is good agreement between the 

numerical simulations and the experimental results in the presence of quench gas. N ext 

the temperature, velocity, and particles diameter distributions, predicted by simulations, 

are used to try to get more insight about the experimental results. 
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4.5.1 Wall deposited particles with minimum diameter: 

The presence of a minimum in the experimental results of figure 4.6 and the numerical 

predictions of figure 4.13 can be explained as follows. The region around the plasma fl.ame 

is the zone with the highest temperature gradients and can be assumed to be the zone of 

nuclei generation because the fl.uid temperature drops below its boiling point (from 2900 

K to 2600 K) in this zone. These regions, without quench and with quench, are shown 

in figures 4.11. These zones are around the tail of the plasma fl.ame and represent the 

particles with the minimum residence time and growth. Consequently particles created in 

this region have the minimum diameter and they are transported by the thermophoresis 

effect across the streamlines (radially) to the reactor wallwhere the minimum is observed. 

To help visualize this phenomenon, the vectors of velocity ( colored by temperature) along 

with the particles diameter ( colored by size) in the reactor chamber are shown in figure 

4.14. The right side half shows velocity vectors inside the reactor. As the temperature 

drops from 2900 K to 300 K, the vectors change color from red to blue. The right side half 

of the figure shows the contours of particles diameter. As the diameter drops from 50 nm 

to 20 nm, the color changes from red to blue. According to this figure, the finer particles, 

which are produced in the high temperature gradient zone are transported to the reactor 

wall by the action of thermophoresis across the streamlines ( tangent to the vectors). 
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FIG. 4.14: Vectors of velocity along with the particles diameter in the reactor chamber. 
Right : Vectors of velocity colored by temperature. Left : Contours of diameter 
colored by size. The blue color means small values and the red color means 
larger values in either diameter or temperature [44). 
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4.5.2 Effect of feed rate : 

An important effect of feed rate is increasing the primary partiel es diameter. Specific sur-

face area measurements and SEM images at different feed injection rates (figures 4.3 and 

4.5) show that by increasing feed rate, primary particles of larger diameter are formed. A 

possible explanation for this behavior is that by increasing the feed rate the concentration 

of Si02 in the vapor phase increases and consequently the rate of growth of nuclei by dif-

ferent mechanisms (condensation and coalescence) also increases, leading to the formation 

of particles of larger diameters. Similar behavior is showed by Girshick S.L. et al. [38) for 

the synthesis of iron nanoparticles. 

The variation of feed rate in RF plasma reactor has the same effect as the variation of the 

carrier gas flow rate in jet aerosol flow reactors. Wenger K. et al. [118) for example, reported 

the same phenomenon in their reactor set up for the production of Bi nanoparticles; i.e. 

by decreasing the carrier gas flow rate they observed that the equivalent diameter of Bi 

nanoparticles increases. 

4.5.3 Solid bridging of nanoparticles : Aggregates of micrometric size range 

Figures 4.7 and 4.9 confirm the presence of aggregates within the size range of 1-4 µm, a 

possible explanation here follows. Nanometric particles (less than 1 µm), are not stable in 

dry form and they attach together to form larger chains and further larger sized aggregates. 

The bonds between the constituent primary particles are of two types namely, the weak 

bonds (such as Van der Waals interactions), and some stronger bonds (resulting from 

covalent or ionic interactions, Friedlander S. K. [32]). The Van der Waals bonds can be 

broken by using ultrasound energy but the second types are very stable and much more 

energy is needed to break them. 

Figure 4.15 helps to visualise the difference between laser scattering results and SEM 

images. The figure is a typical SEM image of the primary particles formed in plasma 

reactor. As shown in the figure, hundreds of primary particles of 10-70 nm diameter are 

connected together and formed a large aggregate. laser scattering technique, does not 
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detect these primary particles. On the contrary, it detects the individual aggregates (in 

the figure in the size of 1 µm or more) and reports the diameter as the volume equivalent 

of the fused primary particles. 

Typical aggregate observed by 
electronic microscope and reported 
by laser diffractometry as a particle 
of 800 nm diameter. 

FIG. 4.15: Sintering of primary particles of 10 to 70 nm and formation of large aggregate. 

4.5.4 Effect of quench : 

The experimental results (figure 4.6) and the numerical predictions (figure 4.13) both 

indicate that through injection of quench gas, the equivalent diameter of the particles is 

decreased as expected. 

Comparing the models temperature contours for the two cases (figure 4.11 and 4.12) im-

plies that, in the presence of quench, there are higher temperature gradients. Consequently, 

the diameter of the primary particles is reduced significantly. Furthermore, increasing the 

quench, increases more the temperature gradients and decreases the primary particles 

diameter. 

The presence of a second peak at 15 micron in laser scattering results (figure 4.9) is a result 

of the sintering of the gas created particles and also of the solid bridging effect of the formed 

nanoparticles with the unevaporated portion of the injected quartz particles. In figure 4.8 
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a the primary particles are sintered together to form large networks ( aggregates). In figure 

4.8 b, an apparently unevaporated particle is sintered to many clusters and formed a "large 

aggregate". 

4.6 Summary and conclusion 

The overall process of silica nanoparticle synthesis in a radio frequency reactor set up was 

studied experimentally and numerically. Good agreement between the experimental and 

the simulation results was observed. Table 4.1 shows a summary of the most important 

results. 

The SEM images show that the exact control of the feed rate in the plasma reactor plays 

an important role in having aggregates of the desired size and morphology. They further 

show that, by variation of feed rates between 4.5 and 27 gram per minute, the primary 

particles diameter of the powders collected from the fil ter ( and formed by evaporation-

condensation) lies in the range of 20 nm to 300 nm. 

Nitrogen absorption results showed that, without quench, the equivalent particles diameter 

0(3,2) varies from 37 nm to 65 nm. Moreover, by injection of quench this equivalent 

diameter suddenly decreases to 25 nm. 

laser scattering results showed that in the absence of quench, the powder mostly consists 

of aggregates in the size range 0( 4,3) of 1 to 4 µm with a peak at 2 µm . 

The simulation results were further used to provide more explanation about the pheno-

mena in the reactor. They showed that reduction in the temperature down to the boiling 

point of silica in the zone around the plasma flame results in a minimum in the diameter 

of the particles deposited on the reactor wall. 

In the presence of quench gas, as a result of higher temperature gradients, the primary 

particles diameter and the SSA equivalent diameter 0(3,2) of the particles decreases to 

25 nm. Increasing the quench flow rate, decreases further this diameter to 20 nm. 
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However the aggregates size increases by quench injection. This is a result of higher fluid 

recirculations inside reactor and consequent higher level of particles collisions and aggre-

gation. 
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5 CONTROLLING NANOSTRUCTURE IN THERMAL 

PLASMA PROCESSING : 
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5.1 Overview and objectives 

The literature survey of chapter 2 showed that RF plasma production of nanoparticles 

is among the most challenging routes of large scale nanoparticles synthesis (Leparoux 

et al. [66), Boulas M. I. [20], Young R. M. et al. [128)). This technique is a modern 

method of continuous evaporation-condensation synthesis of nanoparticles. However, in 

the elementary steps of selection and design of a suitable large scale reactor for a given 

material, it is the author's opinion that up to present, no systematic work has been done to 

find the effect of reactor configurations and quench gas on the structure and morphology 

of the synthesised nanopowders. 

Quenching has been utilised so far in aerosol methods to produce nanometric particles 

(Ishigaki et al. [55], Carlos A. et al. [22], Girshick S.L. et al. [38], Wenger K. et al. [118)). 

However, its effective role in the continuous RF plasma reactors is not sufliciently studied 

yet. One objective of this thesis is to investigate how quenching and reactor configuration 

can be used as an effective tool to control the nanoparticles size and morphology in a 

pilot scale reactor. For this purpose, the three different quench configurations and reactor 

designs described in chapter 3 have been utilised and the nanoparticles of Si02 are synthe-

sised and characterised. The synthesised nanoparticles are named as highly aggregated, 

partially sintered and spherical non-aggregated structures. Moreover, CFD modelling is 

employed to study the formation and growth of various Si02 nanostructures inside the 

reactors. 

For each design, the following studies are performed : 

1) Synthesis of various Si02 nanostructures and determination of size, morphology, and 

degree of aggregation occurring in the powder. For this purpose, laser scattering used 

as a technique complementary to the nitrogen absorption (BET) and scanning electron 

microscopy (SEM) has been used. 

2) Analysis of temperature and velocity distributions inside each reactor design to relate 

their effect on the size distribution and structure of the nanoparticles. 
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5.1.1 The experimental set-up and measurements 

The three reactor configurations designed (or modified) and studied for the synthesis of 

SiO2 nanostructures are as described in chapter 3 : 

l)Radial-top quench gas injection 

2)Radial bottom quench gas injection 

3)Alumina-wall reactor 

Table 5.1 shows the system operating parameters used during these experiments. The 

synthesized nanoparticles are sampled on both the filter and at different positions on the 

reactor wall. 

TAB. 5.1: Experimental conditions for the preparation of SiO2 nanoparticles. 

1 Process Pa,,ametcr 1 Value 

-Central Gas Argon, 22.5 slpm 
Plasma gas and flow rate 

-Sheath Gas Oxygen, 65 slpm 

Feed Rate and Size (Quartz) 5.5 ± 0.5 g/min; 100 nm <dp< 5 

µm, D(3,2)=290 nm 

Plasma Power Plate 40 KW ; Efficiency 40% 

Reactor Pressure 650 Torr 

Quench Gas 270 slpm Oxygen 

The measurement techniques utilised for characterization are scanning electron micro-

scopy, nitrogen absorption and laser scattering. 
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5.1.2 Numerical simulations 

It is very important to note that ail particles dynamics processes (previously described 

in chapter 3) depend on time-temperature history of the particles inside the reactor. 

Consequently, if we control this time-temperature history, the size and morphology of the 

particles inside the reactor can be controlled. 

By using the commercial fluid dynamics software Fluent, we can simulate the process and 

solve the equations describing the flow and temperature inside the reactors (chapter 3.4.1). 

Consequently, the velocity and temperature distributions inside each reactor design can 

be calculated. 

The model is used here not in the objective of a complete description of the flow and the 

temperature fields in three dimensions but rather to obtain a good description, reflecting 

adequately the process. It remains approximative and "light" enough to be manageable 

in the analysis of the thesis, yet it is accurate enough to provide information that can be 

used in a process engineering point of view. It is believed that our expertise, coupled with 

experimental and theoretical results, will help us design better reactors. 

Table 5.2 shows the assumptions and boundary conditions used through the modellings 

of this chapter. 
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TAB. 5.2: Boundary conditions, assumptions and fluent settings performed in the model-
lings. 

Boundary Conditions 

Boundary Type Assumption 
1) Torch inlet- Velocity V= V0(1-x2/r2 )~ V0=45 mis, 0<x<Scm 

2) Torch inlet- Temperature T = T0(1-x2/r2 ); T0 = 6500 K 0<x<Scm 

3) Wall 1) Alumina reactor: Wall radiation beginning 
at 300 K, E=0.6, Thickness = 0.5 cm 

2) Radial top and Radial bottom quench reactors: 
îw=300 K 

4) Outlet Pressure Outlet, P = 95000 KPa, equilibrium 
pressure distribution 

Mixture of materials properties 

Material Property 
l)Ar Boulos M.I. [20] 

2) Oz Boulos M.I. [20] 

l)Ar- Oz mixture - Volume weighted average 
a)Density -Mixinglaw 
b)C - Mass weighted 
c)Thennal conductivity - Mass weighted 
d)Viscosity - Constant dilute approximation 
e) Diffusivity 

Other Fluent settings 

Solver Segregated, 3 dimensional, Steady state, 
Double precision 

Viscous model Standard turbulent K-& model 

Operating conditions 1.013*105 pa at the torch inlet 
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5.1.3 Results presentation 

In the following sections, we initially discuss the particular geometrical aspects of each 

reactor. Sorne results of the reactor simulations are then presented. Finally, the experi-

mental measurements are discussed. 

In the simulation section, a general description on the specific CFD mode! of the geometry 

is initially provided. The temperature and velocity distributions are examined in order to 

understand how, and why, the flow and temperature characteristics of the reactor change 

with each geometry change. 

In the measurement section, the results from the SEM, BET, and laser scattering tech-

niques, for the synthesised powders sampled from the filter are shown. Then the results 

for the particulates powders deposited on the reactor wall are laid out. 

The reader is now referred to Table 5.3 and figure 5.1 for a summary of the results obtained 

from all the reactor geometries employed. 
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TAB. 5.3: Summary of the experimental results of the equivalent diameter of silica nano-
powders (as collected from the filter) prepared under different design configura-
tions(Goortani B. et al. [46]). 

Radial-Top Quench Radial-Bottom Quench Alumina Wall Reactor 

q 

BET 0(3,2) ; nm 25 35 90 

SEM 0(1,0); nm, (Primary 10-100 nm, highly 20-200 nm, partially 30-200 nm, highly 
particles diameter) sintered and porous sintered spherical and uniform 

Laser Diffractometry (µm) 
VolUme Based 0(4,3) da 1 = 1.21, da.• = 2.36. da.a = 5.58 da., = 0.98, da, =1.71, dos= 2.83 d0_1 = 0.19, d0_6 = 0.34, dos= 2.37 

Number Based 0(1,0) d0_1 = 0.75, d0_5 = 1.16, d09 = 2.08 d0_1 =0.65, d0_5 = 1.01, d0_9 = 1,73 do.t = 0.13, d0_5 = 0.19, d0_9 = 0.29 

Maximum Fluid Temperature 
Simulation results: 
Llll()ç,n(lnlet) 625OK 6250 K 6250 K 
L=1Ocm 2300 K 3500 K 3500 K 
L=3Ocm 1400 K 3200 K 3300 K 
L=50cm( 1OOOK 1000 K 700 K • 

* This is the maximum temperature at the reactor exit. 
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Radial-top quench geometry Radial-bottom quench geometry Alumina-wall reactor 

FIG. 5.1: Scanning electron microscopy images of the synthesised nano powders collected 
from the fil ter for the three reactor geometries ( Goortani Behnam et al. [45]). 
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5.2 Synthesis of highly aggregated and porous SiO2 clusters 

Radial-top quench configuration 

In this geometry a quench tube with sixteen holes each of 2 mm in diameter, is placed 

inside the reactor. Oxygen is injected radially from the top of the reactor. More detailed 

descriptions of this geometry is given in chapter 3. The synthesised nanostructures pro-

duced by this reactor were found to be are highly sintered together and form very large 

networks. 

5.2.1 Particles time-temperature history determination 

Figure 5.2 shows the calculation domain in this reactor design. 

Reactor inlet 

FIG. 5.2: Calculation domain of radial-top quench reactor. 

The actual geometry is made up of 16 identical wedges while the simulation is performed 

within only one of the wedges for simplicity and thus reducing the computational effort. 

The calculation domain for a 22.5 degree wedge consists of 410,886 tetrahedral control 
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volumes. The size of these volume elements is much smaller in the zone around the quench 

jet, because of the higher temperature and velocity gradients existing there. 

5.2.1.1 Profiles of temperature 

The temperature profiles predicted by the model are given in figure 5.3. The quench 

gas generates a sudden temperature decline in the mixing zone. Consequently, the high 

temperature zone ( temperatures greater than the boiling point of Si02 : T > 2800 K) 

extends only some 10 cm from the reactor inlet. 
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1.00e+03 
7.70e+02 4 5.35e+02 
3.00e+02 

FIG. 5.3: Temperature profiles (K) at various reactor cross sections. Radial-top quench 
configuration. 

5.2.1.2 Vectors and profiles of velocity 

A top view of the velocity profile at the quench gas injection plane is shown in figure 

5.4. This figure clearly shows how the vapor cloud leaving the plasma is affected by the 

injection of the quench gas. This injection creates strong fluid recirculations in the reactor 

chamber, as shown in the velocity vectors of figure 5.5. 
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Fra. 5.4: Radial-top quench gas injection simulation results : Velocity profiles (m/s) at the 
plane of quench gas injection. 
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Fra . 5.5: Radial-top quench gas injection simulation results : Velocity vectors (m/s) in the 
reactor top corner. 
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5.2.1.3 Particles size distributions 

In order to further increase our understanding of the phenomena involved in the reactor, 

the Fluent's Fine Particle Madel in three dimensions is employed. However, because of the 

extremely time consuming of the iterations in three dimensions1 and the non-symmetric 

nature of the flows in other two reactors, the FPM simulations are performed only for this 

reactor geometry2 • 

For the present simulation, the interna! processes namely, nucleation, coagulation, and 

condensation-evaporation along with external processes, namely, fluid convection, particle 

diffusion and thermophoresis velocity are considered (see chapter 3). 

Figure 5.6 shows the contours of particles diameter deposited on the reactor wall. It is 

shown that the diameter lies within the size range, 50 to 65 nm. Further, the figure shows 

that a minimum diameter ( d=50 nm) value exists at around 14 cm from the reactor inlet. 

This minimum corresponds to the deposition of the created nanoparticles on the wall by 

thermophoresis action as previously described in the previous chapter and in reference 

[44). 

1 It takes about 45 days for a complete convergence in a processor Intel 32, Pentium 4 CPU 3.2 GHz, cash size 
1024 kb. 

2To have an idea of the comparison of the 2 dimensional FPM results of different quench configurations the 
reader is referred to the paper of Mendoza et al. [71]. 
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FIG. 5.6: Contours of particles diameter (nm) on the reactor wall (3-dimensional FPM 
simulations). 

5.2.2 Measurements 

5.2.2.1 Primary particles size and morphology 

Figure 5. 7 a and b show typical SEM images of the nanoparticles. It can be seen that 

these particles, the majority lying in the size range of 10-40 nm, are appreciably sintered 

to each other and thereby form large aggregates of the micrometric size range. Similar 

sintering behaviors among other nanoparticles is reported by Rawle A. F. [86). 

FIG. 5.7: SEM image of highly aggregated silica nanoparticles in radial top quench confi-
guration. 
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Figure 5.1 b shows a much smaller scale image of the powder. The figure indicates the 

presence of a second mode of micrometric size. These larger particles are representative 

of the incompletely evaporated raw powder. 

5.2.2.2 Equivalent diameter based on nitrogen absorption 

The results of the nitrogen absorption (BET) measurements, set out in table 2, shows 

that the equivalent diameter D(3,2) of the primary particles is 25 nm. 

BET measurements on particles collected from different positions on the reactor wall, 

figure 5.8, the triangles, show that the powder diameter lies between 17 and 45 nm. The 

figure also shows a minimum at 17.5 cm from the reactor inlet. 

The figure, further compares these experimental results (triangles) with the simulation 

predictions (squares). Agreement between the previously numerical simulations is good, 

showing the same overall trend and sizes are quiet close. 
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Fra. 5.8: Particles diameter D(3,2) deposited at the various distances along the reactor 
wall. Experimental results ( calculated from BET measurements) and simulation 
predictions by the Fine Particle Madel (FPM). 

5.2.2.3 laser scattering 

Figure 5.9 a, graph-3 shows the laser scattering results, based on weight fraction. It shows 

that most aggregates lie in the size region, 1-5 µm. A smaller peak at 15 µm is also 

presented in this figure. On the other hand, Figure 5.9 b graph-3 shows the same results 

but now based on number fraction values. It can be seen that the majority of powder 

aggregates lie in the range between 750 nm and 2 µm. These results are summarized in 

table 2. This implies that, this powder displays bulk properties in suspension (such as 

flowability and Brownian motion) comparable to those of micrometric powders. 
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FIG. 5.9: Particle size distributions (laser diffractometer results), of the synthesised nano-
powders (as collected from the filter) . Graph 1 : alumina-wall design. Graph 2 : 
radial-bottom quench design. Graph 3 : radial-top quench design. 
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5.3 Synthesis of partially sintered SiO2 nanoparticles 

Radial-bottom quench configuration : 

In this reactor design, quench gas is injected radially through a single 8 mm nozzle, 50 cm 

downstream of the reactor. U nder this geometry, feed particles have more time to evaporate 

compared to the previous case, as a result of the late stage of quench application. More 

detailed descriptions of this geometry is given in chapter 3. The synthesised nanoparticles 

are spherical partially sintered nano-spheres. 

5.3.1 Particles time-temperature history determination 

Figure 5.10 shows the simulated reactor. In this geometry, only a single plane of symmetry 

exists, therefore half of the reactor is considered as the calculation domain. The domain 

consists of 573,196 tetrahedral control volumes. The size of each control volume is adapted 

to the presence of the high temperature and velocity gradients present in the quench zone. 

a.. 
0 ..... 
0..., 
CO a, 
a, -o:= .E 

L.. 
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0 J!! CO ...., 
a, ::, 
0::0 

FIG. 5.10: Calculation domain of radial-bottom quench reactor. 

5.3.1.1 Profiles of temperature 

The temperature profiles predicted by the mode! are given in figure 5.11. In contrast 
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with the previous reactor geometry examined, the high temperature zone is now extended 

to more than half the length of the reactor (x= 20 cm). This provides a relatively long 

residence time during which the feed can evaporate, and therefore a smaller number of 

partially unevaporated feed particles should be observed. 
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FIG. 5.11: Temperature profiles (K) at various reactor cross sections. Radial-bottom 
quench configuration. 

5.3.1.2 Vectors of velocity 

The velocity vectors in the reactor top corner are shown in figure 5.12. This figure shows an 

area of fluid recirculation within the cylindrical section of the reactor. In comparison with 

the radial-top quench reactor, the reverse velocity vectors are smaller and are extended 

to shorter distance from the reactor inlet. Consequently, the recirculation is seen to be 

significantly diminished. 
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FIG. 5.12: Velocity vectors (m/s) in the reactor top corner. Radial-bottom quench gas 
injection simulation results : 

5.3.2 Measurements 

5.3.2.1 Primary particles size and morphology 

The SEM images of the powder collected from the filter are shown in figures 5.13 a and 

b . The figure shows that gas phase created nanoparticles consist of partially sintered-

spherical primary particles lying in the size range 10-200 nm. 
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FIG. 5.13: SEM image of partially sintered silica nanoparticles in radial bottom quench 
configuration. 

Figure 5.1 a and c compares the primary particles of the the two reactors. In comparison 

with the previous reactor configuration the primary particles are larger. 

Figure 5.1 d confirms the presence of non-evaporated micron sized particles. However, 

in comparison with the previous reactor product (5.1 b), the number density of these 

partiel es is lower. 

5.3.2.2 Equivalent diameter based on nitrogen absorption 

BET measurements, show that the average primary particle equivalent diameter D(3,2), 

is 35 nm. 

BET measurements of particles collected from the different positions on the reactor wall 

show that the average primary particles diameter's are between 35 and 55 nm. 

5.3.2.3 laser scattering 

laser scattering results, based on volume fraction, show that most aggregates lie in the 

size region of 1-3 micron (figure 5.9 a, graph 2). Based on the number fraction (Figure 5.9 

b, graph 2), the aggregates are in the size range of 600 nm and 1.8 µm. 
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5.4 Synthesis of spherical nonaggregated SiO2 nanoparticles 

Alumina-wall reactor 

The experimental results described for the two previous reactor geometries show significant 

amounts of non-evaporated micron-sized particles. Moreover, aggregates are also present in 

high concentrations. Therefore, the alumina-wall reactor used next is aimed at increasing 

the temperature and decreasing the fluid recirculation (Goortani B. M. et al. [42]). 

5.4.1 Particles time-temperature history determination 

This reactor, of simple geometry, consists of a 60 cm alumina tube, 10 cm internal diameter, 

and installed within a stainless steel, water cooled support. Quench gas is injected radially 

60 cm downstream of the reactor. The reader is referred to chapter 3 for more detail. 

Figure 5.14 shows the calculation domain for the simulation. The geometry consists of 

756,006 tetrahedral control volumes. Again, the size of the control volumes is adapted to 

take into account the high temperature gradient zones. 

Reactor lnlet Aluminawall Quench Injection Outlet 

r 
FIG. 5.14: Calculation domain of Alumina wall reactor. 
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5.4.1.1 Profiles of temperature 

Figure 5.15 shows the computed temperature profiles inside the reactor chamber. The 

figure shows that the zone of high temperature (T > 2800 K) has been extended to nearly 

the full reactor length. It is only about 50 cm downstream of the reactor torch inlet that 

the effect of the quench gas injection is seen (T < 2000 K ) . 

The wall temperature in the zone between 5 and 15 cm from the inlet, is 2000 K and more. 

The importance of this high temperature zone on the morphology of the wall deposited 

particles is shown in next section. 
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FIG. 5.15: Temperature profiles (K) at various reactor cross sections. Alumina-wall reactor. 

5.4.1.2 Vectors of velocity 

Figure 5.16 shows the velocity vectors colored by temperature. According to this figure , a 

small fluid recirculation zone begins some 40 cm downstream of the reactor. 
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FIG. 5.16: Velocity vectors ( colored by temperature) in alumina wall reactor. 

5.4.2 Measurements 

5 .4.2 .1 Primary particles size and morphology 

Figure 5.17 a and b show typical SEM images of powders collected from the filter. Accor-

ding to figure 5.17 a, the gas phase created particles are completely spherical and there is 

only a very low level of sintering and aggregation occurring between these primary par-

ticles. Figure 5.17 b shows that a significant level of uniformity exists in the nanoparticles. 

Moreover, the size of these particles is more uniform and relatively large, in the range of 

50-200 nm. 

118 



Il 

1 1 1 1 1 1 1 , ' , 
3.0kV 3.0mm xZO.Ok SE(U) ZOOum 

FIG. 5.17: Scanning electron microscopy images of the synthesised nano powders collected 
from the filter for the Alumina-wall reactor (Goortani Behnam et al. [45]). 

Another unique aspect of these powders is the absence of micrometric particles, which can 

be observed from the small scale SEM image set out in figure 5.1 f. 

SEM image analysis of the powders deposited on the reactor wall show two categories of 

the powders : 

a) The 'flakes' deposited between 5 and 15 cm from the reactor wall (5 < x < 15 cm) which 

composed of highly aggregated networks. SEM image of this powder is shown in the figure 

5.18. Small scale figure ( 5.18 a) shows that this powder has a fi.ber like structure. However, 

the larger scale image (5.18 b) shows a highly sintered primary particles network. In fact, 

very high temperatures in the upper section of the reactor wall (shown in figure 5.15) 

caused the deposited nanopowders to sinter together and forma fi.ber like nanostructure. 

Similar observations in the synthesis of Tiü2 nanoparticles and formation of leaf like 

structures (as a result of higher wall temperatures at the inlet) are reported by Backman 

U. et al. [8). 
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FIG. 5.18: Fiber like nanostructures collected from the wall upper section (x= 5 cm to x 
= 15 cm) of the alumina wall reactor. 

b) The powder deposited on the rest of the wall (x < 5 cm and x > 15 cm) which are 

non-aggregated spherical particles between 30-150 nm. This powder is composed of a few 

nonevaporated particles. 

5.4.2.2 Equivalent diameter based on nitrogen absorption 

BET measurements show that the equivalent diameter D(3,2) of the particles on the filter 

is 90 nm. While for the spherical powders deposited on the reactor wall this equivalent 

diameter is between 80 and 200 nm. 

5.4.2.3 laser scattering 

The results of laser scattering of the fil ter powder, based on volume fraction, indicate 

particles present in the 190 nm to 2.5 µm size range (figure 5.9, graph 1); the same results 

based on number fraction show that the majority of particles lie in the size range 130 nm 

and 290 nm (figure 5.9, graph 1). 
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5.5 Results Comparison and Discussion 

5.5.1 Fluid recirculation zones 

Fluid recirculations in the reactor chamber cause nanoparticles to return to the high 

temperature zones. There they collide with other nanoparticles (Figure 5.19) to form 

larger aggregates and possibly, with larger non-evaporated micron size particles (Figure 

5.20) to form larger particles and aggregates (Figure 5.20). 

FIG. 5.19: Formation of large aggregates as a result of collision between newly created 
nanoparticles. 

FIG. 5.20: Solid bridging of created nanometric particles with unevaporated micron-sized 
particles, and the creation of large aggregates. 
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As the simulation results show, the fluid recirculation in the radial top quench geometry 

(figure 5.5) is greater than that in the radial-bottom quench (figure 5.12) and the alumina-

wall (figure 5.16) designs. Consequently, powder aggregation in the radial-top quench 

geometry is significantly greater than that for the other two cases. This fact is reported in 

the form of equivalent diameter D( 4,3) and D(l,0) in the laser scattering results of table 

2. 

5.5.2 Cooling Rate 

Rapid cooling stops the growth of nanoparticles and also generates high temperature 

gradients. In general, the greater the temperature gradients, the smaller are the created 

nanoparticles (Désilets M. et al. [26], Panda S. et al. [77]). 

As seen in the simulation results reported in table 2, the temperature gradients in the 

radial-top quench reactor are greater than those in the radial-bottom and the alumina-

wall reactors. Consequently, the BET measured equivalent diameter is the lowest ( d=20 

nm) in radial quench. The same trend exists for the reported diameter size in SEM image 

results (see table 2). 

5.5.3 High Temperature Regions 

The presence of high temperature regions (i.e. temperatures above the boiling point of 

SiO2) inside the reactor has two effects. From one side, it increases the micron size particle 

feed residence time and enables them to evaporate more completely. Consequently, the 

raw feed evaporation rate increase which favours the production of nanoparticles. From 

another side, the created nuclei have more time to grow and thus, the larger nanoparticles 

are produced (Backman U. et al. [101). 

Comparison of the simulation results of the three reactors shows that the high temperature 

region in the alumina-wall reactor design (figure 5.15) is higher than the high temperature 
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zones in the radial-top quench (figure 5.3) and the radial-bottom quench (figure 5.11) 

reactors. Consequently, the efficiency of vaporization is the greatest in this design. This 

is also confirmed by a comparison of the SEM images, which show the absence of micron 

size particles in the powder collected from the filter (compare figures 5.1 b,d and f). 

Table 5.3 further shows that the diameter of primary particles (BET) is the greatest 

(90 nm) for the alumina-wall reactor design. This is a consequence of the post plasma 

cooling process. Nuclei have more time to grow in this configuration compared to other 

two designs. Thus nuclei have less time to grow in the radial-top quench reactor, as a 

result of the direct jet flow of cold oxygen to the plasma flame. 

5.6 Conclusion 

The RF plasma technique is used to control the nanostructure of the particles with a 

high rate of production (greater than 4.5 g/min). The critical parameters that should be 

considered for the scale up are identified. 

Proper quench gas configuration, sufficient residence time for the injected raw feed particles 

in the high temperature regions, and reducing fluid recirculation, are the key parameters 

that positively affect particle size distribution and morphology in the process of continuous 

production of nanoparticles. Three different reactor geometries, namely radial-top quench, 

radial-bottom quench, and alumina-wall have been studied and the final properties of the 

resulting Si02 nanopowder are investigated by BET, SEM, and laser scattering techniques. 

In the radial-top quench reactor, nanoparticles with very fine primary particles diameter 

(0(3,2)=20 nm) are synthesised. However, as a result of insufficient residence time for the 

raw feed particles inside the plasma, and the high fluid recirculations in the reactor, a 

high degree of aggregation and porosity and even nanostructures of nano-micron sintered 

particles, are formed. 

In the alumina wall reactor, completely spherical nanoparticles, with very low degrees of 

aggregation and more uniformity with equivalent diameters 0(3,2) of 90 nrn, are synthesi-
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sed. This improved result is a consequence of the proper position of the quench inside the 

reactor and the increased reactor wall temperature. Moreover, some 'flakes' of SiO2 with 

a fiber like nanostructure were collected from the upper section of the reactor wall. Very 

high temperatures in this wall section results the sintering of deposited nanopowders and 

consequently a fiber like nanostructure forms. 
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6 CONCLUSION AND FUTURE WORK 

The overall process for silica nanoparticle synthesis in radio frequency reactors has been 

studied, both experimentally and numerically. This work has been made with the produc-

tion of nanopowders using thermal plasma technology. lt was not our intention to study 

very narrow technologies aimed at individual particles but either for broader use. lt is 

shown that the various nanostructures of SiO2 at different size ranges, can be produced in 

pilot scale plasma reactors. The following conclusions have been drawn about the effects 

of the various parameters and the control of the product nanostructure in these reactors : 

Importance of feed rate contrai 

The exact control of the material feed rate introduced to the plasma reactor, plays an im-

portant role in synthesising aggregates of the desired size and morphology. The diameters 

of primary particles of the product powders lie in the range of 20nm to 290 nm for feed 

injecting between 4.5 and 27 gram per minute. 

Nitrogen absorption results (BET) show that, without post plasma quenching, the equi-

valent particle diameters D(3,2) varied from 37 nm to 65 nm. 

laser scattering results show that, in the absence of quenching step, the powder mostly 

consisted of aggregates in the size range D(4,3) of 1 to 4 µm with a peak at 2 µm. 

Reduction in the temperature down to the boiling point of silica, in the zone around the 

plasma flame, results in a minimum in the diameter of the particles deposited on the 

reactor wall. 

125 



Importance of quench gas injection 

In the presence of a quench gas, and as a result of greater temperature gradients, the 

primary particles diameter and the SSA equivalent diameter, D(3,2), of the particles de-

creases to 25 nm. Increasing the quench gas flow rate, decreases more this diameter to 20 

nm. 

However, particle aggregate sizes are increased by the quench injection. This is a result of 

more intense fluid recirculations and particle collisions inside the reactor and consequent 

higher level of particles aggregation. 

Control of nanostructure 

Three different reactor design geometries, namely the radial-top quench, the radial-bottom 

quench, and the alumina-wall have been studied, and the final properties of the resulting 

Si02 nanopowder were subsequently investigated by the use of the BET, SEM, and la-

ser scattering techniques. Through judicious use of experimental and mathematical tech-

niques, combined with sound scientific and engineering judgement, it was possible to 

improve our understanding of the complex phenomena involved in the plasma production 

of nanopowders. Comparing the numerical and experimental results of the three reac-

tor geometries has revealed that the key parameters strongly influencing the particle size 

distribution and morphology, are : 

a)use of proper quench gas configuration; 

b )sufficient residence time for the injected raw feed particles in the high temperature 

regions; 

c)reducing fluid recirculation; 

The as synthesised nanoparticles are described as being highly aggregated, partially sin-

tered and ( essentially) spherical non-aggregated structures. 
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Highly aggregated and porous SiO2 clusters 

In the radial-top quench design of reactor, Si02 nanoparticles with very fine primary 

particle diameters (D(3,2)=20 nm), are readily synthesised. However, as a result of in-

sufficient residence time for the raw feed particles inside the plasma, and the high levels 

of fluid recirculations in the reactor, a high degree of aggregation and porosity and even 

nanostructures made up of nana-micron sintered particles, are formed. 

Partially sintered SiO2 nanoparticles 

In the radial bottom quench reactor, the introduced feed particles have more time to 

evaporate compared to the previous case, as a result of the late stage of quench application. 

The powder is composed of partially sintered nanoparticles with the equivalent diameter 

D(3,2) of 35 nm. The sizes of the aggregate lie between 600 nm and 4 µm. 

Spherical nonaggregated SiO2 nanoparticles 

In the alumina wall reactor, completely spherical nanoparticles, with very low degrees of 

aggregation and of greater uniformity, with the equivalent diameter D(3,2) of 90 nm, are 

synthesised. This improved result is a consequence of the proper positioning of the quench 

injection inside the reactor, and the increased reactor wall temperature. 

Moreover, some 'flakes' of Si02 with a fi.brous nanostructure, were collected from the upper 

section of the reactor wall. The very high temperatures created in this wall section result 

in the sintering of deposited nanoparticles and consequently, a 'fi.ber like' nanostructure 

is formed. 

Future work 

The following future work is suggested, arising from the studies and research forming the 

basis of this thesis : 
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Synthesis of non-aggregated silica nanospheres in the size range of 10-50 nm 

(0(3,2) = 40 nm). 

In this proposed project, by combining the design concepts of alumina wall and radial-top 

quench reactors, a new nanoparticle synthesis reactor will be designed and studied. This 

reactor takes the advantage of the previous three reactors ( designed or modified at the 

department of Chemical Engineering, University of Sherbrooke) to synthesise spherical 

nanoparticles with minimum aggregation and very small size (d < 50 nm). Moreover, the 

results of this project can be used to investigate the effect of reactor length ( or equivalently 

residence time) on the morphology and size of RF plasma synthesised nanoparticles. 
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7 APPENDIX A 

Comparison of the synthesised SiO2 nanoparticles with some commercially 
available silica nanopowders 

Objective: 

The objective of this section is to show the results of characterization of four types of 

commercially available silica nanoparticles. These results can be compared with the results 

of the nanopowders produced by RF plasma and showed in chapters 4 and 5 of the thesis. 

The nanopowders studied are Aldrich 10nm, Aldrich 15nm, Aerosil 200, and Silica 80 nm. 

Aldrich 10 nm 

This powder was prepared from Sigma-Aldrich corporation. 

Morphology and structure : Transmission Electron microscopy 

Figures 7.1 a and b show transmission electron microscope (TEM) images of this pow-

der. According to these figures, the primary particles are highly sintered to each other. 

They form huge networks and no individual spherical particle is detectable. The primary 

particles are uniform and in the size range of 10-30 nm. 
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FIG. 7.1: TEM images of Aldrich silica 10 nm. 

Size and aggregation level 
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The specific surface area of this powder is 625 m2 /g. However, the results oflaser scattering 

based on volume (table 7.1) show that the powder is highly aggregated between 5 and 56 

µm. 

Aldrich 15 nm 

This powder was prepared from Sigma-Aldrich corporation. 

Morphology and structure : Transmission Electron microscopy 

Figure 7.2 shows TEM image of this powder. As the primary particles of Aldrich 10 nm, 

the primary particles in this sample are highly sintered to each other. They form huge 

networks and there is no individual spherical particles. However these particles are in the 

size range of 10-30 nm. 
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FIG. 7.2: TEM image of Aldrich silica 15 nm. 

Size and aggregation level 

The specific surface area of this powder is 625 m2 / g . However, the results of laser scattering 

based on volume (table 7.1) show that the powder is highly aggregated between 3 and 15 

µm. 

Aerosil 200 

This powder was prepared from Degussa corporation. 

Morphology and structure : Transmission Electron microscopy 

Figure 7.3 a and b show TEM and SEM images of this powder, respectively. According 

to these figures, the primary particles are highly sintered to each other. They form huge 
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networks and no individual spherical particle is detectable. The primary particles are 

uniform and in the size range of 10-40 nm. 
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FIG. 7.3: TEM and SEM images of aerosil 200. 

Size and aggregation level 

The specific surface area of this powder is 200 m2 /g. However, the results of laser scattering 

based on volume (table 7.1) show that the powder is essentially aggregated in the size range 

of 1.5 and 8 µm . 

Silica 80 nm 

This powder was prepared from Reade Advanced Materials company. 
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Morphology and structure : Transmission Electron microscopy 

Figure 7.4 a and b show SEM images of this powder. According to these figures, the 

primary particles are highly sintered to each other. They form huge networks and there is 

no individual spherical particles. The primary particles are uniform and in the size range 

of 10-60 nm. 

FIG. 7.4: SEM images of Silica 80 nm. 

Size and aggregation level 

The specific surface area of this powder is 296 m2 /g . However, the results of laser scattering 

based on volume (table 7.1) show that the powder is essentially aggregated in the size range 

of 1.1 and 6.7 µm. 

Summary and conclusion 

Table 7.1 shows a summary of the results obtained by different measurement techniques. 
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A comparison of the nitrogen absorption results show that, Aldrich 10 nm has the most 

specific surface area among these commercial powders. 

laser scattering results indicate that a very high level of aggregation exists in all the 

commercial samples. The sample prepared in radial-top quench reactor (table 5.2), has 

comparable values to these commercial nanopowders powders. 

Moreover, the produced powder by Alumina-wall reactor (table 5.2) has the minimum level 

of aggregation. The particles are completely spherical and solid. This shows the unique 

aspect of the RF plasma synthesis of nanoparticles. 

TAB. 7.1: Summary of characterization results of the four commercially available nano-
powders. 

Speclflc surface area 
m2/g 

SEM D(1,0); nm, (Prlmary 
particles dlameter) 

Laser Dlffractometry 
(!lffl) 

Aldrich 10 nm 

625 

Hlghly aggregated; 
10-30nm 

Aldrich 16 nm 

610 

hlghly aggregated 
10-30 nm 

Degussa 
Aerosil200 

202 

HlghlY aggregated; 
1MOnm 

Silica 80 nm 

296 

Hlghly aggregated; 
10-60 nm 

Volume Based 0(4,S) .,,_, .... 1,e1,,,=,..,,.,,.-,..o .,,_,o:1.a.11o.-r.oe,.,,..•14.ae 11,,01.s.do.<1.98.do.-a.33 11,,,01.1&,dtt.,<1.2,<1,.-e.1 
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8 LIST OF SYMBOLS 

A : Avogadro's number 

di : diameter of species i 

C : energy absorption constant 

cp : specific heat capacity 

d : particle diameter 

d* : critical cluster diameter 

Dp : diffusion coefficient 

D(l,O) : equivalent diameter based on number 

D(3,2) : equivalent diameter based on surface area 

D(4,3) : equivalent diameter based on volume 

f : friction coefficient 

g/min: grams per minute 

i.d. : interna! diameter 

I th : total intensity 

1( 0) : scattering intensity 

Jo: : mass flux of species o: 

k : thermal conductivity 

kb : Boltzmann constant 
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LI : reactor cylindrical section length 

L2 : reactor conical section length 

ni : number of particles with diameter di 

ms : millisecond(s) 

M : magnification 

N : area of each absorbed gas molecule 

p : gas pressure 

Poo : vapor pressure 

R : distance from the particle (particles radius) 

s : surface area of sample 

si : saturation ratio 

scfm : standard cubic feet per minute 

slpm : standard liter per minute 

SSA : specific surface area 

t : time 

T: temperature 

u: velocity 

Uth : thermophoresis velocity 

v : volume of the absorbed gas 

V: volume of the gas to fonn an absorbed monomolecular layer 

W : width of cathode ray tube display 

/3 : frequency of collision 

p: density 
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0 : direction of scattered light or angle of X-ray diffraction 

r : stress tensor 

µ : fluid viscosity 

a : surface tension 

Va : velocity component in direction a 

wa : mass flow rate of species a 

G: Gibbs free energy 
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