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RESUME

La synthese de poudres nanometriques de dioxyde de titane en phase gazeuse par

oxydation de tetrachlorure de titane est etudiee dans un reacteur a plasma couplage inductif.

La taille des particules produites ainsi que la composition des phases sont controlees par la

quantite relative entre I'oxygene et Ie TIC14, la nature et Ie taux d'alimentation de gaz de

trempe. Une morphologie spherique est predominante dans les poudres obtenues avec une

taille qui varie entre 10 et 100 nm.

Le role du dioxyde de silicium comme dopant dans la formation de poudres ultrafines

de dioxyde de titane est aussi etudie. La production des poudres par oxydation de la phase

vapeur de TiCLt est realisee dans ce cas en presence de tetrachlorure de silicium. La

presence de dioxyde de silicium diminue la taille des poudres produites et augmente leur

surface specifique. L'analyse thermogravimetrique montre une temperature plus elevee pour

la transformation de phase de I'anatase au rutile. Les effets des differentes quantites de

dopage par silicium sur la taille et la composition de phase sont presentes

Une evaluation de I'activite photocatalytique pour la destruction de phenol dans I'eau

est realisee. Cette application potentielle de ces poudres est importante pour les traitements

des eaux usees. Les resultats des tests sont compares avec ceux obtenus utilisant des

poudres ultrafines commerciales de la compagnie Degussa. Les poudres ayant un taux de

TiCU plus eleve donnent une plus grande photoactivite si on les compare avec les poudres

ayant des taux plus faibles pour la meme puissance.
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ABSTRACT

The gas phase synthesis of nanosized titania powders was experimentally

investigated by oxidation of titanium tetrachloride in an induction plasma reactor. The product

titania particle size as well as their phase composition were controlled mainly by the relative

amounts of oxygen to TiC^ in the flame, the nature and the rate of the quenching gas.

Spherical particle morphology was predominant in the powders produced with a mean

particle diameter in the range of 10 to 100 nm.

The role of sitica as dopant in the formation of ultra-fine titania was also studied in the

induction plasma reactor. Titania was produced by the vapour phase oxidation of TiCl4 in the

presence of dopant silicon tetrachloride vapour. The presence of silica decreased the particle

sizes of the produced powders and increased their specific surface area. Differential thermal

analysis (DTA) showed retardation in the phase transformation from anatase to rutile in the

presence of silica doping of the powder. The effects of different amount of silica dopants on

titania phase composition and particle size are presented.

An evaluation of the photocatalytic activity of powders produced was evaluated for the

destruction of phenol in water. This application is important in wastewater treatment. The

results of the tests are compared with commercially available ultra-fine titania powders,

Degussa P25. The powders obtained with a higher TiCl4 flow rate showed higher photoactiviy

than those produced at lower TiCl4 flow rates, for the same plate power.
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CHAPTER 1

1 INTRODUCTION

More than two million tons of titanium dioxide powders are produced worldwide

annually. Approximately 58% of its consumption is used as pigment; 20% in plastic

technology; 13% in coating and 9% in many other application naming, catalyst support,

photo-catalyst in gas and wastewater treatment, ultraviolet sun block in cosmetics, and the

synthesis of inorganic membrane. The pigment properties of titania, such as their hiding

power (opacity) and gloss are directly related to their particle size and polydispersibility

[dark, 1975]. The maximum light scattering power of titania is observed with powders with a

particle size in the range 0.15 and 0.25 ^m.

Ultrafine titania particles with dimensions in the range of 1 to 100 nm are of increasing

interest due to their high surface areas and large "active" sites density [Wu et at., 1993].

They are potentially useful in coating showing more mechanical resistance to corrosion, also

in ceramic because of their lower sintering temperature, which is favourable for improving its

properties and reducing the processing costs.

Commercial titania is mainly manufactured using two routes:

• Wet chemical process and,

• Aerosol forming processes.

The wet chemical process known as the "sulfate process" consist of forming the

titanium sulfate salt (TiS04) by the addition of concentrated sulphuric acid on the ilmenite

mineral. The oxide is obtained by hydrolysis of the sulfate followed by the calcination of the

formed hydroxide, the operating temperature is less than 100°C for the hydrolysis step while

the calcination step require high temperatures up to 900°C. The sulfate process is rather

polluting and requires many effluent treatments such as N2804, SOz and SOs. The primarily

aerosol titania production process used is based on the flame oxidation of titanium

tetrachloride (TiC^) vapour in an oxygen rich environment. This process is known as the

"chloride process". Tioxide Company in the UK uses a direct current plasma process for the

production of titania pigments at 2 to 5 MW plasma power [dark (1975)].



The synthesis of titania powders has also been demonstrated on a laboratory scale

using the solgel method. The starting material in this case is an organic precursor for

example titanium isopropoxide. The powder produced is often related to organic effluent

treatment applications.

High frequency induction plasma process using TiCLt as precursor is advantageous

for the manufacture of titania nano powder particulates since it does not require large liquid

volumes and the surfactants employing the wet chemistry processes. It provides both the

high temperatures and a longer residence time when compared to the direct current plasma

alternative. Materials produced using the induction plasma process are of high purity due in

part to the absence of electrodes that can represent a source of product contamination. It

attains higher temperatures than flame process, performing faster chemical reactions with a

possibility of controlling particle size using a rapid quenching.

The high frequency induction plasma technique has not yet been used for powder

synthesis on a commercial scale, as the design and operation of industrial inductive plasma

units and the control of particles properties for powder manufacture needs wider

investigation. Substantial work is thus needed on the laboratory scale for a better

understanding of the plasma chemistry and physics and to progress the corresponding

developments in particle synthesis technology. In this present work, the feasibility of the high

frequency plasma process to produce ultrafine titania powder of high purity is studied to this

end.

A literature review with its emphasis on the plasma synthesis of titanium dioxide

powders is presented in chapter two, to provide a source of information on most recent work

in this field. Chapter 3 is dedicated to a theoretical study of the chemical equilibrium

composition of the reaction system Ti, Cl, 0, Ar followed by a literature survey on the

chemical kinetic study of the TiCl4 reaction with oxygen in flame reactors. Chapter 4 covers

the experimental set up used in the present investigation, the experimental procedure and

the powder characterization techniques used. Chapter 5 presents the operating conditions

and the test results. Finally, a summary of the investigation, its principal conclusions and

recommendations for further work are presented.



CHAPTER 2

2 LITERATURE REVIEW

2.1 Introduction

The following section is divided into several parts covering the previous research

publications examined. The first part presents the physical properties of titanium dioxide and

its principal applications. In the second part a review is presented of the different techniques

used for the synthesis of titanium dioxide and the effect of dopant addition on the quality of

the powder produced. The discussion talks briefly on proposed mechanisms for the

nucleation and formation of the particles. The third part of this chapter deals with the plasma

synthesis of Ti02. The final part is dedicated to a discussion of the photocatalytic activity of

nano-sized powders of Ti02.

2.2 Titanium dioxide (Ti02)

Titania is a polymorphic oxide with four well-known crystal structures; namely, rutile,

anatase, brookite, shown in figure 2.1 and a high-pressure form of Ti02 II [Vallet Regi et al.,

1993]. Rutile has the most stable structure, while anatase and brookite can be transformed

irreversibly and exothermically to rutile by thermal or even mechanical methods [Debnath and

Chaudhuri, 1992].

Figure 2.1 Crystal structures ofTi02 starting from left to right by rutile, anatase and brookite

The applications of Ti02 depend strongly on the structural type, anatase and rutile

being the forms most widely used. Among the oxide semiconductors studied to date, Ti02 is



known to be the best catalyst for wastewater treatment applications. Its photocatalytic

efficiency strongly depends on its crystal form, and particle size distribution. Pure anatase

exhibits the best catalytic efficiency, while pure rutile is a poor catalyst in this role [Tanaka et

al., 1991; Fotou et al., 1994]. Industrially, rutile Ti02 has been traditionally used as the

preferred form for the manufacture of pigments [Mezey, 1996]. Later, Ti02 is shown to be an

important catalyst support [Bankmann et al., 1992]. Ti02 (anatase) supported transition

metals; such as V, Rh, Cu and Fe are active catalysts in many oxidation and reduction

reactions [Depero et al., 1993]. More recently, due to its semiconductor behavior, Ti02 is

being assessed for gas sensors since it's near surface region conductivity are very sensitive

to its gaseous environment [Fotou et al., 1994]. The successful use of Ti02for most of these

applications strongly depends on our ability to synthesize the powder with a good and

effective control on the particle morphology, size, and size distribution and phase

composition.

2.3 Reaction routes used for the synthesis of titanium dioxide

The conventional method for the production of titania on a large scale is via "flame

reactors" by the "Chloride process" [dark, 1975]. Generally in the flame process, particles

are formed by oxidation or hydrolysis from precursor vapors. Usually small amounts of

hydrocarbon fuel and oxidizer are present in the feed to sustain the reaction [Wenhua Zhu,

1992]. According to the mixing position of the fuel and oxidizer, the flame configuration can

be characterized as either premixed or diffusion flames. In a premixed flame, the fuel and

oxidizer are mixed prior to entering the reaction zone. In a diffusion flame, the fuel and

oxidizer are kept separate until exiting the reactor and they come together by molecular

diffusion outside the reactor. The diffusion flame can entail either concurrent or counter

current flow configuration, which provides for a wider range of operation conditions

[Zachariah and Huzarewicz, 1991].

In the chloride process shown in figure 2.2 , TiCL^ vapour, oxygen, and hydrocarbons

along with various additives, react to form Ti02 powder, chlorine and water. In the

conventional process the titanium tetrachloride and oxygen are introduced in approximately

the same stoichiometric quantity under atmospheric pressure, with operating temperature

maintained in the range of 1000 -1500°C and for very short residence time [Nelson et al.,

1963].



Figure 2.2 The conventional chloride process

Several laboratory investigations have been conducted to study the effects of process

variables on the characteristics of particles synthesized in the flame. For laboratory scale

processing the concentrations of TiCLi are much lower and the residence time is higher than

those employed in industry, but the industrial pressure and temperature conditions are

maintained. Some laboratory research findings are now presented as follows:

Formenti et al. (1972) prepared Ti02 powders in a hydrogen/oxygen/nitrogen diffusion

flame (1700 - 3000 K), using TiCLt as the precursor. Anatase containing only traces of rutile,

was the product of this process. The primary particle size ranged from 15 to 140 nm

according to the synthesizing conditions. The influence of the precursor loading ratio and the

flame residence time on the particles size was investigated. It was shown that the particle

size increased with the increase of the concentration of TiCl4 in the carrier gas and the

residence time in the flame. While the flame temperature effect was not studied

systematically, it was shown that particles prepared in "hot" flames (3000 K) exhibited

spherical shapes mainly for the larger diameter particles. The photocatalytic properties of

these flame generated T102 particles were also investigated in the presence of UV radiation.

It was found that flame generated Ti02 powders exhibited photocatalytic properties, which

were not encountered with the same intensity in either aerogel or xerogel (powders after

solvent evaporation from the wet gel powders) T102 powder forms.

George et al. (1973) studied the formation of particulate Ti02 by the addition of small

quantities of TiCl4 vapour to "lean" CO/02/N2 flames having a maximum temperature of about

1400°C. The use of the CO as fuel gas has the advantage that the combustion products do

not contain any water or hydrogen-containing compound and that the products are relatively



inert. The authors found experimentally that neither nucleation nor growth by chemical

reaction between TiCl4 and Oz were dominant factors in determining the final particle size

characteristics. They observed that the chemical reaction was essentially complete some 50

ms down stream of the CO flame front, at which stage the TiOz particles had reached a size

of 41 nm. Beyond this point, the particle growth continued for a further 200 ms by a

flocculation mechanism. The latter was a major factor in determining the final particle size (63

nm). Good agreement with the theoretical prediction of Ulrich (1988) was achieved with

respect to the predictions of the mean particle size and the size distribution.

Suyama et Kato (1976) in an ohmicly heated reactor studied the formation of Ti02

using TiCLt precursor. Particle size was found to decrease with the increase in the reaction

temperature, oxygen concentration and the decrease of TiCLt concentration. Toyama et al.,

(1990) used the same technique for Ti02 synthesis, their results agreed with the previous

work except that the TiOz particle size showed independence with respect to TiCl4

concentration.

Hung and Katz (1992) studied the mechanism of Ti02 particle formation in a counter

flow diffusion flame burner, by the oxidation of TiCl4 in hydrogen-oxygen flame. They found

that, unlike S102, TiC>2 condenses at a location where the temperature is much lower than its

melting temperature. Partially oxidized and loosely agglomerated small particles, form large,

open "flocks". As the flock particles flow upward into regions of higher temperature, they

compact into much smaller, nearly spherical particles. Surface growth and aggregation are

responsible for the further the growth of the particles. Compared to SiCLt under the identical

flame oxidation conditions, TiCLt oxidation and hydrolysis takes place earlier.

Pratsinis et al., (1990) have investigated the basic chemical kinetics and the overall

reaction rate for the oxidation of TiCl4. They found that the order of the TiCl4 reaction

changed with oxygen concentration. The reaction rate was first order with respect to TiCl4

and nearly zero order for Oz inputs up to 10-fold oxygen excess. At higher oxygen

concentrations, the reaction was found to be half order with respect to 02.

Although no information is available for TIC14 hydrolysis and oxidation effects in the

flame, Akhtar et al., (1994) have studied experimentally the competition between TiCL^

hydrolysis and oxidation reaction routes and its effect on the product Ti02 powder size, its

morphology and phase composition within a tubular reactor. Similarly, Bautista and Atkins



(1991) found in their study of the SiCL^ reaction at low temperatures, the hydrolysis is

dominant in the two reactions, while at high temperatures oxidation is the main route.

Moreover, hydrolysis results in rounded particles instead of the faceted ones observed to be

produced in the absence of water, and the rutile content of the produced powders is reduced.

Jang and Jeong (1995), have demonstrated that preheating of the reactants before the

oxidation process in their hot reactor wall reactor decreases the particle sizes and narrowed

the size distribution.

Vemury and Pratsinis (1995) studied the phase transformation of Ti02 powders made

in a diffusion flame with an emphasis on the effect of dopants. It was found that the addition

of SnCl4 or Aids in the precursor stream promotes the transformation of anatase to rutile. On

the other hand, SiCLt inhibits the transformation of anatase to rutile. Similar results were

obtained by Akhtar and Pratsinis (1992, 1994) in tubular reactors. The effect of reactant

mixing in a diffusion flame reactor was investigated by Pratsinis et al., (1996). They found

that by altering the precursor TIC14, methane and air streams flowing through the reactor,

better and earlier mixing between fuel and precursor vapours resulted, the product particles

becoming coarse and the rutile content greater. They were able to control the average

primary particle size in the range of 11 to 105 nm by merely altering the reactant mixing

mechanisms, fine anatase powders were obtained at low precursor concentrations and low

residence times and flame temperatures.

As an alternate approach to the flame method J. A. Eastman (1988) at the Argonne

National Laboratory used an inert gas condensation method. Metallic titanium particles are

evaporated in a helium chamber with an electron flux at a low pressure. The agglomerated

particles of elemental titanium undergo condensation due to collision with gas molecules as

they are transported by convection to a collection point that is cooled with liquid nitrogen.

Finally the chamber is evacuated and oxygen is introduced than the nano sized Ti02 particles

are collected.

As an example of a wet chemical method or hydrolysis of acidic solutions of Ti(IV)

salts, C. D. Terwilliger et al., (1993) used a solution oftitanium tetrachloride to generate nano

particles of TiOz. The TiCl4 was added drop wise to an ice solution in a molar ratio of

2.5 H20: 1 TiCLt. After a period of shaking, ammonium hydroxide was added and titanium

dioxide precipitated. Finally the paste is washed with water to eliminate all traces of chloride.



Recently methods of vapour phase hydrolysis, pyroiysis and sol gel synthesis of

organic precursor (e.g. titanium isopropoxide) have been developed to synthesize titania

nanoparticles with high purity [Ki Chang et al., 2000]. Hydrolysis and pyrolysis technique uses

900°C as a preparative temperature. Sol gel provides a way to make nanoparticles by a

chemical reaction in solution with temperature below 100°C starting with metal alkoxide as

precursor; the product is subjected to calcinations at high temperature.

Preparation
method

Reactant

Procedure

Preparative
temperature (°C)

Particle size (|jm)

Yield

By products

Main challenges

Table 2.1 The preparation methods ofTiOs

d.c/
inductive
Plasma

TiCLt + €2

Continuous

Above 3000

0.25

Commercial

C^can be
recycled

Severe
corrosion by
TiCLt

Flame
synthesis

TiCl4 + 02 +
HzO

Continuous

Above 1000

0.03-0.06

Commercial

Clz + HCI

Wide size
distribution

Pyrolysis /
hydrolysis

TJ(OC4Hg)4
for example

Continuous

900 for
example

< 0.1

Lab scale

C4Hs or
C4HgOH

Expensive
precursor,
possible
residual
carbon

powders

Inert gas
cond.

Ti

Batch

See ref
[Casey]

0.005 -
0.015

Lab scale

Very
small
yield

Sol gel
method

Ti(OC4H9)4 for
example

Batch

Hydrolysis
below 100,
calcinations at
high temp.

> 0.015

Lab scale

C4H90H &
org. solvent

Expensive
precursor and
organic
solvent.

2.3.1 Effect of dopant on the titanium dioxide synthesis

During this work, the effect of SiC^ dopant along with the synthesis of Ti02 in the r.f.

plasma reactor was studied and presented in chapter 5. Some of the previous research work

on the effect of various dopant additions is presented in the following part.

Many researchers have studied the effects of introducing dopants during the synthesis

of T102. Mezey (1966) found that an addition of 0.01 to 10 percent of aluminium compound

during the flame synthesis resulted in the mtile form. In 1975 Mackenzie studied the effects of

8



doping with copper, manganese, iron and zinc oxides on the crystalline transformation of

anatase to rutile and found that the presence of oxygen vacancies enhanced the

transformation. A tubular flow reactor was used by Akhtar et al., (1992) to investigate the

influence of silicon, phosphorus and boron halides on the anatase to rutile transformation.

They found that the conversion was retarded. In the case of the Si dopant, the surface area

was increased and an aggregate was formed. The photocatalytic activity of titania was

promoted by the MoOs and WOs dopants (Lee et al., 1992), this was due to an increase in

surface acidity of the particles (Papp et al., 1994). Fotou et al., 1994 investigated the

photocatalytic activity of Si-doped titania particle produced in a flow diffusion flame reactor on

the destruction of phenol. They obtained either comparable or better photoactivity

performance than that produced by commercial titania powder.

Later, Akhtar et al., 1994 added various electrolytes of NaCI, KCI and CsCI on titania

particles made by gas phase oxidation of TiCl4. They studied the effect of electrolytes both in

absence and in presence of AICIs or SIC14. Little effects on the size were detected in the

presence of electrolytes but the aggregate size distribution showed a decrease with SiCl4 or

AICIs dopants.

In 1992, Hung and Katz applied the flame synthesis process to make Si02-Ti02 mixed

powders. They obtained Si02 attached to, or coated onto Ti02 particles when adding TiCl4

and SiCU simultaneously. A discrete Si02 layer is realised with low temperature and/or low

Ti/Si ratios. On the other hand, Ti02 encapsulated by Si02 is obtained with high temperature

and/or high Ti/Si ratios. The offered explanation for such changes is that there is a difference

in particle condensation mechanisms of Ti02 and 8102. As SiOz condenses at much higher

temperatures than Ti02, titania particles are initially formed and subsequently 3102

condenses and some deposit on the already condensed titania particles.

2.3.2 Nucleation and particle formation

The r.f. plasma titania synthesis process, used during this research is coupled with a

rapid quench of the particulates formed. A literature review on the nucleation and particle

formation mechanism is important to valorize the effect of quenching and to interpret the

morphology and the crystalline phase formed during the present study.

The ideal particles used as the input material for nano sized application, need

controlled morphology, size, size distribution and controlled crystal phase and chemical



composition for the different purpose. For example, in the manufacture of titania pigments,

the goal is the production of a nearly monodisperse rutile phase, with particle sizes lying

between 0.15 and 0.25 ^im, to thus obtain the maximum "hiding" power per unit mass [dark

et al., 1977]. However, in the manufacture of powders for structural applications, e.g.

ceramics, the requirement for a specific narrow size is not so stringent. However, the

presence of particle agglomerates should be avoided since they give rise to the formation of

pores and flaws during sintering, which reduces the ultimate strength of the material

[Barringer et al., 1984; Dirksen and Ring, 1988]. Therefore, the pertinent understanding of

particle formation mechanisms is very important for achieving good control over the particle

properties.

High temperatures generated in plasmas promote very rapid gas phase chemical

reactions. In the case of many metal oxide ceramic powder synthesis reactions, the critical

nucleus size of the product species is usually smaller than or equal to a single molecule

under the process conditions. Thermodynamicalty stable particles are formed directly by

chemical reaction, and the particles then grow by Brownian coagulation [Kusters and

Pratsinis, 1995]. If the rate of particle fusion is greater than that of particle collision, spherical

particles are formed. However as particles grow, the coalescence rate decreases and particle

coalescence cannot keep up with particle collision. Therefore, irregularly shaped particles are

formed, the degree of aggregation thus depending on the relative rates of the competing

collision and coalescence mechanisms. The coalescence rate is sensitive to process

conditions such as reaction temperature and residence time, particle size and the material

properties itself. The collision rate however depends on particle number concentration,

temperature and particle size. Accordingly, in both experimental and theoretical studies, the

initial vapour concentration, reaction rates, temperature profiles and flame residence times

are the most widely investigated process variables.

The mechanism of nucleation and formation of titania particles has been studied in

flame reactors operating at temperatures between 1200 and 3000 K. Although the plasma

processing temperature and ionization power are greater than the corresponding flame

temperature and other parameter values, the following proposed mechanism can help in the

interpretation of product properties such as the size, morphology and size distribution of the

particles formed during thermal plasma synthesis process.

10



Particle formation at flame process temperatures follows the general mechanism of

gas to particle conversion. The Ti02 forming TiCl4 oxidation process can occur either by a

homogeneous reaction between the TiCl4 and oxygen vapour or by a heterogeneous reaction

between TiCl4 and the oxygen adsorbed on the solid surface of TiOz already formed [Joshi et

al., 1990].

0 ooo QO o_o_°
oooo op ^ °
ooo-o 00
QOOOO 000 ^"0 " 6
0000
o-o-o (J Q^O

Nucleation

coagulation ^^ cluster

aggregation
Slow sintering

Figure 2.3 Mechanism of nucleation and particle formation. Source : Akhtar et al., 1994

Figure 2.3 is a schematic representation of the proposed mechanism. Instantaneous

gas phase chemical reaction leads to the formation of stable nuclei that are of molecular

dimensions. Xiong and Pratsinis (1991) have found that the thermodynamically predicted

critical size of titania is very stable. Hence, further growth occurs by coagulation. Initially

particles grow by ballistic collision and rapid coalescence, resulting in compact particles. As

the particles grow further by coagulation, coalescence is no longer instantaneous as sintering

takes place over greater volume. This slowing of the coalescence rate leads to the formation

of irregular aggregates. Further growth occurs by cluster - cluster aggregation [Schaefer and

Hurd, 1990].

Kobata et al., studied the growth and transformation of Ti02 crystallites in aerosol

reactor. Anatase clusters are formed initially by homogeneous nucleation, and then the

clusters grow by the coagulation fusion mechanism. Some of these become anatase particles

others are transformed to rutile.
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Figure 2.4 Anatase formation mechanism. Source : Kobata et al., 1991

2.4 Plasma synthesis of titanium dioxide

Ceramic powders such as Si02, TiOz, A1203 and many other oxides, have been

produced at a laboratory scale using plasma technology since the early sixties [Fauchais et

al., 1983]. Very few of the results were scaled up to an industrial production. The plasma

production of fumed silica and pigment grade titanium dioxide has been successfully

demonstrated at the industrial level [G. Dransfield 1992].

Thermal plasma synthesis shows great promise for the large-scale production of

ultrafine particles [Pratsinis 1989] for several reasons. Firstly, the very high temperatures

generated in thermal plasmas encourage the dissociation of the injected reactants, leading to

the formation of high temperature materials from the vapour phase. Secondly, high

production rates can be realized in small reactors due to the high energy densities present.

Finally, the production of particles in the nano scale size range is achieved by the application

of high quench rates to the product vapours making the high rate of super saturation possible

[N. Rao et al., 1995]. However, plasma aerosol reactors are "notorious" for their non-uniform

reaction residence times and temperature distributions leading to "cold" boundary layers and

no uniformities in the processing conditions. Urgent development of diagnostics techniques

for plasma chemical processes is necessary to make plasma synthesis more reproducible

and commercially useful [Kong et al., 1991].

In thermal plasma processes the generation of the plasma is effected by means of

either high intensity arcs (ac or dc) or high frequency discharges (rf). Either the discharge

itself or the tail flame downstream of the discharge is the region suitable for the plasma

synthesis [Kong et al., 1991]. The most commonly used plasma gases are argon, helium,

nitrogen, hydrogen and these of mixtures. Plasma jets have maximum temperatures of the

12



order of 13000 K at atmospheric pressure. Reactants are injected downstream of the arc root

to avoid perturbing the plasma torch operation. On the other hand, the electrodeless

discharges, as radio frequency inductively coupled plasmas (rf) is capable of producing

uncontaminated, high temperature, large volume / low velocity plasmas which are particularly

suitable for chemical reactions [Kong et al., 1991]. The rf type of reactor is ideal in producing

reactive plasmas for chemically specific reactions since the inert confinement tube is

insensitive to the type of gas used.

Titania is produced on large commercial scales in a d.c. plasma reactors by the

Tioxide process as shown in figure 2.5 [dark 1975], the company uses the natural mineral

rutile as the input material for TiCl4 production then in an oxygen plasma of 2 -5 MW power

to oxidize the TiCl4 to Ti02. The so formed powders have a mean particle size of 0.25 p,m.

Oxygen
Plasma

Oxygen/Titanium Tetrachloride/Additives

lill
r%nt%s"a'-<

^m
^Swsi^^-s^

i%w?^R'w^'ra»i^-¥sii

0.25^m TiOs
products

~ 3m
~ 150mm diameter

Residence time - 50msec

to cooling and
separation
@'1300°C

—a

Figure 2.5 Schematic diagram of the titanium dioxide reactor used by Tioxide Company.

Thorpe et al., 1970, presented an economic review for the production of Ti02 pigment

by means of induction plasmas to prove it's feasibility as an alternative route for the chemical

precipitation pigment industry. They scaled up the induction plasma system to the 1 MW level

in TAFA laboratory. Economic considerations indicated that under certain circumstances, the

absence of contamination associated with inductively heated gases outweighed the high

costs of plasma processing when compared with conventional techniques.

On a laboratory scale, Szepvolgyi et al., 1995-produced ultrafine Ti02 powder with

particle size of 50 - 270 nm, constituting predominantly of anatase crystal structure material,

applying an r.f. plasma of about 5 kW power.
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2.5 Photocatalytic activity of nano sized Ti02

The photocatalytic activity of T102 makes it well suited for a wide range of applications

in air and waste water treatment. This part is dedicated to a review of the basic principles

involved and literature review of Ti02 as a photocatalyst. During the present work, an

evaluation of the photoactivity of some of the synthesized powders is presented in chapter 5.

Organic pollutants have become the major contamination of drinking water, especially

when sourced from the various industrialized areas (Fotou et al., 1995). Chlorinated aromatic

compounds such as herbicides and pesticides and disinfections by-products from the

chlorination of drinking water (halomethane) are examples of those contaminants (Pelizzeti et

al., 1990; Ollis et al., 1991; Hand et al, 1992). The conventional processes involved in the

cleaning of drinking water are either biological, or photochemical (N202 or N202/03) methods

and physical operations such as filtration, carbon adsorption and membrane separations

(Sandstrom and Klei 1979). High operating and maintenance costs, as well as lengthy

processing times are usually required for conducting these processes (Houck et al., 1985).

Heterogeneous photocatalytic oxidation of organic pollutants represents a promising

new method for water disinfections and purification treatment (Ollis et al., 1991).

The principle of this method relies on the formation of hydroxyl radical is shown in

figure 2.6 (Fotou et al., 1995). Titania particles, absorbing photons in the wavelength range of

300 - 400 nm, undergoes an electron transition process, from valence band to the

conduction band. At the same time, positively charged holes appear in the valence band.

Migration of both the photoexcited electrons and the holes takes place toward the particle

surface, due to the potential gradients that exists between the bulk solid and its external

surface. A depletion of conduction band electrons in the space charge region is the cause of

this potential gradient (Bard, 1979). Equilibrium between the rates of arrival of electrons and

holes is established in order to maintain the electroneutrality of the surface (Childs and Ollis,

1980).
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Figure 2.6 Principle of heterogeneous photocatalytic oxidation of organic pollutants.

The following reaction describe the overall photoexcitation reaction:

hv+TO2->Tio2+I4+ecb (2.1)

A trapping of electrons and holes in the conduction and valence bands can occur on

the surface:

ecb ^ eti-

h^h&
or a recombination may occur at the surface or in the Ti02 bulk:

(2.2)

£A+14b^heat (2.3)

Hydroxyl radicals are formed when the trapped holes react with either water or

hydroxyl ions adsorbed on the surface oftitania particles (Turchi et Ollis, 1990);
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hi,+H^O^-^eOH,^ +H+L2^ ads

h^+OH-ads-^OH

(ads) ' " (2.4)

(ads)

On the other hand, H ion (trapped) may react with other oxidizable species (Kraeutler

and Bard, 1978), and e' (trapped) with reducible species (Krautler and Bard, 1978; Okamoto

et al., 1985a; Al Ekabi and Serpone, 1988):

e^+02(ads)~^02(ads)

H++0^^^->H09'l(ads) ' ""2

2(HO^)->H^+0^
L L L

HO^+0^^->0^+HO^2 ' W2(ads) ' ^2 ' "^2 (2.5)

HO^+H+ -^H 0

H^-^H^+0^
^ ^

H^+OH9 -fH09+H^O
^ ^

H^ +HO^OH9+ H^ + 0^

All of the hydrogen peroxide ions formed are decomposed further to hydroxyl radicals

(Okamoto et at., 1985a):

H^O/, )20He
z/ ^

H2°2 + °\~ ~> OHe + OH~ + °2 (2-6)

H^+e~ ^OH'+OH"
^ ^

It is the hydroxyl radical, formed in the above reaction scheme that is responsible for

the organic species oxidation (Bard 1979; Turchi and Otlis, 1990). The photocatalytic reaction

between the hydroxyl radical and the organic species may occur either on the T102 catalytic

surface or within the bulk solution undergoing treatment (Fotou et al., 1995).

Among all of the known the oxide semiconductor materials, titania has become the

preferred material for photocatalysis in both solar energy applications and in the
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photoassisted heterogeneous oxidation of organics, because of its high photoactivity and

chemical stability (Hand et al., 1992; Ollis et al., 1999). The anatase crystalline structure has

been mainly employed in studies of photocatalytic degradation, due to its higher photoactivity,

in comparison with rutile (Schinder and Knust, 1990). This is attributed to the smaller band

gap energy (3.0eV) of rutile compared to that of anatase (3.2 eV) arising from the small

differences in the conduction band energies. Therefore, electron hole recombination is more

likely to occur in the mtile form ofTi02 powders and reduces its photoactivity (Pratsinis et al.,

1992).

2.6 Literature survey summary

By way of conclusion from the previous studies, ultrafine titania particles are optimally

obtained via the vapour phase process. The proposed nucleation and formation mechanism

favours the high temperature process route for the formation of compact spherical particles

and the short process residence times that inhibit further particle growth. Depending on the

end product application, various additives may be introduced. From the vast range of

potential applications the photocatalytic activity of ultrafine Ti02 particles is a very promising

area due to its high efficiency and its moderate costs relative to those of other methods.

R.F. thermal plasmas present an effective and economic technique for the synthesis

of nano sized titania particle. The high temperature plasma assures that particle formation

takes place in the vapour phase; the possibility of quenching with a cold gas suppressing

particles growth and the absence of electrodes assures a product of high purity. The

possibility of introducing a range of additives is also available.
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CHAPTER 3

3 CHEMICAL EQUILIBRIUM COMPOSITION OF Ti-0-CI-Ar SYSTEM

3.1 Introduction

Thermodynamics considerations are applied to systems constituting the thermal

plasmas jets. These studies permit prediction of the stable species to be made while

neglecting the kinetics of the reactions. The multiple phenomena involving conditions of non-

equilibrium and relaxation may lead to non-negligible errors and incorrect descriptions of the

systems. However, the results from the thermodynamic study still remain a very important

guide for the prediction of possible reactions and states of the system. It is considered as an

indispensable step in gaining insight into mechanisms of desired products formation.

The process of thermodynamic assessment starts by considering a closed and

thermally isolated box filled with gas species or a mixture of species that may also contain

ions, electrons and neutral particles (atoms, molecules) in either excited or normal states.

The total system maintains a certain temperature T. Each different species is considered to

have the same mean kinetic energy. At all times various phenomena such as ionization,

recombination, excitation, deactivation, absorption and emission of photons are taking place.

If we wait for a sufficiently long time the enclosed gas particles will come into equilibrium with

each other and with the walls of the box, at which point the physical state of the system can

be totally described by the macroscopic variables such as temperature, pressure and species

concentration, the microscopic scale process are no longer necessary to define the system.

The described thermodynamic state is said to be in the state of complete thermodynamic

equilibrium (CTE plasma) [Boulos et al., 1983].

3.2 Gibbs free energy minimisation

From the different thermodynamic methods available to be used in analysing the

system, the program used for the simulation is based on White et al., and Bourdin et al., that

consist of minimizing the Gibbs free energy of the system.

In conducting a thermodynamic study the first step is the calculation of the equilibrium

composition in a thermal plasma jet. The values of computed concentrations represent the

chemical composition at an infinite time from the beginning of the reaction. Neither the time
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required for particle formation nor concentrations in some transitory state are derived. The

crucial condition for obtaining reliable equilibrium distribution calculations is the inclusion of

all the important chemical species in the simulation.

For a mixture of n chemical species at equilibrium having temperature T and pressure

P. the Gibbs free energy of the system is provided by:

G=^n,g°,+RT^^f,+RT ^lna,+RT ^>,lna, (3.1)
(=1 gas solutionl solution!

g°i = Gibbs free energy of species i at its reference state (RJ/mole)

n\ = molar quantity of species i (mole)

fi = species fugacity of the gaseous state = P\ for ideal gas.

ai= activity of species i in the liquid state

a, = y^, for a real solution and equal X; for an ideal solution

Yi = isentropic coefficient = Cp/Cy

The molar free energy g is defined as:

g=|AAO+JC,dr|-].°+P^dT
298

.c.

298 T
(3.2)

Ah° = molar enthalpy of formation

s° = molar entropy of formation

Cp = molar heat capacity.

In order to proceed with this approach, the molar enthalpy and entropy of all the

species expected to exist are then needed for each temperature studied.

The equilibrium calculation program used for the simulation is called Fact Sage. This

program has been developed at the "Ecole Polytechnique of Montreal". The majority of the

thermodynamic properties stored in the program are taken from the JANAF tables reference

book.

The program can perform the simulation by considering either ideal or real gas

species. The condensed species are considered to be mutually insoluble.
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The Gibbs free energy function used to describe the system is submitted to a

constraint by a mass function, which follows the law of mass action and is defined as:

nc

^A^,=b, p=l,2,...,N, (3.3)
k=l

Apk = number of elements p of k

k = species number k

p = elements number

bp = total number of moles of elements p

nk = number of moles of species k.

So, the derivation of the chemical composition of a plasma jet at temperature T and

pressure P consists of minimizing the function G under the condition of the mass action law.

In the simulation the number of moles can neither be nil nor negative values.

3.3 Thermodynamic equilibrium calculations for the Ti-0-CI-Ar system

The studied reaction gas mixture injected into the plasma torch is Ar/TiCI^Oz; a

reaction simulation of this system is therefore considered in order to study the evolution of the

species molar fractions as a function of the temperature. Different molar ratios of Oz to TiC^

are also considered In order to evaluate their effect on the system products concentrations.

The composition of the mixture in term of its % volume is:

• Ar: 34%

• 02: 56%

• TiCLt: 10%

The above composition represents a ratio of 9 time more Oz than TiCl4. This

composition is based on the actual mixture injected in the plasma reactor experimentally.

Different stoichiometric ratios of 02/TIC14 varying from 1 to 10 are considered. The total

pressure of the system in the simulation is fixed to 760 ton-. The numerical simulation yields

the most stable temperature for the formation of Ti02 thermodynamically.
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The potential reactant species shown in table 3.1 were taken into account. Some

complex oxides were not included because thermodynamically they are formed in only very

small quantity from 10 to 10 mole under the inputs ratios being considered.

Table 3.1 Species taken into account in the thermodynamic calculation

Solid

Ti02

Liquid

Ti02, TJ20s.

Gas

Ar, 02, Cl,

TiCI, TiCh,

TiCk

Oh, CIO, Ti,

TiCL TiOCI

TiO,

, TiOCl2.

A total of some 15 species is considered in the simulation. Chang et al., 1987 has

proposed some rules to interpret the equilibrium diagrams and these are based on the

experimental results in comparison to corresponding simulations. They reported that after

quenching the chemical species formed, the remaining gaseous composition found

experimentally is that around 2500 K in the equilibrium diagrams. They explain this

observation by the competing reaction velocities. Gaseous molecules react sufficiently rapidly

to maintain a state of equilibrium at temperatures above 2500K. This temperature represents

a limit value, below which, the species concentrations are no longer controlled by the

thermodynamic equilibrium but by kinetic processes. As the quench process slows down the

reaction velocities, the non-radicals species are formed and are found stable around a

temperature of 2500 K.

For the condensed species, these authors proposed that the first condensed phase

formed during the quenching is invariably the predominant phase, under the conditions where

high nucleation rates and sufficiently high temperatures of formation exist, when compared

with other possible condensed species. As the quench time is very short, the possibility of

solid phase changes is suppressed.

3.3.1 Effect of pxyqen partial pressure

Different stoichiometric values between 62 and TIC14 are considered, in order to study

the effect of the oxygen partial pressure on the equilibrium molar fraction composition of the

Ti -0 - Cl - Ar system.
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Figure 3.2 Equilibrium composition for Oz excess of 02/TIC14 ratio = 4

22



0.3 Ar+0.6 02+0.1 TJCI4

0
us
i»

0

a0

-1

-2

•3

•A

-6

fe-
n-fiL

r^
TiO,

-»-

-9-
-B.

IsL

CI/

•»
-9-^

CIC

Ti(

-*
-9-

Cl>

TiO^

T(J

m
Oi

'A

-Oe-

^

(i)'

TiO;

-9-
<*=

no^i)"

0>

CT
jioer

nociz

^.)\c1'

t:
0

i B^S-

TiO^I)

Tioy
CJ2

lfiCI

r\cy

L£

T/

;1

rid

Ji^

TR

Ct

-AF*

nci

JCI;

-•—•

TiO

Ti(

LQ_

OTR

-»—»
500 1000 1500 2000 2500 3000

temperature (K)

3500 4000 4500 5000

Figure 3.3 Equilibrium composition for 62 excess of 02/TIC14 ratio = 6

Figures 3.1 , 3.2 and 3.3 represent the thermodynamic equilibrium diagrams for the

nominated systems at 1 atm. over a temperature interval between 298 and 5000 K. from

02/TiCl4 stoichiometric ratios to 6 fold stoichiometric.

The figures show that the stability of the Ti02(s) is predominant at temperatures

under its fusion point, which is 2130 K, and at temperatures between 1850 and 3300 K the

liquid TiOz is the major condensed phase. As the reaction is equimolar between the TiCt4

and 02, the amount of Ti02 formed is not altered by an increased oxygen inputs. Increases

in oxygen concentration are accompanied by increases in oxychloride concentrations, so,

the amounts of Cl and CIO also increase respectively with oxygen. On the other hand, the

concentrations of Ch as well as the complex of titanium oxychlorides decrease.

Consequently, TiOCI, TiCI, TiCh, TiCls, TiCl4 and TiOCl2 phases are all decreased. The

presence of surplus oxygen has no influence on the amount of Ti02 formed but it does

decrease the concentrations of titanium chloride complexes formed. At the temperature limit

for the TiCLt transformation to Ti02, the amount of TiCLt is diminished drastically thereby

assuring a complete reaction.
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3.3.2 Effect of arqon partial pressure variation

Increasing the argon volume provides similar species distribution curves, a slight

decrease in all the other species concentrations is detected. The effect of argon is thus that

of reaction dilution only.

3.4 Kinetic study

Knowledge of the Ti/0/Ar/CI kinetic system's is considered essential for:

• Determining the different behaviours of chemical species as a function of time

• Identifying the reaction time necessary for titanium dioxide formation as a

function of the operating conditions.

The importance of kinetics of the reactions lies in the such temperature limit where the

concentrations of species are no longer controlled by the thermodynamic equilibrium

but essentially by the kinetic processes. In the following part a literature review of the

kinetics system of the reaction is presented in order to better understand the reaction.

Pratsins et al., 1990 studied the kinetics of the reaction between TiCLi and Oz in a

flame reactor. The conversion of TiCU vapour was measured at furnace temperatures

ranging from 700° to 1000°C and at residence times ranging from 0.27 to 1.27 s. The

reactant TiCl4:02 ratios ranged from 1:1 to 1:40. The reaction was found to be first

order with respect to TiCLi and the rate equation followed the Arrhenius law. The

conversion factor (x), defined as the ratio between the final and initial concentrations

of TIC14, was related to the reaction residence time (t) through the following equation:

\n[-(\nx)fi}=-E/RT+\nA (3.4)

T = reactor temperature

R = gas constant

E = apparent activation energy

A = preexponential factor

At each ratio the validity of equation 3.4 was investigated. The activation energy was

found in the case of flame reactor to be equal 88.8 kJ/mol and the preexponential factor
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8.26x104 s'1 [Pratsinis et al., 1990]. At higher oxygen concentrations, the reaction rate

became half order with respect to oxygen.

3.4.1 Kinetic mechanism

The proposed kinetic mechanism for the oxidation of TiCU is set out in the following

steps:

Step 1 consists of a thermal decomposition of TiCLt initiated by the high temperature

and pressure.

TiCl4 + M ->TiCl3 + Cl + M (3.5)

M = source of high temperature and pressure.

This step is followed by a series of decomposition reactions of the TiCl4 and of free

radicals formed.

TiCLt+CI -^TiCl3+Cl2 (3.6)

TiCls + M ^TiCl2 + Cl + M (3.7)

TiCls + Cl ^TiCl2 + Ct2 (3.8)

Radicals of the form of TiClx are formed where x = 2, 1 and 0. These radicals

suppress a molecule of Cl2 from TiC14 as well.

TIC14 + TiClx^TICIs + TiCix+i (3.9)

The radicals so formed undergo a disproportionation reaction.

Tidy + TiClx -^TiCly.i + TiClx+i (3.10)

y = 3, 2 and 1

The radicals TiClx (x = 3, 2, 1, 0), formed through the reaction (3.5)to (3.8)are then

oxidized via the reaction with Oz

TiClx + 02 -^Ti02Clx-n+ nCI (3.11)

TiClx + 02 -^TiOCIx-m+ OCIm (3.12)

TiOCIy + 02 -^Ti02Cly.m + OCIm (3.13)
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n = 1,...,x ; m = 0, 1, 2.

The TiOxCly oxides rapidly combine giving:

TiOkClx + TiOkCly -> (TiOk)2Clx+y-n + nCI (3.14)

k= 0,1, 2.

(TJOk)jCI, + (TiOk)jCly -. (TiOk)i+jClx.y.n + nd (3.15)

The last two reactions then proceed quickly to drive off the remaining Cl atoms

completely from the formed solid titanium dioxide structure, resulting in:

(Ti02)i+ (TiOs)] ^(TiO^H (3.16)

A summary of the proposed mechanism can be presented by.:

Tici4—k—>R+cr

TiCU+Cl—^R+Cl; ^

R+o^—^—.p+cr

P+P—^-^T +nCl

R = formed TiClx radical

P = oxyhalides

The elementary reactions from equations (3.5) to (3.8) are represented by

line 1 and 2 in equation 3.17 producing the TiClx radical pool as represented by the R

species. Line 3 summarizes oxidation reactions to form P, the oxyhalides. Line 4 represents

the formation of the titania product.

The final rate of the reaction may be presented by:

.^i+fcJc/M
k^[Cl,}+ k,[0,\

At very low oxygen concentrations where k.^C/J)^^], the rate of reaction

becomes dependent on oxygen concentration. In oxygen excess of up to 10 times more than

stoichiometric, the reaction becomes dependent on the Cl concentrations present.
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3.4.2 Different routes for the oxidation reaction of TiCl4

Two routes have been proposed to describe the oxidation reaction:

TiCLt oxidation in the vapour phase and Ti02 product coagulation.

TiCLt oxidation on the pre existing Ti02 particle surface.

Pratsinis et al., 1997 have developed a kinetic model to evaluate both the vapour

phase reaction rate and the surface catalyzed reaction rate.

The overall oxidation reaction is presented by:

TiCl4 + €2 -> Ti02 + 2 Cl2

This reaction may take place either in the gaseous phase or on the solid surface of a

pre existing titania particle. The first route consists of the reaction between TiCl4 vapour and

oxygen gas to produce titania particles with a rate of Rg; the second, of the reaction of TiCl4

vapour with oxygen taking place on the surface of Ti02 particles with a rate of Rs.

The overall oxidation rate R is then provided by:

dC/dt=-R = - (Rg + Rs) (3.19)

Where C = TiCl4 (g) concentration (mole/cm )

R has been measured in a flame reactor by Pratsinis et al., 1990, for temperatures in

the range between 813 and 1172 K and for TiCl4 / Oz ratios < 1/20.

R = kC ( 3.20)

k = 8.26 * 104 exp (-10681/T) [s-1 ]

Kobata et al. 1991, calculated k for different temperature intervals and TiC^

concentrations to find k = 25*104exp (-12268/T)s-1. Ghoshtagore 1970, measured the Ti02

growth rate for the surface reaction of TiC^ for temperatures between 673 and 1120 K and

TIC14 molar fractions in the range of 0.000038 - 0.0012.
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Rs = ks AC

Where A = total surface of T102 concentration cm /cm

ks = 4.9 * 103 exp (-8993/T) [cm/s ]

In order to clarify the role of the reaction rate values found, the aerosol Ti02 formation

dynamics is described and then coupled with the kinetics through the particle surface A.

Although a number of methods are present to describe the particles growth, the authors

chose the simplest method to study the competition between the TiCl4 oxidation in the vapour

phase or on the Ti02 particles surface. The model consists of neglecting the Ti02 size

distribution, considering only the monodispersed particles. This model can reasonably

describe the particles integral properties, such as aerosol surface and the mean particle size.

Thus, according to the model proposed, the rate of variation of the total number of

particles N is given by (Panda et Partsinis, 1995):

dN/dt= I-0.5 p N2 (3.21)

I = Nucleation rate.

(3 = Collision frequency.

P=^7jDd dp , 4^f2D
f\d,+^2g cd p

(3.22)

dp = particle diameter, c = velocity, D = diffusivity

S=^-rk^-(^^r2}-^ (3.23)
-p-ia

la = mean free particles path = SD/TCC

The rate of nucleation I is given by George et al. 1973 and Partsinis 1991:

l=RgNA (3.24)

NA = Avogadro's number
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The first term in equation 3.21 which is I, is responsible of the addition of new

particles, the second represents the loss of particles by coagulation.

In a similar way, the total rate of aerosol Ti02 volume change is given by :

dV/dt = Ivi + RsNAVi (3.25)

Vi = TI02 volume in the solid state.

The first part of equation 3.25 represents the formation of T102 volume by nucleation

and the second part represents the Ti02 volume formation by the surface reaction. The mean

particles diameter is given by:

dp=(6V/7TN)l/3 (3.26)

The total aerosol surface is given by:

A = N7id2p (3.27)

For the oxidation in the vapour phase, work has been done to study the kinetics of

Ti02 production and its effect on the product particles sizes. George et al., 1973 investigated

the Ti02 formation in a flame reaction involving premixed CO/02.. They found that the rates of

particles growth can be clearly explained by proposing an oxidation mechanism in the vapour

phase and not on the solid phase surface. The temperatures ranges studied reached 1400 K.

Suyama et al., 1975 and Suyama et Kato 1976, showed qualitatively that in the periphery of a

hot reactor the particles grew by a particles surface induced mechanism for temperatures

between 850 and 1100 K. Morooka et al. 1989 found that for temperatures between 900 and

1200°C a mechanism of particles formation by vapour phase over predicted the particles

sizes and that a formation mechanism on the particles surface was more representative.

Hung and Katz 1992, studied the formation of titania in a diffusion flame reactor involving a

counter flow diffusion. They postulated that the growth of particles took place by coagulation,

followed by surface growth and finally by a fusion step when the particles passed by a hot

zone before their collection point. Jang et Jeong (1995) proposed that the nucleation and the

surface oxidation are the dominant mechanisms for particles growth in a hot flame reactor

operating over a temperature interval between 900 and 1100°C.
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Table 3.2 Particles formation mechanism.

Proposed mechanism for
the Ti02 formation

Gas phase reaction and
coagulation

Surface growth

Surface growth

Gas phase reaction and
coagulation

Surface growth

dp (nm)

40-60

60 - 700

45-85

45-68

30-70

())TiCl4 mol
fraction

0.00005 - 0.0033

0.006-0.11

0.003-0.014

0.0002 - 0.001

0.0005 - 0.01

T(°C)

to 1400

850-1100

900-1200

900-1450

900-1100

References

George and at.
1973

Suyama and al.
1975,1976

Morooka and al.
1989

Akhtar and al.
1991 1992

Jang and Jeong
1995

They explained the difference in the proposed mechanism by the TiCl4 molar fraction

difference. In another term, for a small TiCl4 concentration, the dominant mechanism is the

oxidation in the vapour phase followed by coagulation stage. But for high TiCl4

concentrations, mechanism involving the surface becomes more favoured. In fact, the

formation of particles catalyzes the reaction on the surface of the particles.

Objectively, we have an interest in producing Ti02 particles of a definite size with

respect to the application. So we try to choose the conditions that favour the desired

application.

For example, for the synthesis of the non agglomerated Ti02 powders, as required for

pigment and cosmetics applications, we favour particle growth by vapour mechanism, so we

decrease the amount of TiCl4, but, for agglomerated and high specific area particles we

prefer the surface growth mechanism and therefore, the concentrations of TiC^ can be

increased.

George et at., (1973) found that the surface reaction is not important as they operated

with ((> = 10 -10'3 up to a temperature of 1650 K. Their conditions were far from the region of

growth surface mechanism. Suyama et al. 1975, 1976, used a TiCU molar fraction of

between 0.006 - 0.11 so the observed growth was explained by a surface growth mechanism.
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3.4.3 Conclusion

During Ti02 particle synthesis, the initial molar concentration of TiCl4 determines the

route of the reaction mechanism. A high TiC^ concentration gives the possibility of formation

of a high number of Ti02, so the subsequent transformation reaction of TiCl4 is more likely to

take place on the surface of Ti02 already formed and the surface growth mechanism

becomes the predominant mechanism. On the other hand, small concentrations of TIC14 do

not produce enough particles surfaces for the reaction to occur and the dominant mechanism

is the vapour phase mechanism.
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CHAPTER 4

4 EXPERIMENTAL SET UP AND CHARACTERISATION TECHNIQUE

4.1 Experimental set up

Figure 4.1 shows a schematic of the experimental set up. The different plasmas gases

are introduced in an induction plasma torch fed from the 3 MHz frequency and 60 kW plate

power supply.

Carrier
gas

PL-35 induction
torch

R.F. Generator
^-3

MHz

Quenching
level

Reactor
collector bottom

Vacuum system

*

Teflon
filter

Cyclone
chamber

Cyclone
collector

Figure 4.1 Experimental set up
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The gases at the exit of the plasma torch are then discharged in a water-cooled

cylindrical reactor with 1,4 m long and 0,26 m diameter. The latter is then connected to a

GORE-TEX® (W. L. GORE & Associates, Inc.) membrane filter. The bottom of both the

reactor and the filter are used to collect the powder of titania after their formation. The off

gases are evacuated through the vacuum system.

A description of each part of the installation with a presentation of the liquid feeding

system is given in the following sections.

The details of the plasma torch used, Tekna PL-35 are shown in figure 4.2 , the inner

wall of the torch is made of a water-cooled ceramic tube having an inner diameter of 35 mm.

The gases are introduced through a distributor on the upstream side of the torch. Three

different gas streams are injected into the torch. The sheath gas is injected into the annular

space between the ceramic tube and the intermediate quartz tube. it is formed of oxygen gas.

The central gas is introduced tangentially. It is formed of argon. Finally the carrier gas formed

of the precursor along with the argon diluents is injected at the centre of the torch through a

high pressure water cooled probe. The quartz intermediate tube delays the mixing of the

sheath and plasma gases to avoid overloading the plasma region due to the high flow rate of

the sheath gas.

Sheath gas

carrier gas
& Precursor gas

Central gas

Figure 4.2 Plasma PL -35 torch
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The reactor chamber is formed of water-cooled stainless steel, 0.26 m id x 1.4 m

long. The quench medium was introduced down stream the reactor through a gas distributor

quench ring. The quench gas allows rapid cooling of the plasma gases resulting in the

formation of the titania nano powders. Figure 4.3 shows the details of the reactor chamber.

0.26m^ —^.

Figure 4.3 Details of the reactor chamber and the quenching system.

The reactor chamber is connected to another chamber containing the GORE-TEX

filter 101.6 mm diameter x 609.6 mm used to collect the fine titania powders. The filter is

fitted over a stainless steels jacket and can be easily removed for washing. The Tefton filter

can collect particles as fine as a few nanometer in diameter. Since the vacuum is applied to

the system, the accumulation of fine particles on the filters increases the pressure drop

across the filter. After a certain operation period, the desired pressure in the chamber can no

longer be maintained due to particulate cake formed on the filters. A blow back system has

been installed at the filter exit, so the particulate cake is blown out to the bottom collection

part and the required pressure is maintained.

It is worth mentioning that during the first series of tests, filters made of porous

stainless steel were used, those filters was very ineffective as they had a minimum resistance

to the acid medium sometimes created inside the reactor and they were rapidly blocked thus

interrupting almost all of the experiments carried with them.

passing

The TiCLt argon diluted vapour is formed by feeding the TiCLt in form of a liquid then

>ing it through a vaporization system that is shown in figure 4.4 .

34



Argon inlet

TIC14 feed

Peristaltic pump

TIC14 bottle

balance

Argon for feed line
flushing

Argon

TIC14 feed vapor

hot bath with silicon
oilat165°C

TIC14 feeding line
'or Ar +TJC14

Figure 4.4 Liquid feeding system

In this system the liquid TiCl4 is pumped out of the bottle through a "viton" tube

(internal diameter = 2.8 mm) using a peristaltic pump of which the rate is controlled through

the speed of rotation. The net liquid weight injected is measured using a balance. The TiCLt

liquid with a boiling point of 136°C is sent to a coil made of stainless steel (SS 304), (internal

diameter = 9.53 mm). The coil made of 16 turns is immersed in silicon oil heated at 165°C.

The TIC14 vapour is then diluted with argon heated at the same temperature of 165°C. Finally

the TIC14 diluted argon is transported to the torch through a Teflon tube.

4.2 Experimental procedure

During all experiments sets, the following steps are respected to assure safe

precursor alimentation and standard constant operations:

• Heating the hot silicon oil bath to a temperature of165°C;

• Verification of the TiCl4 feeding line using argon gas, to assure absence of line
blockage;

• Put the high frequency plasma generator on and heat the filament of the oscillator;

• Ignition of the plasma and adjusting the operating conditions;

• Injection of the quenching gas
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• Injection of the diluent argon gas,

• Start the peristaltic TiCLt feeding pump adjusted to the desired feeding;

• Verification of the operating conditions and maintenance of the process pressure
using the blow back when a considerable amount of powder is accumulated on the
filter surface;

• At the end of each experiment the reverse procedure is followed to stop the TiCl4
feeding and the plasma torch.

The powder is collected from the filter surface and from the two powder collections

containers with care taken to separate the powder at the filter level from that at the reactor

level. To ensure the absence of any chlore or air humidity adsorbed on the powder surface a

post treatment of the collected powder was necessary by heating the powder in an oven at

110°C.

4.3 Characterization techniques

The following characterization techniques shown in table 4.1 were used to determine

the physical and chemical properties of the produced powders.
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Table 4.1 Techniques used to characterize the produced titania powder

physical or chemical property ;

Phase composition

Morphology of the powder

Specific surface area

Particle size

Particle size distribution

Dispersion stability

Dehydration and phase transformation
temperatures

Photocatalytic activity

Elemental analysis

:::l:IY.Methodl!usedl;;''::-:::.:11-''^

X ray diffraction

Scanning and transmission electron microscope

Physical adsorption (BET)

• Photon correlation spectroscopy

• From the calculated specific surface area

• Transmission electron microscope

Photon correlation spectroscopy

Zeta potential

Differential thermal analysis

4 Aminoantipyrine method

Inductive coupled plasma

Dispersive energy spectrum

A description of each technique is given in the following.

4.3.1 X ray diffraction

For the phase analysis of the different powders produced, X-ray apparatus of RIGAKU

D-MAX-B mark was used. It has a copper anticathode and thus the generated beam

corresponds to the copper Ka ray. The Jade version 6.0-program software was used to

analyse the observed spectrums. The JCPDS (Joint Committee on Powder Diffraction

Standards) card of the Ti02 elemental system was used to identify the phases. The

spectrums are obtained in the range of 29 between 10° and 90° with a rate of 1.2 degree per

minute.

The sample preparation was done by carefully pressing powders into a 20 mm*20mm

window with a press having the same sample window dimensions; no powder grinding is

needed, as the particles are very fine.
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A quantitative analysis was permitted using Spurr and Muyers (1957) equation valid

only in the case of anatase / rutile mixture of titanium dioxide.

XA=—T—^—\ <4-1)'"- -+(%N

XA = Anatase mass fraction.

IA and Ip are the reflections intensities of (101) anatase and (110) rutile respectively.

K = constant = 0.79 which can vary by the change of the apparatus or the spectrum
conditions.

This equation with its constant was verified by doing a calibration curve using either

quartz or pure rutile as standards and preparing different quantity of titanium dioxide diluted

with calcium carbonate. The Spurr and Myer equation gave the same rutile to anatase ratio

as the calibration method, emphasizing the validity of the equation in our case.

4.3.2 Specific surface area (BET)

The BET (Bruwaner Emmett and Teller) method is based on the gas adsorption on

the solid surface. The BET equation in its linear form is:

%s 1 C-l P
-+—1— (4.2)

a(l-P/Ps) a^C amCPs

C = constant related to the monolayer adsorption

P = adsorbent pressure

Ps = saturation pressure at 25°C

a = adsorbed quantity, Ps = Adsorbent saturation temperature at the adsorption temperature,

am = monolayer surface capacity,

Using a micrometric analyser with a helium / nitrogen mixture as adsorbents

consisting of 30% N2 and 70% He the surface area was calculated. The nitrogen adsorption

is measured at its boiling temperature at P/Ps between 0.05 and 0.3. From the isothemn, the

value of both am and C are deduced. The monolayer surface am is finally converted to specific

surface area under the assumption that each nitrogen molecule occupies 0.162 nm .
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4.3.3 Scanning electron microscope (SEM)

The SEM helped in determining the morphology of the synthesized powders. In the

SEM, secondary electrons escape from the material surface being hit by the main beam. The

current generated by the collection of these secondary electrons allows the formation of the

image of the particle. As the powders are very fine, having a size below 100 nm, a better

image resolution is necessary using the transmission electron microscope. The SEM used

during the analysis is JEOL 840 A model.

4.3.4 Transmission electron microscope (TEM)

This microscope uses the transmitted electrons, so a thin sample layer is required. A

resolution up to 10 m can be reached. For the ultrafine powder to be examined a thin layer

sample has to be prepared on a nickel grid of 300 mesh and 3 mm diameter (sample

support). Before using those grids they have to be covered with a membrane of

plastic/carbon. A film layer of about 10 nm thick is prepared using the conventional methods.

To depose the particles on the support membrane a suspension solution is prepared using

0.5 mg of T102 powder in acetone as solvent and passing it 30 seconds in an ultrasonic bath.

During sonification a sample of 20 to 30 [iL is recovered and deposited on the grid.

After a complete drying of the sample they were examined using a HITACHI TEM

(model H - 7500). The analyses were done at the CHUS (Centre Hospitalier de I'Universite

de Sherbrooke) in Sherbrooke, Canada.

4.3.5 Dispersive energy spectrum

Dispersive energy spectrum was used to determine qualitatively the impurities present

in the produced powder. The dispersive X ray energy spectroscopy is connected to the

scanning electron microscope. The electron beam colliding on the sample is responsible for

the production of X rays. This irradiation is the result of the atoms deactivation of which, the

energy is characteristic to each atomic element, allowing an elemental analysis.

To examine the sample for the elemental analysis, the amount of humidity must not

exceed 5%, so in most of the cases, the powders were heated at 110°C for 3 hours to make

sure the samples were dry.
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4.3.6 Particles mean diameter estimation

Using the Photon Correlation Spectroscopy of Quasi Elastically Scattered Light

technique both the effective diameter and its distribution are calculated. This technique

measures the fluctuations of a laser beam caused by the Brownian motion of the particles.

The equation relating the effective diameter to the light diffusion is:

D=-kBJ—cm2/^ (4.3)
37T7j(t)d

RB = Boltzman constant

T = temperature (K)

T| = liquid viscosity (Poise)

d = effective diameter of the particles (nm).

In case of the size distribution, the assumptions of spherical particles and independent

particle motion are taken into account.

The apparatus used is from Brookhaven Instrument Company (BIC), and the analyses

were made at ENVIRO site situated at the industrial park in Sherbrooke, Canada.

Another way of determining the mean diameter is from the calculated BET surface

area. This method assumes the spherical shape of the particles and the equivalent mean

diameter is given by:

d_= — — (4.4)
^ PnS^P~ sp

The mtile density is = 4.26 g/cm3 while the anatase density is 3.9 g/cm

4.3.7 Isoelectric point measurement and zeta potential

The isoelectric point is defined as the value of pH at which the zeta potential is zero. It

is a very important measure and relates strongly to stability of the dispersed powders in

solution.

Before presenting the meaning of this technique, the zeta potential constant is first

introduced.
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The measurement of zeta potential is often the key to understanding dispersion and

aggregation processes in applications as diverse as water purification, ceramic slip casting

and the formulation of paints, inks and cosmetics. Zeta potential is a measure of dispersion

stability, the higher zeta potential implies more stable dispersions and low values can indicate

colloid instability, which could lead to aggregation.

The greater the zeta potential the more likely the suspension is to be stable because the

charged particles repel one another and thus overcome the natural tendency to aggregate.

M2 Referenc e B earn

Figure 4.5 Zeta potential principle of operation

Source : http://www.bic.com/

The principle of operation relies on the electrophoretic light scattering and the Laser

Doppler Velocimetry (LDV) method to determine particle velocity and, from this, the zeta

potential. Laser light is scattered by particles moving due to the electric field. This scattered

beam is mixed with a reference beam at the detector (a photomultiplier tube) the reference

beam is then modulated. A frequency shift gives information from which both sign and

magnitude of the electrophoretic mobility (the velocity of the particles, per unit applied electric

field) can be calculated

co=q«v

>f6'47insm|

®=——^-^-•p,Ecos((p)
(4.5)

co = frequency shift (Hz)

n = liquid refractive index (no unit)

9 = scattering angle (radian)

41



^ = laser wavelength (nm)

E = electric field strength (VolVm)

|Li = electrophoretic mobility (nmA/olt sc)

({) = angle between the scattering vector (q) and particle velocity (v) (radian)

Zeta potential can be derived from the electrophoretic mobility

ft=E-^- (4.6)
n

fi = electrophoretic mobility (nm/Volt s)

So = permittivity of free space (Farad/m)

Sr = relative permittivity of the liquid (no unit)

^ = zeta potential (Volt)

r\ = liquid viscosity (Poise or g/cm/s)

The following part is illustrating the meaning of the zeta potential value.

Colloids are considered as meta stable system subjected constantly to attractive

forces, their aggregation are prevented by repulsive forces that usually come from the

dissociation of surface groups or the preferential desorption or adsorption of ions on the

surface. The value of the zeta potential is a good indicator of the dispersion stability.
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Figure 4.6 represents what does the zeta value represents.

Surface"

0

Q
Wo

4f/^ghear Plane

4} — —

4+ +
-4

w

+

+

+ —

+
-+ +

— Diffuse Layer
-t+ — —

\y = uf eC-Kx)

Figure 4.6 The zeta potential value

Source : http://www.bic.com/

At the surface counter ions build up, eventually equilibrium between counter ions and

co-ions is established due to diffusion.

At the shear plane, the potential difference is defined to be the zeta potential

The Isoelectric Point (IEP)

The isoelectric point defined, as the value of phi at which the zeta potential is zero is a

very important measure and relates strongly to stability.

In colloids where the particles have acid or base groups on the surface, the hydrogen

ion is potential determining and adjusting the pH can control the charge. Consequently

knowledge of the IEP can allow control on the colloid dispersion stability.

As an example of application, in the neighborhood of the IEP, the zeta potential is so

low that the suspensions are unstable and so the particles begin to flocculate. As a result of

flocculation the particle size increase giving the size of the flocks.
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So in order to avoid flocculation pH is adjusted to a value far from the IEP. On the

other hand if the TiOz suspensions are to be filtered, then flocculation may be desirable. In

this case the pH could be adjusted to give a low zeta potential.

Experimentally, 1g of the powder was suspended in 100 ml KCI electrolyte. The

isoelectric point was determined using KCI as a supporting electrolyte which is believed not to

be specifically adsorbed on oxides. Each run started with the adjustment of the pH to a

desired value and the titration continued by adding a 0.1 mol dm solution of either HNOs or

KOH in 10^1 steps every three minute.

The apparatus used is from Brookhaven Instrument Company (BIC), and the analyses

were made at ENVIRO site situated at the industrial park in Sherbrooke. The zeta potential

apparatus is related to a pH meter so the preparation of samples and the measurement were

carried out at the same time.

4.3.8 Differential therma!_analysis (DTA)

Titanium dioxide prepared by vapour phase oxidation of TiCl4 undergoes different

process during heating. Dehydration, dechlorination and anatase to rutile transformation take

place. Measurements applying DTA and TG methods have been carried out.

The aim of the calcinations is to remove unbounded and bounded water as well as

chlorine compounds and to know the temperature of crystal transformation. Additives like

Si02, which modifies the product characteristic, alter the several physico-chemical processes

formed during heating.

The differential thermal analysis of TiOz in absence and in presence of additive (Si02)

was investigated under both inert and air atmosphere.

In DTA, the heat absorbed or emitted by a chemical system is observed by measuring

the temperature difference between that system and an inert reference compound (in our

case alumina) as the temperatures of both are increased at constant rate.

General principles of the thermogram peaks is briefed in the following:

The maxima peaks appearing above zero are for exothermic changes, which may be

the result of physical or chemical phenomena. Physical processes that are endothermic
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include fusion, vaporization, sublimation, absorption and desorption. Adsorption is generally

an exothermic physical change, while crystalline transition may be either exothermic or

endothermic. Chemical reactions also produce differential peaks; both exothermic and

endothermic processes are possible.

After drying the samples of Ti02 at 105°C until constant temperatures, DTA was

carried out for 2 different samples. A thermal analysis was also conducted for one of the

sample synthesized in standard conditions without silicon doping. The temperature range of

the analysis was 20° - 1200° with a heating rate of 5 deg/min in ceramic crucible. The

analysis was carried at the Ecole Polytechnique de Montreal in the Mechanical Engineering

department.

4.3.9 Elemental analysis by inductive coupled plasma (ICP)

This technique requires the sample to be in a liquid form so a proper digestion with a

mixture of nitric and sulphuric acid was carried out before analysis. The solution is introduced

by direct nebulization; the plasma is produced through an RF generator. Each element emits

a specific optical ray pattern, which is focalized on a monochromator selecting the proper

wavelength characteristic of each element to analyze. The selected optical wavelengths are

then transformed into an electrical signal through a photomultiplicator, and amplified. This

electrical signal is then transformed into a "concentration" through computerized software.

The technique allows a quantitative elemental analysis of all the heavy elements that

permits an estimation of the samples degree of purity as well as the amount of doping. The

analysis was done at COREM mineral research center in Quebec city, Canada.

4.3.10 Photocatalytic activity

Titania nano powders are mostly used as photocatalytic agent. An evaluation of the

degree of photoactivity compared to the other commercial powders was necessary.

The photoactivity of the plasma generated titania powders was evaluated with phenol

in oxygenated aqueous suspensions.

All experiments were performed with bubbling pure oxygen in the solution through a

stainless steel ring having five holes. This assured complete mixing and suspension of the

catalytic particles. The solution was directly subjected to a UV light source (Co/e Palmer)
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having a filter to allow only the portion of UV radiation with wavelength in the range of 300 -

400 nm to reach the reacting solution.

The concentration of phenol was determined with the 4 aminoantipyrine method

[Okamoto et al., 1985} This method is given in two forms: Method for extreme sensitivity,

adaptable for use in water samples containing less than 1 mg phenol/L and another for

higher concentration.

As the reactor is designed for small solution volume and the UV source is not

immerged in the organic solution the first sensitive method was selected. Preliminary tests

using high phenolic concentration was tested but the method was soon discarded as the rate

of phenol destruction was very slow giving small absorbance difference.

Experiments were performed with aqueous solutions of phenol having initial

concentration 1 p.g/l. The catalyst concentration in phenol was 0.75 g/l. The titania particles

were dispersed in the solution by ultrasonification for 10 minutes in an ultrasonic bath. The

UV lamp was warmed up for 10 minutes before starting the experiments. Samples were

withdrawn from the reactor by pipetting 25 ml every 10, 30 and 60 minutes while the reaction

is proceeding.

The analysis steps are as follow:

1. The samples were centrifuged for 10 minutes at 4000 RPM

2. Only 10 ml of the centrifuged sample was diluted to 500ml in a separotary

funnel. This sample without any phenol destruction should contain 20|ig

phenol/L

3. To samples and blank 10 ml of buffer solution was added the pH is 10 ± 0.2.

4. 3.0 ml aminoantipyrine solution was added and mixed

5. 3.0 ml potassium ferricyanide solution was added and mixed

6. After 15 min, an extraction with 25 ml chloroform was performed after shaking

for at least 20 times
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7. The chloroform extract is finally filtered through phase separator filter paper

and the absorbance is measured at 460 nm. A UV - Vis spectrophotometer

was used for that purpose.

All phenol samples were used within four hours of their preparation, the stock solution

was kept at 4°C in the dark. The colorant and the reducing agent are freshly prepared each

day of experiment.
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CHAPTER 5

5 OPERATING CONDITIONS AND RESULTS

5.1 Operating Conditions

During this study, the effect of many parameters on the powder characteristics has

been investigated. Variations in the feed rate of the sheath plasma gas, the 02/TIC14 molar

ratio, the plasma power, the nature of the quenching gas and its flow rate were the main

parameters studied.

The experimental procedure was described in chapter 4. The range of parameters

variations and the other constant operating conditions are given in table 5.1 . The most

important parameter used to describe the performance is the reactor yield.

Reactor yield = —"—^—-^"—— x stoichiometric value (1)
reactant fed to the reactor

The reactor yield, varied from 80 to 70%. The loss of 20 to 30% of the reaction yield is

due in part to the formation of a thick sticky deposit of Ti02 powder on the reactor walls at the

reactor level where the plasma temperature is maximum and the difficulty of collecting all of

the very fine particulates in the filter.
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Table 5.1 Operating conditions of the plasma torch

Parameters

Central gas (Qi) Ar

Sheath gas (02) 02

Diluant gas (Qs) Ar

Reactant gas (04) TiCl4

Quench gas (Qs)

Plasma plate power

Reactor absolute pressure

Conditions

30 L/min (STP)

50to125L/min(STP)

5 L/min (STP)

10 to 115g/min

375 or 475 slpm (air) or
256 slpm (argon)

20 to 45 kW

300 to 600 Torr

5.2 Effect of quenching gas variations

Three different types of quench gases compositions were investigated, air, air with

water vapour and argon. In case of air a rate up to 475 L/min, which represents the limit of

quench gas to maintain the required reactor operating pressure, was used. The addition of

water vapour was done just to humidify the air and another test with water vapour excess

equivalent to the double amount required to humidify the air. Finally the argon was injected at

a rate of 256 L/min, the value which was limited by the argon supply system. Table 5.2 will

summarize the number of tests carried to study the effect of quench gas.
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Table 5.2 Operating conditions to study the effect of quenching gas variations

Run ?

11

9

13

14

39

40

46

Qi
(Ar)

slpm

30

30

30

30

30

30

30

Q2
(02)

slpm

50

50

50

50

50

50

50

Qs
(Ar)

slpm

5

5

5

5

5

5

5

Q4
(TiCLQ

g/min

53

45.8

34.94

26.6

48

48

48

Qs Quench
gas

slpm

375 air

375 air

375 air +
0.0037
water

vapour

375 air +
0.007
water

vapour

256 argon

256 argon

475 air

Pa

kW

24

24

24

24

29.5

29.5

31

p

Torr

500

550

500

600

400

450

400

02/TiCl4

Molar
ratio

8

9

12

15

8,7

8,7

8,7

For experiment 13 the water vapour amount is equivalent to the amount that just

humidities the air, and for experiment 14 an excess water vapour was added.

The powders were collected carefully and heated for 3 hours at 110°C. After oven

treatment alt air humidity associated to the powder from the atmospheric air was suppressed.

The dispersive energy spectrum shown in figure 5.1 & 5.2 revealed the presence oftitanium

element and small traces of chlorine element. The presence of silicon element is due to the

apparatus X ray detector. Only, experiment 13 and 14 carried out in the presence of water

vapour, showed the presence of both chrome and iron elements due to a severe corrosion

inside the reactor. Following this result the injection of water vapour along with the quench

gas was abandoned.
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Figure 5.1 Dispersive energy spectrum of experiment 13 carried out in presence of water
vapour.

3-1

Figure 5.2 Dispersive energy spectrum of experiment 46 at 475 slpm air quench gas

The produced powder was subjected to several characterization techniques as

described in table 4.1 . Table 5.3 summarizes the characterization results found with

different quench gases.
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Run
n°

11

9

13

14

39

40

46

Table 5.3 Characterization results

Qs Quench
gas (slpm)

375 air

375 air

375 air +
0.0037 g/min
water vapour

375 air + 0.007 |
g/min water

vapour

256 argon

256 argon

475 air

d (nm)
spectra.

5

14.5

7.9

5.8

145

108.2

208

BET
(m2/g)

28.3

30.9

20.4

15.2

29.3

27.0

27.8

for different quench gases

d (nm)
BET

52.92

48.5

73.5

98.5

51.2

55.4

53.9

d (nm) SEM
&TEM

60

57

100

200

100

100

50

anatase
weight %

86

87

82

81

85

85

88

The anatase weight percent is higher in case of argon and air quench rate than in

case of water vapour and air. In addition the higher the air flow rate the higher is the percent

of anatase. A value of 88 % anatase is obtained with 475 air flow rate.

Figure 5.3 shows the effect of the different quench gas and their flow rate on the anatase

weight %. Actually the anatase weight % is mainly related to the operation temperature, a

decrease in the overall temperature gives more anatase and this can be explained by the

mechanism of phase formation and particle nucleation presented earlier in chapter 2. So, at

an excess of air the temperature decreases and favours the formation of anatase.
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Figure 5.3 Effect of the nature of the quench gases and their flow rates on the anatase %.

For the particle size, the particle diameter determined using the scanning and

transmission electron microscope show a decrease in the particle size with an increase in the

air flow rate. This is explained by the rapid quench resulting in a rapid coalescence

mechanism as predicted by the nucleation and particle formation mechanism described in

chapter 2. Figure 5.4 shows that the TEM diameters decreases with the increase in the

quench gas flow rate.
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Figure 5.4 Effect of the nature of the quench gases and their flow rates on the particle size.

A great discrepancy is present between the mean diameter calculated by the two

different methods, the photon correlation spectroscopy and the BET. The explanation relies in

the dispersion or the colloidal stability, a highly dispersive powder gives accurate result by the

photon correlation spectroscopy method, on the other hand, an agglomerated sample results

in an overpredicted mean diameter as the laser method count more particles than the reality

due to agglomeration. This is emphasized by the bimodal and trimodal size distribution found

in the laser method. The BET method coincides almost with the diameter detected by the

transmission electron microscope. So, the diameter measured using the photon correlation

spectroscopy serves to determine whether the sample has a good dispersion power or not.

In order to study more the colloidal stability and the dispersiblity, the particles

distribution diameter, their zeta potential values and the isoelectric point described in

chapter 4, are measured and presented as follow:

For the zeta potential and isoelectric point determinations shown in figure 5.5 , 1g of

the powder was suspended in 100 ml 0.1 mol KCI electrolyte. The isoelectric point was

determined using KCI as a supporting electrolyte which is believed not to be specifically

adsorbed on oxides. Each run started with the adjustment of the pH to a desired value and
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the titration continued by adding a 0.1 mol dm solution of either HNOs or KOH in 10(11 steps

every three minute.

,:Sample,ld.;;:.:.,:Y:::;::::;f^.,'i:',^f^
ph= 2.71 33 in electrolyte

ph= 3.75 33 in electrolyte
ph= 5.77 33 in electrolyte
ph= 7.15 33 in electrolyte
ph = 8.43 33 in etectrolyte

l:.;-;;!:-J;,Date;l'.:':.,',
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Mar 13,2001
Mar 13,2001
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Figure 5.5 The zeta potential determination for different pH powder values.

The value of the zeta potential is a good indicator of the dispersion stability. An

absolute value of 25 mV or higher indicates a good dispersion ability of the solution. So, as

shown in figure 5.5 the highest colloidal stability is obtained at pH = 2.7 with a maximum zeta

potential value of 71.8 mV. The isoelectric point is nearly at a pH of 5.5 so a flocculation of

the nano particles are observed near this pH. In order to control the dispersion properties a

pH around 2 or 9 should be maintained.

The difference between the particles diameters as determined by the photon

correlation spectroscopy and the BET can also be explained by the large distribution

diameters found in the 4 experimental sets, an example of the size distribution is shown in

figure 5.6 as determined by the photon correlation spectroscopy method.
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Figure 5.6 The particle size distribution for experiment 46 with 475 slpm quench air flow rate

Three modal system are observed indicating the presence of polydispersed powder.

Different electron microscope photos are presented for the different nature of

quenching gases, to visualize the morphology and the mean particle size.

^•^ I?

H.1 «r

^^^r '• ^^y
8822 15KV^ X58,Q@0 IQenm U ^̂̂•^

Figure 5.7 Scanning electron microscope picture of run number 1 1 (air = 375 slpm)
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Figure 5.8 Scanning electron micrograph of run 9 (air = 375 slpm)

Figure 5.9 Scanning electron micrograph of run 13 (air + water vapour)

Figure 5.10 Scanning electron micrograph of run 14 (air + excess water vapour)
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The effect of water vapour can be visualised. Figure 5.9 and 5.10 show a non-

distinctive morphology, a fused particles highly aggregated by the effect of water.

Figure 5.11 Transmission electron micrograph of the titania powder, run 11 (air = 375 slpm)

A higher resolution is given by the TEM, showing the spherical morphology and the

small size of the produced powders. The BET method coincides almost with the diameter

detected by the transmission electron microscope while the photon correlation methods

varies with the pH and zeta potential values of the dispersion solutions.

5.3 Effect of reactant (TiC^) loading

Four tests was effectuated in which the main parameter studied was the TiCU (04)

feed rate that varied from 1.8 to 9.5 L/min for a plate power of 24 kW. As the oxygen feed

rate was constant the stoichiometric molar ratio 02/TIC14 varied from 8 to 39. This range

represents an excess of oxygen from 8 to 39 times more than TIC14 and it was chosen

according to the equilibrium composition study of the system presented in chapter 3. An

excess of oxygen was essential to assure complete titanium tetrachloride oxidation.

The operating conditions of the first experimental sets are presented in table 5.4 . The

operation time did not exceed the 5 minutes.
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Table 5.4 Operating conditions to study the

Run ?

11

9

12

10

Qi
(Ar)

slpm

30

30

30

30

02
(02)

slpm

50

50

50

50

Qs
(Ar)

slpm

5

5

5

5

Q4
(TiCl4)

slpm

53

45.8

17.3

10.7

Qs
(Air)

slpm

375

375

375

375

effect of TiCl4 feed rate

Po

kW

24

24

24

24

p

Torr

500

550

500

500

02/TJC14

Molar ratio

8

9

24

39

The results of experiments 11,9, 12 and 10 are summarized in table 5.5 .

Table 5.5 Characterization techniques for different TIC14 feed rate

Run n°

11

9

12

10

02/TIC14
(molar ratio)

8

9

24

39

BET
(m2/g)

28.3

30.9

28.6

25.6

d (nm)
BET

52.9

48.5

52.4

58.7

d (nm) SEM
&TEM

60

57

70

100

anatase
weight %

86

86.9

88.9

91.6

Based on the results presented in table the following obsen/ations may be made. An

increase in the anatase weight percent is observed with an increase in the 02/TJC14 ratio. A

value of 92% anatase is obtained with Oz/TiC^ ratio of 39. Figure 5.12 shows the variation of

the anatase phase weight percent with the 02/TJC14 molar ratio. As mentioned previously the

anatase weight % is mainly related to the operation temperature, so an excess of oxygen up

to 39 times more than TiCl4 decreases the temperature and favours the formation of anatase.
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Figure 5.12 Effect of the 02/TICI4 ratio on the anatase weight % content of the powder

Scanning electron micrographs are presented, to visualize the morphology and the

mean particle size of the powders obtained.

Figure 5.13 Scanning electron micrographs of run 12 (02/TiCl4 molar ratio = 24)

As shown in table 5.5 the mean particle size increases with an increase in the

02/TiCl4 molar ratio. This can be explained by the slowing in the coalescence rate due to the

decrease in temperature leading to further cluster aggregation as described earlier in chapter

2 part 2.3.2 resulting in higher particle size.
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5.4 Effect of the plasma plate power

Having the plasma processing parameters held constant except for the plate power,

the effect of the power variation was studied as shown in table 5.6 .

Table 5.6 Operating conditions to study the effect of plate power

Run ?

52

47

48

Qi
(Ar)

slpm

30

30

30

02
(02)

slpm

125

125

125

Qs
(Ar)

slpm

5

5

5

Q4
(TiCU)

g/min

114

114

114

Qs Quench
gas

slpm

475 air

475 air

475 air

Po

kW

21.2

30

48

p

Ton-

425

425

425

02/TJC14

Molar
ratio

9.2

9.2

9.2

The result of the analysis is summarized in table 5.7

Table 5.7 Characterization technigues of samples made from different plate power

Run n°

52

47

48

Po (kW)

21.2

30

48

BET
(m2/g)

23.4

27.0

34.7

d (nm)
BET

64.1

55.4

43.3

anatase
weight %

94

87

84

Figure 5.14 shows the decrease in the anatase weight percent with the plate power.

As the rutile has much closer atomic packing in its crystal pattern and the transformation of

anatase to rutile involves volume contraction, an increase in the rutile weight % is

accompanied with temperatures increasing resulting from the higher plasma power.
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Figure 5.14 Effect of the plate power on the anatase weight % content of the powder

As the plate power increases and consequently the plasma temperature, rapid

coalescence occurs resulting in smaller particle sizes as calculated by the BET method

shown in table 5.7 .

5.5 Effect of silica doping

For the first part, variations of the previously mentioned parameters have been carried

out in order to identify the best operating parameters giving the best powder quality in term of

purity, size, phase and size distribution. Once those parameters were known, a doping of Si

was done using silicon tetrachloride precursor along with the TiCLt reactant.

The SiCl4 was fed exactly the same way as the TiCl4 through an added coil in the

evaporating system. Finally the SiCU vapour was connected to the probe by a Teflon tube

and a tee connection on the probe.
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The following plasma parameters were kept constant through the experiment series.

30 Ar + 50 02

350 - 400

28-30

445

Gas flow rates (slpm):

Pressure (Torr):

Power (kW):

Quench (air) (slpm):

Different molar ratio of SiCLt was introduced. Table 5.8 resumes the operation

conditions used. The results from the analysis of the produced powders are given in

table 5.9 .

Table 5.8 Operation conditions in case of Silica doping

Run

?
30

31

32

33

34

35

TiCl4 feed

g/min

48.75

47.9

48

50.5

52.75

52.25

SiCl4 feed

g/min

0

1.3

3

6.4

12

17

SiCl4/TiCl4%

Molar ratio

0

1.9

4.4

9.3

16.9

23.4

02/TJC14

Molar ratio

8.7

8.8

8.8

8.5

8.3

8.3

Table 5.9 Summary of the analysis results for the Silica-doped titania

Run n°

30

31

32

33

34

35

d (nm) laser

31.2

126.3

175.4

192.4

126.8

127.1

BET (m2/g)

25.4

51.1

45.56

43.769

38.7

44.002

d (nm) BET

60

29.3

32.9

34.3

38.7

34.08

anatase %

85

86

84

85

84

86
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All the runs performed with dopant SiCU resulted in lower particle size than run 30

with no dopant.

The X ray diffraction pattern showed in figure 5.15 shows the highly crystalline

property of the produced powders with no significance effect on the anatase %. The amount

of silica doping is detected by the ICP method giving quantitatively the Si % in each run. The

Si02 crystalline phases could not be detected by the X ray diffraction patterns.
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Figure 5.15 X ray diffraction pattern of the silica doped titanium dioxide
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The size distribution

A bimodal size distribution was obtained indicating a moderate size distribution.
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Figure 5.16 Size distribution analysis of the silica doped titania powder

The transmission electron micrographs show a finer particle size when compared with

the non-doped titania particles. Bimodal distribution of the particles can again be observed.

Figure 5.17 Transmission electron micrograph of run 30 (without silica doping)
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1&

Figure 5.18Transmission electron micrograph of run 31 (SiCl4/TiCl4 molar ratio = 1.9)

Figure 5.19 Transmission electron micrograph of run 32 (SiCl4/TiCl4 molar ratio = 4.4)
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Figure 5.20 Transmission electron micrograph of run 33 (SiCL/TiCL^ molar ratio = 9.3)
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The finest powder size can be easily detected in the case of the least amount of

silicon doping as shown in figure 5.21 , which confirms the diameter calculated according to

the surface area.
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Figure 5.21 Effect of different amount of silica dopant on the specific surface area of the
produced powders

Differential thermal analysis

The differential thermal analysis of Ti02 in absence and in presence of additive (Si)

was investigated under both inert and air atmosphere.

The aim of the calcinations is to remove unbounded and bounded water as well as

chlorine compounds and to know the temperature of crystal transformation. The several

physico-chemical processes formed during heating are altered by additives like SiCLt which

modifies the product characteristic.

The TG curve in figure 5.22 was carried out for sample Ti02 without any additive

under air atmosphere, mass loss was only observed at low temperature up to 250°C. The

horizontal regions correspond to temperature ranges in which T102 is stable. The observed

fluctuation may be attributed to the lack of sensibility of the apparatus device at low

temperature.
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The same result was observed for the same sample under inert atmosphere,

indicating that inert atmosphere has no effect on weight loss.

TG
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Figure 5.22 TG curve of Ti02 sample of run 30 without additives

It has been found that to eliminate chemisorbed chlorine temperature above 500°C is

required. So as the only weight losses detected are below 250°C, a conclusion can be driven

that the chlorine is only physisorbed and below 250°C we can get rid off both water and

chlorine.
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Differential thermogravimetric analysis (DTA)

Signal DTA sur 6chantillon 29 sous air

0

.5

-10

-15

-20

^ ^ ^ ^

—Flux de chaleur
—TempArature

- ^ ^- ^ ^

Temps (s)

800 g
2
2
t

600 ,£

Figure 5.23 DTA curve for non doped titania

The endothermic reaction for non doped titania start at 810°C indicating phase

change from anatase to rutile.
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Signal DTA sur 6chantillon 31 sous air

Temps (s)

Figure 5.24 DTA curve for doped titania with SiCl4/TiCl4 molar ratio = 1.9

For doped titania particles, the reaction start at 1100°C indicating a higher

temperature for the transformation to occur.

So the thermal analysis helped to know the nature of adsorbed chlorine and to confirm

that no chloride titanium compounds are formed as all the loss temperature is before 250°C.

Another observation was made and that was the delay in the transformation anatase to rutile

in case of silicon doping.
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Inductive coupled plasma elemental analysis

A quantitative elemental analysis of the Si element and on other possible elements

was carried out on the produced powders without doping and with different Silica doping to

verify the quantity of Silica and the purity of the produced powders. The results of elemental

analysis with the Silica doping levelsis given in table 5.10 .

Table 5.10 Amount ofelementalSi do^antin the synthesized titania powders
Run n°

30

31

32

33

34

35

SiCl4/TiCl4%

0

1.9

4.4

9.3

16.9

23.4

Si%

< 500 ppm

< 0.03

1.04

1.16

1.39

2.89

The complete ICP elemental analysis was only carried out on the experiment 30

having no Si, to determine the amount of impurities. The amount of iron was less than 0.03%,

the chrome was detected to be 145 ppm, nickel 47 ppm and the rest of the element was less

than 10 ppm.
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Evaluation of the photoactivity

Some of the produced powders were selected for the measurement of their

photocatalytic activity for the destruction of phenol, which is considered one of the main

organic pollutant. The exact procedure was described in chapter 4.

The method requires the determination of phenol concentration from the amount of

color of an antipyrine dye produced when aminoantipyrine reagent is added on phenol

solutions. The amount of color is determined using a spectrophotometer. Standards solutions

with known phenol concentrations must be first prepared. The exact concentrations and the

calibration curve are presented in the following.

Table 5.11 Prepared s^nda^Tds^oj^he^etermination p^ phenot photodestruction

Cone. (^ig/L)

0

6

20

40

50

Absorbance

(460 nm)

0

0.03

0.076

0.155

0.191

Phenol destruction calibration curve

10 20 30 40

cone (ug/L)
60

Figure 5.25 Calibration curve for phenol concentration measurements
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Evaluation of the photoactivity of various selected powders

Two powders with different amounts of plasma sheath gas and reactant gas for the

same plate power, were selected. Their photoactivity was compared with commercial

degussa P25 powder. The commercial powder is known to be the best photoactive powder

Fotou et al., 1995, their specific surface area is around 50 m /g, their amount of anatase

weight percent is 75% and their mean particle diameter is around 30 nm. The dispersive

energy spectrum of degussa P25 shows the presence of Ti, Cl, Al and Si.

The operating conditions of the two selected powders is summarized in table 5.12

This is followed by figure 5.26 showing the resulting photoactivity of the powder.

Table 5.12 Operating conditions of the two selected powders for the photocatalytic evaluation

Run ?

46

56

Qi
(Ar)

slpm

30

30

Q2
(02)

slpm

50

125

Qs
(Ar)

slpm

5

5

Q4
(TiCl4)

g/min

48

150

Qs Quench
gas

slpm

475 air

475 air

Po

kW

31

30

p

Torr

400

400

02/TiCl4

Molar
ratio

8,7

7.0

1

0.8

0
y 0.6
(j

0.4

0.2

•<s
<s

i 10

run 46

,s
s

s
S^ run 56

^---
Degussa P25

20 30 40
Time (min)

50 60 70

Figure 5.26 Effect of different plasma sheath gas and reactant gas on the photocatalytic
activity of the produced titania powders
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Figure 5.26 shows that the commercial powder is the most photoactive and that the

powder of run 56 with higher amount of plasma gas than run 46 is more photoactive. The

difference in photoactivity can be attributed to the value of the specific surface areas that is

related to the amount of active sites present on the surface of the powder. A high surface

area increases the amount of available active sites and therefore the contact with the working

phenol solution generating more hydroxyl free radical and accelerating the destruction of

phenol. Effectively run 56 have a higher surface area than 46 with a value of 40.6 m2/g to the

former and 27 m2/g to the latter. For the commercial powder the high specific surface area

(50 m /g) and the nature of their additives may be the reason for the highest photoactivity.

Table 5.13 summarizes the former result.

Table 5.13 Photoactivity of the synthesized powders
Run n°

46

56

Degussa P25

Surface area (m2/g)

27

40.6

50

Activity

Low

Moderate

High

The absence of a standard photoreactor with the ultra violet lamp immersed in the

working solution was the reason for the increase in the titanium dioxide concentration when

compared with the phenol concentrations as the contact between the source of light and the

catalytic solution was minimum in our case. It would be favorable to have the photoreactor

equipment for further studies, so a larger amount of runs can be easily tested.
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SUMMARY AND CONCLUSIONS

Nanosized Ti02 is synthesized in an r.f. thermal plasma reactor. This method is

advantageous over the wet chemistry processes since it provides the high temperature for a

vapour phase reaction avoiding the large liquid volumes and surfactants. The r.f. thermal

plasmas have no contamination source by electrodes assuring high powder purity. There is

also a possibility of introducing a range of additives at the same process. The purpose of this

study is that the results obtained will serve toward the eventual industrial scale up for the r. f.

plasma synthesis.

Different quenching gases were used and the effect of many parameters was

investigated in each case. The air gave the best powder quality in the term of the nanometric

size and spherical morphology. The water vapour introduction created a source of corrosion

and consequently a source of contamination. Finally, the argon flow rate was insufficient to

form a fine powder size, so a larger powder volume was detected. For all cases, a high

oxygen concentration assured complete reaction; more specifically a ratio of 02/TIC14 of 8-9

along with a power of 30 RW give the best condition for the reaction to proceed completely

giving the ultrafine particles required. Although, a high oxygen amount over the TiCl4 may

seem not economical, the powder characteristic should overweigh the oxygen costs.

The silica doping of the titania powder during its gas phase synthesis decreased the

powder size and increased the surface area. Silica doping is also observed to inhibit the

rutile-to-anatase transformation until 1100°C, knowing that the original powder undergoes the

phase change at 800°C. The smallest crystal size corresponded to the least amount of

doping (1.04%).

Some selected powders was evaluated in terms of their photocatalytic activity toward

phenol destruction known as a well established method for the waste water treatment. The

commercial Degussa P25 powder was taken as an ultrafine titania photoactive powder

reference. A variation in the photoactivity of the produced powders was found with variable

plasma parameters. For two selected powders, the produced particles, having higher

reactants (TiC^) plasma rate flow gases, gave higher photoactivity than the other with less

rate flow reactants gases.
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RECOMMENDATIONS FOR FURTHER STUDIES

In fact the r.f. thermal plasmas technique allows a wide variety of operating conditions

giving a high flexibility for powder treatments. The ideal is to investigate a larger number of

additives so at the end of the process either a highly photoactive powder or an inactive

powder will result depending on the type of application needed. Vanadium and chromium

doping was found to increase the photocatalytic activity so their addition may be useful for

photoactive applications. The alumina doping can be also tested using the aluminium

trichloride precursor. Once an enough wide variety of additives are considered, its application

for air or water treatment, in ceramic or cosmetic field must be validated.
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