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Abstract

An experimental investigation of flame synthesis of titania particles was conducted in premixed flames. The titanium precursor and silicon

dopant used in this study were titanium tetraisopropoxide (TTIP) and hexamethyldisiloxane (HMDS), respectively. The objective of this study

was to investigate the influence of flame condition, TTIP concentration, and HMDS on the phase composition and particle morphology of

titania synthesized in flames. It was found that the anatase content of titania particles made in flames was appreciably increased by the increase

of oxygen concentration in the oxidizer. The increase of flame temperature results in the decrease of anatase content. A significant increase in

rutile content of titania particles was observed by increasing the particle residence time at high temperatures. The doping of HMDS in flames

inhibits the transformation of anatase to rutile phase and, therefore, reduces the rutile content of product particles. Under the flame doped with

low concentrations of HMDS, titania particles with SiO2 particle agglomerates attached were produced. Further increase of the HMDS

concentration up to the Si to Ti molar ratio equal to 0.375 results in the formation of a large amount of SiO2 agglomerates in the product.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Titania (TiO2) powders have been produced by the so-

called ‘chloride process’ where oxidation of titanium

tetrachloride (TiCl4) vapor takes place in a flame aerosol

reactor [1]. Titania particles crystallize mostly in two

polymorphic forms: rutile and anatase. Anatase is a

metastable phase, which transforms into rutile at high

temperatures [2]. Depending on their crystalline phases,

titania particles of anatase phase have been proved to be

more active photocatalysts in environmental remediation

than rutile phase [3], while rutile titania particles have

been used as white pigments [1]. Due to their unique

photocatalytic properties, anatase titania powders have

attracted great interest in decontamination treatment of

wastewater or gas phase degradation of industrial organic

pollutants [2].
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The formation of titania particles by the flame synthesis

using TiCl4 as the precursor has been extensively studied

[4]. Fotou et al. [5] produced ultrafine titania powders with a

high specific surface area (>100 m2/g) and almost complete

anatase phase by oxidation of TiCl4 in a CH4/Air coflow

diffusion flame. Pratsinis et al. [6] found that the specific

surface area of TiO2 powders increased from 15 to 120 m2/g

and the rutile fraction decreased from 15 to 0.1 wt.% by

switching the TiCl4 in the fuel stream to the oxidant stream

of a coflow diffusion flame burner. This implies that the

better the mixing between oxidant and TiCl4, the finer are

the product titania particles and the higher is the anatase

content. Experimental results by Rulison et al. [7] also

indicated that mainly anatase TiO2 powders were obtained

by feeding TiCl4 precursor only into the oxidizer stream of a

counterflow diffusion flame burner. On the contrary, largely

rutile TiO2 powders were yielded by feeding TiCl4 only into

the fuel stream. This observation was explained by the

relatively low concentration of gaseous oxygen during the

particle formation, resulting in a high concentration of the

oxygen vacancies that enhance the transformation of anatase

to rutile phase [7].
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Vemury and Pratsinis [8] showed that the introduction of

dopant SiCl4 into a diffusion flame, where the oxidation of

TiCl4 occurred, inhibited the transformation of anatase to

rutile TiO2 powders. In contrast, the addition of SnCl4 or

AlCl3 as the dopant enhanced the transformation of anatase

to rutile phase. Similar results were also observed by Akhtar

et al. [9,10] from experiments in an electrically heated

tubular flow reactor. Effects of the dopant on phase com-

position and particle morphology of titania were determined

by the ionic radius and valence of the dopant species [9,10].

Fotou et al. [5] indicated that the photocatalytic activity of

Si-doped titania powders was improved, due to an increase

in the anatase content and specific surface area. Hung and

Katz [11] employed TiCl4 and SiCl4 to synthesize TiO2–

SiO2 mixed powders in an H2/O2 counterflow diffusion

flame, and produced SiO2-encapsulated TiO2 particles at

SiCl4 to TiCl4 concentration ratios in the range of 1.0–3.0.

At a low SiCl4 to TiCl4 molar ratio of 0.15, TiO2 particles

covered with discrete SiO2 particles were obtained. In their

study [11], the synthesized TiO2 is rutile and SiO2 is

amorphous. By using Al(CH3)3 and TiCl4 as the precursors

in a counterflow diffusion flame, Hung et al. [12] produced

Al2O3–TiO2 mixed powders consisting of rutile TiO2, g-

Al2O3, and aluminum titanate (Al2TiO5).

With the application of an electrical field across a

diffusion flame by needle electrodes, Vemury and Pratsinis

[13] reduced the particle residence time at high temper-

atures, resulting in a decrease in the TiO2 particle size and

rutile content. The effect of electrical charges on the

characteristics of flame-synthesized nanopowders was fur-

ther investigated by Vemury et al. [14], showing that electric

fields reduced the primary particle size of TiO2, the ag-

glomerate size of SnO2, and both the agglomerate and

primary size of SiO2. Lee and Choi [15] recently applied

CO2 laser beam irradiation on aggregates formed in diffu-

sion flames to control the size, morphology, and crystalline

phase of TiO2 nanoparticles from the oxidation of TiCl4. It

was found that the rutile particles were transformed into the

anatase form under the laser irradiation, which caused the

melting of TiO2 particles and the subsequent recrystalliza-

tion to metastable anatase phase.

Besides titanium tetrachloride (TiCl4), titanium tetraiso-

propoxide (TTIP) has been recognized as the precursor for

the TiO2 powder synthesis [16]. In a premixed flame of CH4

and oxygen, Arabi-Katbi et al. [17] pointed out that the rutile

titania content decreased with the increasing TTIP concen-

tration, which led to an increase in flame temperature. This

observation is in contradiction with the understanding that

the transformation from anatase to rutile phase is enhanced

by higher temperatures. Arabi-Katbi et al. [17] contributed

this disagreement to the insufficient particle residence time

and the presence of carbon in their flame conditions.

Kammler et al. [18] found the rutile content of product

powders to be slightly increased by applying an electric field

across a premixed flame added with TTIP, due to the rapid

quenching which favors the anatase to rutile phase transfor-
mation. A novel diffusion flame reactor by oxidation of

TTIP was developed by Wegner et al. [19], in which

particle-laden flames were quenched rapidly by expansion

through a critical flow nozzle, resulting in titania particles

down to 5 nm in diameter with little degree of agglomerate.

Based upon the literature mentioned above, most of the

previous studies employed the TiCl4 as the precursor in

diffusion flames for the titania synthesis and established a

comprehensive understanding. However, the details of tita-

nia synthesis associated with the other precursor TTIP

oxidized in flames are not yet well characterized. Therefore,

this study aimed at conducting an experimental investiga-

tion of flame synthesis of titania particles by the TTIP

oxidation in premixed CH4/O2/N2 flames. Effects of pre-

cursor concentration, flame temperature, oxygen mole frac-

tion, and particle residence time on the phase composition

and morphology of titania particles were studied. The

synthesized TiO2 particles were characterized by an X-ray

diffractometer (XRD) and a transmission electron micro-

scope (TEM) for the analysis of phase composition and

particle morphology, respectively. In addition, the role of an

organosilicon compound, hexamethyldisiloxane (HMDS),

as the dopant was investigated, because silicon (Si) was

effective in suppressing the anatase to rutile conversion.

This study represents the first attempt using organosilicon

species instead of SiCl4 as a dopant in the flame synthesis of

titania. Changes in the particle morphology, chemical com-

position, and crystalline phase of product powders with the

dopant concentration were also examined.
2. Methods of approach

2.1. Experimental setup

The premixed burner used in this study is shown in Fig. 1

and the detailed description of this burner was previously

given [20]. In brief, the bottom portion of this burner is in a

divergent shape to decrease the flow velocity, and is filled

with small steel balls to promote the mixing of fuel and

oxidizer. The upper portion is a stainless steel tube with a

diameter of 12 mm. Near the exit port of the burner, several

layers of the steel wire screen were installed to ensure the

uniformity of gas flow.

In this study, titania (TiO2) particles were synthesized in

premixed flames by using titanium tetraisopropoxide

Ti(OC3H7)4 (TTIP, 97% purity, Acros Organics) as the

titanium precursor. In the experiment, dry air was bubbled

through a washing bottle containing liquid TTIP to deliver

the TTIP vapor to the burner, as shown in Fig. 1. Premixed

combustible gases were prepared by methane (CH4), oxy-

gen, and nitrogen, which were mixed in a mixing chamber

filled with small glass balls. Before entering the burner, the

combustible mixture was further mixed with TTIP vapor

carried by a dry air stream. In order to prevent any

condensation of the precursor, all gas lines downstream



Fig. 1. Schematic diagram of experimental setup to study flame synthesis of

TiO2 particles in premixed flames.
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the TTIP bubbler and the burner were wrapped with heating

tapes to maintain them at 125 jC. The synthesized TiO2

particles in the postflame region were collected by the

deposition on a stainless steel plate, which was inserted

into the flame zone at different heights (h) above the burner

exit port. Flame temperatures were measured by 125 Am Pt/

Pt–13% Rh thermocouples and were corrected for the

radiative heat loss [20]. Furthermore, because the time

required for a thermocouple traveling in the flame zone to

detect a temperature profile was relatively short, the depo-

sition of synthesized particles on the thermocouple bead was

almost negligible in this study.

As mentioned above, the addition of dopants is an

effective way of controlling the phase composition, aggre-

gate size, and morphology of titania particles. The silicon-

containing dopant used in this study was an organosilicon

compound hexamethyldisiloxane Si2O(CH3)6 (HMDS, 98%

purity, Acros Organics). The reason of selecting HMDS

rather than the commonly used dopant SiCl4 is that both

TTIP and HMDS are metalorganic compounds. Thus, the

powder synthesis flame in this study is a chlorine-free flame

without any corrosive hazard. Similarly, HMDS vapor was

carried by bubbling dry air through the HMSD liquid, as

shown in Fig. 1.

2.2. Test conditions

Premixed CH4/O2/N2 flames were prepared with three

equivalence ratios (/) equal to 0.7, 0.8, and 1.0. The

equivalence ratio was used to describe the premixed CH4/

O2/N2 flame, and was defined as the ratio of actual fuel-

oxidizer ratio to the ratio for a stoichiometric process.

Therefore, it was calculated based upon the quantities of

the fuel (CH4) and the oxidizer (O2 and N2) in the reactant

mixture. Since the amounts of precursor TTIP and dopant
HMDS introduced into the premixed mixture were very

small, they were not considered in the calculation of the

equivalence ratio.

Nitrogen gas was used as a diluent in the oxidizer stream.

In order to investigate the influence of oxygen concentration

on the titania synthesis, the oxidizer was prepared to have

the composition including four molar ratios of oxygen to

nitrogen (O2/N2), which were 20/80, 30/70, 40/60, and 50/

50. The amount of TTIP vapor introduced into the flame

zone was calibrated with respect to the carrying-gas flow

rate. The concentration of TTIP in the premixed combusti-

ble mixture was adjusted to have molar fractions of 0.22%,

0.4%, and 0.6%. The effect of dopant on the product

powders was studied by adding HMDS vapor into the

combustible mixture and controlling the atomic ratio of Si

to Ti (Si/Ti) in the range from 0.2 to 0.45. When the atomic

ratio of Si to Ti was varied, the quantities of fuel and

oxidizer had to be properly adjusted in order to hold the

equivalence ratio constant. In addition, under the condition

doping with HMDS the mole fraction of TTIP in the

reactant mixture was set at a constant value of 0.4%.

2.3. Product powder analysis

The size and morphology of synthesized particles were

examined under a transmission electron microscope (TEM,

Hitachi H-7110) operating at 75 kV. Phase composition of

titania particles were determined by the X-ray diffraction

(XRD) analysis (Philips X’Pert Pro; with CuKa radiation).

The weight fraction of anatase and rutile phases in the

sample was calculated from the relative intensity of the

strongest peaks corresponding to anatase [2h = 25.3j for the

(101) reflection of anatase] and rutile [2h = 27.5j for the

(110) reflection of rutile] peaks, as described by Spurr and

Myers [21]. The weight fraction of anatase phase (YA) in the

TiO2 sample is determined by [21].

YA ¼ 1

1þ 1:26ðIR=IAÞ
ð1Þ

where IA and IR are the intensities of the strongest XRD

peaks for anatase and rutile titania, respectively.
3. Results and discussion

3.1. Flame temperature measurement

Fig. 2 shows the measured axial temperature profiles of

premixed flames (without any addition of TTIP) under

different equivalence ratios (/). Profiles show that the

temperature increases with the axial distance from the burner

exit and reaches a nearly constant temperature region,

followed by a gradual decline. These profiles correspond

to the typical temperature variation of premixed flames

along the burner axis. Since the flame with an equivalence



Fig. 4. Measured axial temperatures of premixed flames with different

amounts of TTIP.

Fig. 2. Measured axial temperatures of premixed flames under different

equivalence ratios.
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ratio equal to 1.0 represents a stoichiometric condition, the

flame temperature at / = 1 is higher than those at / = 0.8 and

0.7, which are fuel-lean situations. Moreover, the flame

temperature at / = 0.8 is slightly higher than at / = 0.7.

The effect of oxidizer composition on the flame temperature

is shown in Fig. 3. It was found that the flame temperature

increases with the increase of O2 concentration in the

oxidizer, due to the reduction of nitrogen that acts as a

diluent in the flame. As also can be seen from Fig. 3, the

flame with a higher O2 to N2 ratio in the oxidant exhibits a

faster temperature rise and a more uniform temperature in

the postflame region. It is useful to note that the gas

temperature at the burner exit is mainly influenced by the

temperature of burned gas, due to the heat feedback from the

postflame region. Since no preheating of the reactant mix-

ture was conducted under the condition without TTIP, as

shown in Figs. 2 and 3, the variation of gas temperature

between 300 and 500 K at the burner exit was observed.

The addition of TTIP leads to an increase in flame

temperature, as shown in Fig. 4. The temperature profile of

TTIP-added flame remains similar to that of TTIP-free
Fig. 3. Measured axial temperatures of premixed flames with different O2 to

N2 molar ratios in oxidizer.
flame. Fig. 4 shows that the maximum flame temperature

in the axial direction increases with increasing the TTIP

concentration from 0.22% to 0.6%. This was mainly attrib-

uted to the oxidation of TTIP. Although the presence of

synthesized particles tends to increase the radiative loss from

the flame and thus lower the flame temperature, this effect

appears to be insignificant for the TTIP concentrations

adopted in this study. Gas temperatures at the burner exit

varied between 400 and 500 K in Fig. 4 were caused by the

fact that premixed mixtures containing TTIP were preheated

at 125 jC (398 K) to prevent TTIP vapor from condensation,

and by the heat feedback from the postflame region.

3.2. Effect of flame condition on phase composition of

product particles

Fig. 5 shows a set of XRD spectra of collected product

particles (at h = 7.5 cm), which were synthesized in CH4/O2/
Fig. 5. XRD spectra of product particles synthesized in premixed flames

with different O2 to N2 molar ratios in oxidizer.



Fig. 7. Effect of residence time of particles in flame on rutile content of

TiO2 particles.
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N2 premixed flames with the same equivalence ratio (/) of
1.0 and TTIP concentration of 0.4%, but with different

molar ratios of oxygen to nitrogen (O2/N2) in the oxidizer.

The XRD spectrum indicates that as-synthesized powders

consist of both anatase and rutile titania. As shown in Fig. 5,

the intensity of the strongest peak for the anatase titania

(labeled A at 2h= 25.3j) increases with an increase in the

O2 to N2 molar ratio, implying that the anatase content in the

product powder increases with the O2 concentration in the

mixture. In contrast, the intensity of the strongest peak for

the rutile phase (labeled R at 2h = 27.5j) is decreased by

increasing the O2 to N2 molar ratio. In agreement with

Pratsinis et al. [6] and Rulison et al. [7], this result suggests

the higher oxygen concentration in the reactant mixture the

higher anatase content in the product powder, because of the

relatively high oxygen availability during the TiO2 particle

formation. It is important to note that although the increase

of oxygen mole fraction in the oxidizer led to an increase in

flame temperature, the increasing anatase content shown in

Fig. 5 was not attributed to the increase of flame tempera-

ture. The effect of flame temperature on the crystalline

phase of titania is presented in Fig. 6.

Based upon the quantitative analysis presented by Spurr

and Myers [21], the variation of anatase weight fraction

(wt.%) in the collected TiO2 particles (at h = 7.5 cm) with

the O2 mole fraction in the oxidizer is shown in Fig. 6.

Results show a significant increase in anatase content with

the O2 concentration in the oxidizer. For example, in a flame

with / = 0.7 and TTIP concentration of 0.4%, the anatase

content of about 23 wt.% at O2/N2 = 20/80 in the oxidizer

stream increases up to 90 wt.% at O2/N2 = 50/50. This

pronounced influence of oxidant composition on the crys-

talline phase of titania was also observed by Zhu and

Pratsinis [22] in a diffusion flame reactor. Results by Zhu

and Pratsinis [22] showed that when pure oxygen was used

as the oxidizer the flame yielded spherical anatase particles,

while using air as the oxidant resulted in aggregated

particles with significant fraction of rutile. As indicated by
 

Fig. 6. Effect of O2 mole fraction in oxidizer on anatase content of TiO2

particles.
Rulison et al. [7], the transformation of anatase to rutile

TiO2 phase is promoted by the high concentration of oxygen

vacancies, which increase with decreasing ambient oxygen

concentration. Therefore, the lack of rutile TiO2 in product

powders yielded in the flame with high O2 to N2 ratios in the

oxidant is mainly due to the high oxygen concentration,

which leads to a low concentration of oxygen vacancies.

Fig. 6 also reveals that at a constant O2 to N2 ratio

anatase weight fraction deceases with increasing flame

equivalence ratio, which causes an increase in flame tem-

perature. This result confirms the increase of the rate of

transformation from anatase to rutile phase with tempera-

ture, since the formation of rutile phase from anatase

requires substantial atomic rearrangement that is facilitated

by high temperatures [7]. This observation might also be

caused by the particle residence time at high temperatures.

Temperature profiles shown in Fig. 2 suggest that the

particle should experience a relatively longer residence time

at high temperatures in the flame of / = 1.0 than in those of

/ = 0.8 and 0.7.

The effect of particle residence time in flame on the

phase composition of titania particles was further studied by

collecting the product at different heights (h) above the

burner exit. Fig. 7 presents the rutile content in the product

collected at h = 2.0, 4.5, 7.5, and 10.5 cm, which correspond

to the particle residence times being 67, 152, 254 and 356

ms, respectively. As shown in Fig. 7, an obvious increase in

the rutile content of the product powder with the residence

time was observed. This result is consistent with the

observation by Vemury and Pratsinis [13], indicating that

the reduction of particle residence time results in a lower

level of crystallinity.

The effect of TTIP concentration on the phase composi-

tion of product particles (collected at h = 7.5 cm) is shown in

Figs. 8 and 9 for premixed flames with / = 0.8 and 1.0,

respectively. The anatase content was found to decrease

with the increase of the TTIP concentration. This finding is

attributed to the change in the flame temperature, which



  

Fig. 10. XRD spectra of product particles synthesized in premixed flames

doped with different amounts of HMDS.

Fig. 8. Effect of TTIP concentration on anatase content of TiO2 particles

synthesized in premixed flame with /= 0.8.
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increases with increasing TTIP concentration. Since the

transformation of anatase to rutile is enhanced by higher

flame temperature, the anatase content is increased in the

flame added with a larger amount of TTIP. As also can be

seen in Figs. 8 and 9, the anatase fraction increases

considerably with the increase of O2 to N2 ratio, because

of the substantial influence of oxidizer composition on the

titania phase discussed in Fig. 6.

3.3. Effect of HMDS dopant on phase composition of

product particles

Fig. 10 shows a set of XRD spectra of product powders

synthesized under a 0.4% TTIP-added CH4/O2/N2 premixed

flame doped with different amounts of HMDS. As shown in

Fig. 10, at Si to Ti atomic ratios (Si/Ti) equal to 0.205 and

0.3, the strongest peaks of both anatase and rutile titania are

clearly observable in the spectra. However, when the HMDS

doping concentrations was increased up to Si/Ti = 0.375 and

0.45, the characteristic peaks of TiO2 were no longer
Fig. 9. Effect of TTIP concentration on anatase content of TiO2 particles

synthesized in premixed flame with /= 1.0.
detectable and the XRD spectra exhibited amorphous pat-

terns. This implies without formation of any crystalline

phases when the doping concentration of HMDS was above

0.375. According to Hung and Katz [11], at low Si to Ti

ratios the synthesized TiO2 particles were attached with

discrete SiO2 particles, which were produced from the

oxidation of Si dopant. At high Si to Ti ratios, however, a

layer of SiO2 was formed on the surface of TiO2 particles

[11]. It is useful to note that the formation of SiO2 particles

in premixed flames using HMDS as the Si precursor was

experimentally confirmed by Yeh et al. [20]. Thus, the

amorphous XRD patterns shown in Fig. 10 could be

attributed to the formation of amorphous silica (SiO2)

particles.

Compared with the TiO2 particles formed without doping

HMDS, Fig. 10 also indicates that the intensity of the
Fig. 11. Effect of HMDS concentration on rutile content of TiO2 particles

synthesized in premixed flames with different O2 to N2 molar ratios in

oxidizer.
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strongest peak for anatase titania increases with the Si to Ti

atomic ratio. On the other hand, the intensity of XRD peak

signifies the rutile titania decreases with the HMDS con-

centration. This implies that the doping of HMDS appears to

favor the formation of anatase titania. The effect of Si

dopant concentration on the rutile weight fraction of TiO2

particles is shown in Fig. 11. In agreement with Vemury and
Fig. 12. TEM micrographs of synthesized TiO2 particles (in flame with

/= 1.0, O2/N2 = 50/50, and 0.4% TTIP) collected at different axial heights

above burner exit: (a) h= 2.0 cm, (b) h= 4.5 cm, and (c) h= 7.5 cm.

Fig. 13. TEM micrographs of product particles synthesized in premixed

flames (/= 1.0, O2/N2 = 50/50, and 0.4% TTIP) doped with different

amounts of HMDS: (a) Si/Ti = 0.205, (b) Si/Ti = 0.30, and (c) Si/Ti = 0.375.
Pratsinis [8], the rutile content in the synthesized TiO2

decreases with increasing the Si to Ti atomic ratio. As

shown in Fig. 11, the rutile content of about 74 wt.% for

the undoped flame with O2/N2 = 30/70 decreases to about 35

wt.% at Si/Ti = 0.3. Akhtar et al. [9] indicated that due to the

ionic radius of Si4 + smaller than that of Ti4 +, silicon cation

is incorporated into the titania lattice interstitially, thus

inhibiting the transformation of anatase to rutile.
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3.4. Particle morphology

Fig. 12(a)–(c) shows the TEM micrographs of TiO2

particles collected at different axial heights (h) above the

burner exit. At h = 2.0 cm, small particles of about 20 nm

were formed and agglomerated into large flocs. As these

flocs flow upward into regions of higher temperature, they

compact to form larger particles, as shown in Fig. 12(b).

Subsequent surface growth and aggregation cause contin-

ued evolution of particles. Thus, nearly spherical TiO2

particles shown in Fig. 12(c) with diameters around 200–

250 nm were formed at h = 7.5 cm. These variations of

particle morphology with increasing residence time and

temperature nicely confirm the evolution of TiO2 particle

formation sketched by Hung and Katz [11]. As far as the

crystalline phase is concerned, the nanosize particles

(around 20 nm) collected at h = 2.0 cm should be made

up of a significant fraction of anatase phase, since the rutile

content will be increased by increasing residence time in

flame.

Fig. 13(a)–(c) shows the TEM micrographs of collected

product particles (at h = 7.5 cm) under HMDS-doped flames

with Si/Ti = 0.205, 0.30, and 0.375, respectively. As shown

in Fig. 13(a)–(c), the synthesized SiO2 particles are exten-

sively aggregated and the primary particles are considerably

smaller than the TiO2 particle. Moreover, at Si/Ti = 0.205

only limited amount of SiO2 particles were made in flame.

At Si/Ti = 0.30, the agglomerates of synthesized SiO2 par-

ticles were obviously increased and some of them were

attached on the TiO2 particle. When the HMDS concentra-

tion was increased up to Si/Ti = 0.375, as shown in Fig.

13(c), the agglomerates of SiO2 particles became dominant

in the product and almost no TiO2 particles was found. This

observation is consistent with the amorphous XRD spec-

trum shown in Fig. 5 at Si/Ti = 0.375. It is also useful to note

that the SiO2 particles formed in premixed flames by the

oxidation of HMDS [23] exhibit similar particle size and

morphology to those shown in Fig. 13. This further verifies

the formation of SiO2 nanoparticles when doping HMDS in

titania synthesis flames.
4. Conclusions

The crystalline phase and particle morphology of titania

synthesized by the oxidation of TTIP in premixed flames

was affected by various experimental parameters considered

in this study, such as flame temperature, oxygen concentra-

tion, particle residence time, precursor mole fraction, and

dopant HMDS. Several important results obtained in this

study were summarized below.

The change in oxidizer composition from O2/N2 = 20/80

to 50/50 leads to a significant increase in anatase content of

the product particles, due to the higher oxygen concentra-

tion during the particle formation. The rutile content of

titania particles increases considerably with increasing the
particle residence time at high temperatures. This implies

that the transformation of anatase to rutile phase is greatly

enhanced by the particle residence time. The variation of

flame equivalence ratio from / = 0.7 to 1.0 results in a

decrease in anatase content, because of the higher flame

temperature which favors the transformation of anatase to

rutile phase. The decrease of anatase content was also found

by increasing the TTIP concentration. This result was also

attributed to the increase of flame temperature. The titania

particles collected at h = 2 cm under undoped flames exhibit

the agglomeration of small particles around 20 nm. The

growth of particles continued in the postflame region and

nearly spherical particles of about 200–250 nm were

formed at h = 7.5 cm.

The dopant HMDS employed in this study plays a similar

role to SiCl4, which inhibits the transformation of anatase to

rutile phase. Therefore, the rutile content in the titania

particles decreases with increasing the Si to Ti atomic ratio.

Moreover, at Si to Ti atomic ratios less than 0.3 synthesized

TiO2 particles were attached with the agglomerates of SiO2

particles. As the amount of HMDS was increased to reach

the Si to Ti atomic ratio equal to 0.375 or higher, the

agglomerates of SiO2 particles became dominant in the

product and almost no formation of TiO2 crystals was

observed.
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