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Abstract

Titanium dioxide (TiQ) nanoparticles were synthesized by the oxidation of titanium tetrachloride
(TiCl,) in a modified diffusion flame reactor. The reactor utilized a multiport diffusion type burner
composed of 5 concentric tubes. The flame configuration wasHAiCl ,)/Ar/H,/O,/air producing
several tens of grams of Tihanoparticles per hour. Flame characteristics of the diffusion flame at
the modified burner outlet were investigated. Ti€bncentration and flow rates of combustion gases
such as oxygen, hydrogen and air were chosen as key experimental variables for the control of
particle size and phase composition. Ji@anoparticles ranged from 10 to 30 nm in average particle
diameter, and the mass fraction of anatase synthesized was 40 to 80% in all experiments. © 20
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Particles smaller than several tens of nanometer in primary particle diameter are consi
ered as nanoparticles. Titanium dioxide (F)@anoparticles shows high surface area per unit
volume. This high value causes an increase of activity as a catalyst and greater sensitivity
a sensor. Titanium dioxide nanoparticles are used as a photocatalyst, in cosmetics for hi
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absorption of ultraviolet light, in toners and coating materials, etc [1], Ti@oparticles are
routinely produced by the gas-to-particle conversion in flame reactors because this methc
provides good control of particle size, particle crystal structure and purity [2]. The diffusion
flame that exhibits strong gradients in concentration and temperature during particle forme
tion and growth is one of the interesting tool among the various flames to synthesize TiO
nanoparticles. Formenti et al. [3] have reported the production of madoparticles by the
oxidation of titanium tetrachloride (Ti¢) in (O, + TiCl,)/N,/H,/O, diffusion flames. They
produced 6 to 145 nm sized anatase particles by varying the flow rate of 8m@lthat of
oxygen carrying out TiCl vapor. Vemury and Pratsinis [4,5] investigated the effect of
dopants (SiC), SnCl, and AICL) and electric discharge (corona) on the particle size and
phase composition of TiQnanoparticles at the diffusion flame configuration of (Ar
TiCl,)/air/CH,. SiCl, decreased primary particle size and inhibited the transformation of
anantase to rutile. Meanwhile, Sp@ind AICL; were found to enhance the transformation of
anatase to rutile. The corona discharge also showed same effect as the effecj ohSiel
particle size and phase composition of Ji@anoparticles. Pratsinis et al. [6] reported the
effect of flame configurations such as (ArTiCl,)/CH,/O,, (Ar + TiCl,)/O,/CH,, etc on

the specific surface area and phase composition of theMa@oparticles in a diffusion flame
reactor. Yang et al. [7] also used (atrtitanium isopropoxide)/CK O, diffusion flames for
processing TiQ nanoparticles from titanium isopropoxide. TiQarticles obtained in their
experiments were 5.2 to 11.0 nm in crystal size and 64 to 100% in anatase mass fractio
Although those previous studies have obtained a many interesting and important result
more studies on the characteristics of the formation, growth and phase transformation «
TiO, nanoparticles in the diffusion flame are still required because the flame has comple
environments. There are many variables for the synthesis of nanopatrticles in the flames su
as the configurations of the flame, the concentration of precursor, gas composition, gas flo
rate, etc. Those parameters affect the flame characteristics, particle formation, partic
aggregation, sintering, and phase composition of particles.

The standard diffusion flame having a configuration of precursor/fuel/oxidant has beel
most frequently used to synthesize particles by the gas phase reaction in the previous studi
But as Pratsinis et al. [6] have reported, the different flame configuration has great effect o
the particle size and phase composition of Ji@noparticles. In this respect, the develop-
ment of the well-designed burner having a specific flame configuration is very important anc
can be considered as know-how because it gives the best reaction condition of the precurs
in the flame such as optimum temperature profile with feasible consumption of oxidant ga:s
stable flame for the optimum residence time of precursor, etc.

In the present study, the flame synthesis of Ji@noparticles with a modified diffusion
flame reactor having a different flame configuration from the previous ones is presented ar
discussed. The modified diffusion flame reactor was prepared using the multiport burner th:
was composed of 5 concentric tubes, and the flame configuration was IACI ,)/Ar/H./
O./air. A modified diffusion flame reactor was designed as a bench scale to produce mor
than several tens of grams of Ti@anoparticles from TiGlper hour, which was about ten
times higher than previous studies. The advantage of the proposed flame is able to introdu
large flow of air into the fifth tube of the multiport burner for minimizing the amount of pure
oxygen, keeping low concentration of TiGdnd short residence time of TiOh the flame.
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Fig. 1. A Schematic of experimental apparatus for the synthesis of i&oparticles.

Another merit of the flame is that it can introduce inert gases such as argon into the secor
tube of the burner to prevent plugging of the exit of precursor due to the deposition of the
particles.

For the controlled synthesis of TiGhanoparticles by the modified flame reactor TiCl
concentration, and the maximum flame temperature that depends on gas composition a
flow rates of combustion gases in the modified diffusion flame reactor were chosen as ke
experimental variables. Effects of those variables on the particle diameter and phase cor
position were investigated.

2. Experiments

The overall reaction for the vapor-phase synthesis of, Ti@m TiCl, in the present study
is as follows;

TiCl, (g) + 20, (g) + 4H, (g) = TiO, (s) + 4HCI (g) + 2H,0 (Qg)

A schematic of the bench-scaled experimental apparatus for the generation pf TiO
nanoparticles is shown in Fig. 1. The experimental apparatus consists of an evaporator
aerosol precursor, an aerosol generator, and a patrticle collector.

A modified diffusion flame burner (3.4 cm in outside diameter and 45 cm in length)
composed of five concentric stainless tubes (10, 16, 22, 28, and 34 mm in outside diamete
was prepared since it provided a stable flame over a wide range of operating condition:
Reactants mixing configuration of the aerosol generator is shown in Fig. 2. A quartz tube ©
10 cm in diameter and 120 cm in length was installed to preserve the flame and particle
Liquid phase TiC] was injected to the evaporator by using the syringe pump, and the
vaporized TiC} was carried into the central tube of the burner by introducing dry argon (Ar)
gas (99.999%). The burner and manifold were kept about 20°C above the evaporatc
temperature to prevent condensation of Ji@lthe lines. Hydrogen (k) was used as a fuel
while oxygen (Q) and air were used as oxidants.
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Fig. 2. Reactants mixing configuration of the aerosol generator (Remark: Shaded area at the top view of the burr
is the reducer of outlet diameter of'tube).

A Pt-Rh R type thermocouple (Omega Engineering) was used to measure the flam
temperature of the burner. The measurements were performed three times for each conditic
and mean values were chosen as the flame temperatures in the axial direction of the flar
in the absence of the precursor.

TiO, nanoparticles generated from TjQly the gas phase reaction were collected with a bag
filter that was made of teflon fiber (Tefaire, Dupont Co.). The particle morphology and size were
characterized by transmission electron microscopy (TEM, Philips Model CM12). The averag:
particle diameter was determined by counting more than 200 particles from TEM pictures. Th
specific surface area of the powders was measured by nitrogen adsorptib@63C using the
BET equation (Micrometrics Model ASAP 2400). Assuming spherical particles, the average
particle size g was calculated from measured specific surface area A and particle deyisyty
d, = 6/(p,"A), and calculated particle sizes and observed ones were compared. X-ray diffrac
tometer (XRD, Rigaku Co. Model RTP 300 RC) was used to obtain X-ray diffraction patterns of
powders. The phase composition of Tigarticles was calculated from the relative intensities of
the strongest peaks corresponding to anatase and rutile [8].

3. Results and discussion

3.1. Flame characteristics

Characteristics of the modified diffusion flame were investigated without introducing the
TiCl, vapor into the burner. Flow rate of each tube was as follows211/min of Ar, 2'
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Fig. 3. Temperature distribution along axial direction of the diffusion flame.

5 1/min of Ar, 3% 6 1/min of H,, 4™ 15 1/min of Q, and 58" 60 1/min of air. Fig. 3 shows

the temperature distribution of the flame along the axial distance at different radial position
The temperature profiles having maximum at the different axial distance are found and th
highest temperature in the flame is 1700°C, while the radial distance of the flame is 6 mr
and axial distance of that is 10 mm. The adiabatic flame temperature from the thermody
namic calculation is about 2,000°C at same condition. The maximum temperature of th
flame rapidly decreased from 1,700 to 1,300°C as the distance from the burner outle
increased from 5 to 25 mm. The height of the flame was about 6¢cm.

3.2. Effect of precursor concentration

The effect of precursor (TiG) concentration in the flame synthesis on the primary particle
size was investigated. TigCkoncentration in the flame was varied from 1.%310 ° to
4.54x 10~°> mol/l [9] by changing the feed rate of TiCht the maximum flame temperature
of 1700°C, holding the gas flow rate as shown in Fig. 3. Fig. 4 shows change of the specifi
surface area of Ti@nanoparticles from BET analysis. As Tidloncentration increased, the
specific surface area decreased from 79 to 3nThe average diameter from the BET
analysis was 19nm at 1.28 10> mol/l and increased to 28 nm at 4.5410 > mol/l. Fig.

5 shows the TEM pictures of Tihanoparticles made in the diffusion flame at the condition
of Fig. 3. The average diameter from the TEM pictures was about 20 nm at the concentratic
of 1.13x 10 >mol/l and increased to about 30 nm by increasing the concentration to4.54
10° mol/l. But the size distribution of TiQ nanoparticles became polydisperse as the
concentration increased. The average particle sizes calculated from BET-adsorption are
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Fig. 4. Effect of TiCl, concentration on BET surface area,(@5 1/min, Air: 60 1/min, H: 6 1/min, and Ar: 5
1/min, Carrier gas (Ar): 2 1/min).

were nearly the same as obtained from TEM study. The amount of collected particles &
4.54 X 10~° mol/l of the TiCl, concentration was about 20 grams per hour. Plugging at the
exit of the burner was not observed through the experiments. These results suggest that 1
synthesis of TiQ nanoparticles with the production rate of several tens of grams per hour
was successful with the modified flame configuration in the present study.

As the concentration of aerosol precursor increases at the fixed flame temperature and ¢
glow rate, the growth rate of nuclei by the coagulation and surface reaction becomes fast
than the nucleation rate during the gas phase reaction. Thus, larger primary particles a
expected to be generated at the higher precursor concentrations [10]. Nanometer-siz
primary particles form aggregates in the gas phase because of interactive forces betwe
particles. Such aggregates change into large particles when the temperature in the gas ph
is high enough to sinter the aggregates [11,12]. As can be seen in Fig. 5, the increase in t
number of larger particles with Ti¢toncentration appears to indicate that they are produced
by the sintering. However, numerous smaller particles that seemed to be grown by th
coagulation and surface reaction are observed at the low, €d@icentration. If the sintering
is dominant in the particle growth, it is expected that there should be many large particles
the low TiCl, concentration because the primary particle size is comparatively small at the
low TiCl, concentration. Therefore, it is suggested that particle growth by the sintering is no
dominant, and is only effective at the higher Tj€bncentrations in the present experimental
condition.

From the analysis of X-ray diffraction patterns the crystalline phases of the fa@o-
particles generated from different Ti3loncentrations were found nearly same; it was about
45% anatase in mass fraction. The residence time at the condition of Fig. 3 is 0.033 sec th



H.D. Jang, S.-K. Kim / Materials Research Bulletin 36 (2001) 627-637 633

Fig. 5. TEM micrographs of Ti@nanoparticles collected at four different Tj@oncentrations (a: 1.18 10>,
b: 2.27x 1075 ¢: 3.45% 1075, d: 4.54x 10~° mol/l).

is a little longer than those reported by Yang et al. [7]. The increase in residence time o
reactant in the flame may increase the conversion rate of ga@icles from anatase to rutile
phase.

3.3. Effect of the maximum flame temperature.

The maximum flame temperature is also one of the very important variable for the
determination of the particle size and crystal structure in the flame synthesis gf TiO
nanoparticles. For the control of the maximum flame temperature, the flow rates of com
bustion gases such as oxygen, hydrogen and air were varied in the present study.
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Fig. 6. Effect of pure oxygen flow rate of4tube on the product particle size.

The maximum temperature of the diffusion flame decreases as the oxygen flow rat
decreases. Thus, the growth rate of particles due to low coagulation and sintering rates tr
are proportional to the temperature decreases resulting in smaller particles. Oxygen flow ra
at the 4" tube of the burner decreased from 15 to 5 1/min with holding the gas flow rates of
Fig. 3, and 2.27x 10 ° mol/l of TiCl, concentration. As the oxygen flow rate decreased
from 15 to 5 1/min, the air flow rate at th&"Sube increased from 60 to 75 1/min to keep
the constant total gas flow rate; it means that Ji&@incentrations are the same in the flame.
When the maximum flame temperature was lowered from 1700 to 1400°C along with the
decrease of the oxygen flow rate, the average particle diameter calculated from the BET da
also decreased from 23 to 14 nm (Fig. 6). This decrease of particle diameter in the prese
study is considered to be due to low coagulation and sintering rate of particles caused by tf
decrease in the temperature of diffusion flame.

The anatase mass fraction of Ti@anoparticles increased from 41 to 80% as the oxygen
flow rate decreased from 15 to 5 1/min (Fig. 7). The increase of the anatase mass fraction
TiO, nanopatrticles is considered to be due to low transformation rate from anatase to rutil
at the lower flame temperatures.

The flame temperature is also dependent on the hydrogen flow rate. As the hydrogen flo
rate decreases, the flame temperature decreases rapidly and smaller particles are gener
because of low coagulation and sintering rate in the flame. Higher mass fraction of anata:
is also expected at lower flame temperature. Effect of hydrogen gas flow rate on the partic
size and phase composition was investigated in the present study. Hydrogen flow rate at t
3™ tube of the burner decreased from 8 to 4 1/min with holding the Ar flow ratésipe)
at 5 1/min, air flow rate (2 tube) at 10 1/min, air flow rate {5tube) at 65 1/min, and TiGlI
concentration at 2.2% 10~ ° mol/l. The air at the % tube was introduced instead of oxygen
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Fig. 7. X-ray diffraction patterns of TiQparticles showing the increase in the mass fraction of anatase with
oxygen flow rate (a: 15, b: 10, c: 5 1/min).

to decrease the flame temperature and to minimize the production cost without using pul
oxygen gas. With the decrease in hydrogen flow rate the maximum flame temperature w:
decreased from 1300 to 1000°C, and then the average particle diameter also decreased fr
29 to 12 nm (Fig. 8). The anatase mass fraction increased from 27% at 8 1/min to 75% ¢
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Fig. 8. Effect of hydrogen flow rate on the product particle size and mass fraction of anatase.
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Fig. 9. Effect of total gas flow rate on the product particle size and mass fraction of anatase.

4 1/min (Fig. 8). The decrease in the particle size and increase in the anatase mass fracti
of TiO, nanoparticles were thus obtained as expected.

Total gas flow rate was changed from 65 to 35 1/min by only decreasing the air flow rate
at 5" tube of the burner. TiGlfeed rate at 2.< 103 mol/min, Ar at 5 1/min, H at 6 1/min,
air at 10 1/min and air at 65 1/min was the initial operating condition. As the air flow rate
decreased, the adiabatic flame temperature from the thermodynamic calculation increas
from 1,650 to 2,500°C. The Tigkoncentration in the flame increased from 1:380 “ to
1.91x 10 *mol/l with the decrease of air flow rate. Such increases of the flame temperature
and TiCl, concentration were expected to result in the increase of particle size and decrea:
of anatase mass fraction of Tj@anoparticles due to high coagulation rate of small particles.
Average particle diameter increased from 15 to 26 nm (Fig. 9). As the flame temperatur
increased, large spherical particles produced by high sintering rate between small particl
were also observed frequently in TEM analysis. Fig. 9 also showed the variation of the
crystalline phase of TiQnanoparticles generated at different total gas flow rates in the flame;
it was 61% in anatase mass fraction at 65 1/min, and 43% at 35 1/min. Such increases
particle size and decrease of anatase mass fraction of fa@oparticles are considered to

be due to increase of the flame temperature, the ,JiGhcentration and the residence time
as expected.

4. Conclusions

Formation of TiQ nanoparticles from TiGlwas investigated in the modified diffusion
flame reactor. Temperature distribution having maximum along the axial distance at thi
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different radial position of the flame was found. The highest production rate of TiO
nanoparticles using the modified flame reactor was about 20 grams per hour. As the TiC
concentration increased from 1.3310 > to 4.54x 10> mol/l, average particle diameter
increased from 19 to 28 nm. When the maximum flame temperature was varied from 170
to 1400°C by reducing oxygen flow rate from 15 to 5 1/min, the average particle diamete
decreased from 23 to 14 nm, and the anatase mass fraction gf iE@bparticles was
increased from 41 to 80%. The decrease in the hydrogen flow rate resulted in the lowerin
of the maximum flame temperature from 1300 to 1000°C, and subsequent reduction of tt
average particle diameter from 29 to 12 nm. The anatase mass fraction decreased wi
hydrogen flow rate from 75% at 4 1/min to 27% at 8 1/min. As the total gas flow rate was
reduced from 65 to 35 1/min, the average particle diameter increased from 15 to 26 nm, ar
the crystalline phase of TiDnanoparticles decreased from 61 to 43% in anatase mass
fraction.
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