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Formation of titania particles by vapor-phase oxidation of titanium tetrachloride
was studied in an aerosol reactor between 1,200 and 1,723 K. The effect of process
variables (reactor residence time, temperature, and reactant concentration) on pow-
der size and phase characteristics was investigated using the differential mobility
particle sizer, scanning electron microscopy, and X-ray diffraction. Titania particles
were primarily anatase though the rutile weight fraction increased with increasing
reactor temperature. The geometric number average diameter of the particles was
between 0.13 and 0.35 um, and the geometric standard deviation of the particle size
distribution was about 1.4. The average particle size increased with increasing tem-
perature, inlet TiCl, concentration, and residence time. The observed changes in the
particle size distribution were compared with those predicted by solving the aerosol
dynamic equation by a sectional method and accounting for coagulation and first-
order chemical reaction. While variations in the process variables resulted in dis-
cernible changes in the size of the particles, the spread of the distribution remained

rather unaffected.

introduction

Powder preparation is one of the most basic steps for much
of pigments manufacture and ceramic processing. The prep-
aration of ceramic powders has been moving increasingly to-
ward a broader diversity of preparation processes with emphasis
on more sophisticated chemical processing (Rice, 1990). While
chemical and phase composition are basic requirements, con-
trol of particle size and morphology is of increasing impor-
tance.

Ultrafine titania particles are produced routinely on a large
scale by the oxidation of titanium tetrachloride (TiCl,) vapor,
the so-called ‘‘chloride’” process. Reactions in the gas phase
in the temperature range 973-1,673 K result in the formation
and growth of fine titania particles. Titanium dioxide pigments
are used in coatings to provide maximum light scattering with
virtually no absorption. The pigmentary properties of titania,
for instance, hiding power (opacity) and gloss, are related
directly to particle size and polydispersity (Kingery et al., 1976).
The light scattering power of titania particles is a strong func-
tion of their size and exhibits. 2 maximum between 0.15 and
0.25 pm (Clark, 1975).
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Titania production from titanium tetrachloride vapor has
been the focus of experimental studies in the past. Formenti
et al. (1972) prepared titania particles from the oxidation of
TiCl, in an oxygen-hydrogen diffusion flame. The particle
diameters were in the range of 0.01-0.2 um, and their geometry
and crystalline structure were found to be a function of TiCl,
loading and residence time in the flame. These particles were
found to exhibit unusual photocatalytic activity in the oxi-
dation of paraffins and olefins. Investigations into TiO, gen-
eration by TiCl, oxidation in premixed flames were conducted
by George et al. (1973) who found the product particles to
have a self-preserving size distribution. Suyama and Kato (1976)
studied titania formation by TiCl, oxidation in a furnace flow
reactor and found from electron microscopic analysis that the
particle size decreased with increasing reaction temperature
and oxygen concentration and with decreasing TiCl, concen-
tration. Toyama et al. (1990) produced particles in a similar
manner and their results indicated the same temperature de-
pendence as that observed by Suyama and Kato but the median
diameter was found to be independent of TiCl, concentration.
Morooka et al. (1987) conducted similar experiments in a two-
stage furnace flow reactor and found that the particle size
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decreased with increasing temperature in the first reactor but
increased with increasing reactor temperature and addition of
TiCl, in the second reactor. Kobata et al. (1991) extended the
work of Morooka et al. (1987) and developed a discrete-sec-
tional model including the sintering rate of particles and phase
transformation to predict titania particle size and the change
of anatase to rutile titania as a function of residence time and
reactor temperature. Furthermore, there are several patents
dealing with the formation of TiO, particles including devel-
opments related to reactor design, mixing geometry, and nu-
cleating agents; yet, the fundamentals are still not understood
(Bowen, 1980).

In this article a systematic experimental investigation of the
formation of titania particles was carried out by the reaction
between titanium tetrachloride and oxygen in a tubular aerosol
flow reactor at temperatures ranging between 1,200 and 1,723
K. Tubular reactors allow operation under well defined sto-
ichiometries, temperatures and residence times, and provide
excellent control of the process variables affecting powder
characteristics. Titania was chosen as the model compound
for investigation not only because of its bulk use in the pigment
industry but also because the reaction kinetics and mechanisms
for its formation are reasonably well understood (Pratsinis et
al., 1990). The particle size and powder characteristics were
studied as a function of temperature, TiCl, concentration, and
reactor residence time. The differential mobility particle size
(DMPS) was used as the primary particle characterizing equip-
ment, and the morphology of the particles was obtained from
electron microscopy. Detailed particle size distributions ob-
tained from image analysis of scanning electron micrographs
were compared to the distributions obtained from the DMPS.
The crystal structure and phase composition of the particles
were obtained by X-ray diffraction. Experimental observations
of the size distribution were compared with theoretical pre-
dictions obtained by solving the aerosol dynamic equation
using a sectional technique.

Experimental Studies

Apparatus

A schematic of the experimental apparatus is shown in Figure
la. Clean, dry argon carrier gas (Wright Brothers, 99.8%) is
bubbled through a fritted glass outlet into a gas washing bottle
(a) containing TiCl, (Aldrich, 99.9%) at room temperature
(=296 K). This bottle is placed on a top loading balance (Fisher
XT-100, +0.01 g) measuring the entrainment of TiCl, in the
flowing carrier gas during the course of the experiment. The
mixture of Ar-TiCl, is diluted with a controlled amount of
additional argon, combined with the appropriate amount of
oxygen and introduced into the aerosol reactor (b). It should
be noted that since TiCl, is sensitive to the presence of water,
all gases are filtered and passed through silica desiccant (c)
(Fisher 09-206, dried to a dew point of 200 K) prior to their
use in the experiments. The reactor is a 3.175-cm-ID (3.81-cm-
OD), 152.4-cm-long alumina tube (99.8% Al,O,, Coors Ce-
ramics Inc.) that is externally heated in a horizontal furnace
(d) (Lindberg 54233). The reactor temperature is set and main-
tained by a temperature controller (Lindberg 59545). The re-
actor outlet gas stream is rapidly mixed and cooled with nitrogen
gas in the primary dilutor (e). The dilutor consists of two
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concentric tubes: 2.54-cm-OD, 2.06-cm-ID outer tube and 1.27-
c¢cm-0OD, 0.953-cm-ID inner tube. The entire dilution system is
made of Haynes’ alloy 214 (Haynes International) that resists
degradation by chlorine which is present in the reactor ef-
fluents. Cool nitrogen gas comes into the reactor from the
outer annulus, mixes with the reactor effluents, and the cooled
gases exit the reactor through the inner tube. The primary
dilutor quenches chemical reaction and inhibits particle growth
by coagulation outside the reaction zone. In addition, it reduces
thermophoretic losses from the produce stream onto the cool
dilutor walls (Figure 1b). The diluted reactor effluents are
sampled by the differential mobility particle sizer, collected
on filters, or exhausted through the laboratory hood after
scrubbing in a sodium hydroxide solution. All flows into the
reactor are precisely controlled using mass flow controllers (f)
(1259B, MKS).

Measurements

Detailed temperature measurements were made along the
reactor axis as a function of nitrogen flow rate in the absence
of reactants. These measurements were made using a copper-
constantan thermocouple (K type, Cole-Parmer). Figure 2
shows typical axial temperature profiles in the reactor at dif-
ferent inlet gas flow rates at a set temperature of 1,373 K. The
measured temperatures on the inlet side were within 25 K of
those predicted by the Graetz solution. During these meas-
urements a flow rate of 10 L/min of nitrogen was maintained
in the primary dilution system to assure that the operation of
the primary dilutor was accounted for in the actual reactor
temperature profiles. At the inlet gas flow rates employed (up
to 6L/min), a nearly isothermal zone, 30 cm long, exists. In
this zone the temperature remains nearly constant and identical
to the furnace set temperature. The reactants are present in
dilute concentrations so the released heat of reaction is insuf-
ficient to appreciably affect reactor temperature.

The concentration of TiCl, vapor in the gas stream is de-
termined by recording the weight of the TiCl, containing bottle
before and after each experiment carried out at constant argon
flow through the bottle. The change in weight divided by the
product of the duration of the experiment and the total gas
flow rate into the reactor gives the concentration of TiCl, vapor
in the gas stream at inlet conditions. For calculations and
specification of experimental conditions, this concentration is
corrected to account for the expansion of gases at the reaction
temperatures employed. Table 1 shows the TiCl, concentration
as a function of carrier gas flow rate at 1,400 K. The TiCl,
concentrations at reactor inlet and in the high-temperature
reaction zone are also shown.

For particle size distribution measurement, a small stream
of the primary dilutor exhaust is withdrawn and further diluted
with dried, filtered air in a 50-L polyethylene dilution bottle
(g). This secondary dilution was used to further reduce particle
concentration so that a differential mobility particle sizer
(DMPS, TSI 3932) could be used for real-time measurement
of the titania particle size distribution. The DMPS measures
particle size distribution by classifying the aerosol on the basis
of electrical mobility using a classifier (TSI 3071) and counting
the particles using a condensation nucleus counter (TSI 3020).
A vacuum pump (j) draws in controlled amounts of diluted
reactor effluent and maintains the underpressure necessary for
the operation of the particle sizing instruments. The flows into
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Figure 1a. Experimental apparatus used to produce titania particles from vapor-phase oxidation of titanium
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Figure 1b. Reactor showing inlet and outlet arrangements and primary dilutor.

and out of the secondary dilutor are monitored for precise
determination of the dilution ratio. The excess reactor effluents
are passed through an airline filter (h) (MSA #81857), a ro-
tameter (i) and sodium hydroxide solution (to absorb chlorine)
before being exhausted into the laboratory hood. The rota-
meter provides a check on the stability of flows during the
course of the experiment.

Samples for X-ray diffraction were collected on polycar-
bonate filters (Nuclepore) and those for microscopic analysis
on copper grids. The scanning electron micrographs were ob-
tained on a Cambridge (Model 90B) microscope. These mi-
crographs were digitized using a scanner (Scanjet, Hewlett-
Packard), and image analysis was done on a Macintosh II
computer using Image 1.2b software. The X-ray diffraction
patterns were obtained on a Siemens diffractometer (Kristal-
loflex, D500). The weight fraction of anatase and rutile phases
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in the samples were calculated from the relative intensities of
the strongest peaks corresponding to anatase and rutile as
described by Spurr and Myers (1957).

Procedure

The furnace was heated to the desired temperature, the argon
flow rate through the TiCl, containing bottle was maintained
constant, and the flow of oxygen was set at the desired level,
usually in excess of the stoichiometric amount. The residence
time in the reactor was controlled by the upstream dilution
argon flow rate. The flow of nitrogen in the primary dilutor
was varied between 4 and 6 L/min depending on the temper-
ature at which the reactions were conducted and on the flow
rates of the incoming gases. The effluent flow (after primary
dilution) into the dilution bottle was maintained between 0.1
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Figure 2. Axial temperature profile along the center line
in the reactor at inlet gas flow rates of 1.7, 3.5,
and 6 L/min with the furnace set temperature
at 1,373 K.

Zero indicates the start of the furnace. The silicon carbide heating
elements were placed between 18 and 44 ¢cm from the furnace
inlet. The flow in the primary dilutor was 10 L/min.

and 0.2 L/min, and the flow of dry clean air was kept steady
at =21-23 L/min. It was critical to maintain a steady and
consistent flow of reactor effluent into the secondary dilution
stage as variations in this flow caused the largest fluctuations
in the particle concentration measured by the DMPS. The
DMPS was operated in the ‘““underpressure’’ mode with an
inlet flow of polydisperse aerosol sample of 0.3 L/min and
sheath air flow of 3.0 L/min. This mode of operation enabled
particles between 0.017 and 0.886 um to be sized.

Theory

Well mixed reactants, TiCl, and O,, in argon carrier gas are
introduced into the aerosol reactor. Neglecting radial and axial
diffusion of TiCl,, a mass balance for TiCl, can be written as:

dc
- —k (T)c ()

where ¢ is the reactor residence time and k; is the Arrhenius
reaction rate constant for TiCl, oxidation. Hence, the TiCl,
concentration along the reactor axis can be written as:

C=C(0)exp{ — ki (T)¢} @

where k,(T) =k, exp (— E/RT). The apparent activation en-

ergy for the reaction E=88.8+3.2 kJ/mol and the preexpo-
nential factor k,=8.29 x 10* s™! for temperatures between 973
and 1,273 K (Pratsinis et al., 1990).

Formation of titania by TiCl, oxidation takes place at high
temperatures (7= 1,000-2,000 K) by chemical reaction and
coagulation, since the thermodynamic critical size of product
titania particles is less than that of a single titania molecule
(Ulrich, 1971; Xiong and Pratsinis, 1991). Assuming that ti-
tania molecules and particles fully coalesce upon colliding and
neglecting particle wall losses, titania formation and growth
can be described by the coagulation equation for single titania
molecules as:

dn -
Ttl = C(0)Akiexp(— kt) =, ) B, n; 3)
j=1

and for all other particles as:
dn, 1 i—1 ®
EZE Zﬁj, i — ZB:’, M “)
j=1 J=1

where #; is the concentration of titania particles containing /
molecules and B, ; is the coagulation coefficient for collision
of particles containing i/ and j titania molecules. The first right-
hand side term in Eq. 3 accounts for the increment in the
concentration of titania molecules due to TiCl, oxidation, and
the first righthand side term in Eq. 4 accounts for increase in
the concentration of particles of size i by coagulation of smaller
particles. The second righthand side terms in Eq. 3 and 4
account for the loss of monomers and particles of size i, re-
spectively, by coagulation with all particles. The effects of van
der Waals forces, electrical forces and particle shape are ne-
glected, since they depend on the employed compound and are
hard to estimate from first principles.

In principle, Eq. 3 and a few billion differential equations
like Eq. 4 need to be solved simultaneously to describe the
dynamics of all particles from molecular clusters to micron-
sized particles. Consequently, a straightforward numerical so-
lution (for example, discrete model, Landgrebe and Pratsinis,
1989) quickly runs into formidable computer time require-
ments. Sectional models overcome the excessive computational
demand of discrete models as well as the oversimplification of
moment models. Here, the sectional solution to the above
equations was used as formulated by Landgrebe and Pratsinis
(1990) and Xiong and Pratsinis (1991). Specifically, the particle
size domain was divided into a finite number of sections within

Table 1. Concentration of TiCl, Introduced into the Reactor as a Function of the Carrier Argon Flow Rate

Flow Rate
Dilution Argon Oxygen Carrier Argon TiCl, Carried TiCl, Conc. at TiCl, Conc. Res. Time in
L/min cm®/min to TiCl, mol/min x 10* Reactor in Reaction Heated Section
Washing Bottle Entrance Zone at 1,400 K s
cm®/min mol/L x 10° mol/L x 10°
2 25 148 1.02 4.7 9.94 1.87
2.5 31 188 1.28 4.7 9.94 1.57
35 44 268 1.79 4.7 9.94 1.32
4.5 56 347 2.30 4.7 9.94 0.84

If the flow rate of dilution argon is changed, then the flow of carrier argon needs to be adjusted to maintain constant TiCl, concentration. Moreover, the concentration
of TiCl, at reactor entrance conditions is higher than that in the reaction zone. The temperature in the reaction zone, for the data shown, was 1,400 K.
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Figure 3. X-ray diffraction patterns for TiO, particles at
different temperaures at a TiCl, loading of
1.16 x 10~° moliL.

which the aerosol volume was kept constant (Gelbard et al.,
1980). The present formulation of the sectional model gives
fairly accurate predictions of the aerosol dynamics (Landgrebe
and Pratsinis, 1990).

Results and Discussion

Chemical reaction and coagulation determine the charac-
teristics of the product titania particle size distribution. Con-
sequently, reactor temperature, residence time, and reactant
concentration control particle concentration, average size, and
polydisperity. Titania particle size distributions were measured
at reactor temperatures ranging from 1,200 to 1,723 K, at initial
TiCl, concentrations ranging from 9.34x107¢ to 1.56 x 10™*
mol/L and at residence times between 0.8 and 1.6 s. At tem-
peratures greater than 1,200 K a significant amount of a TiCl,
can be converted before the reactants enter the isothermal zone
of the reactor. This is taken into account by integrating the
conversion equation (Eq. 1) along the nonisothermal temper-
ature profile in the reactor (Figure 2). The residence times
reflect the entire time reactants spend at temperatures greater
than 500 K. Oxygen used in these experiments was between 5
and 10 times in excess of the stoichiometric amount. Typical
flow rates of the dilution argon were between 2 and 5 L/min.

The phase composition of titania powders was obtained from
X-ray diffraction (XRD). The XRD patterns for pure titania
particles produced at 1,200, 1,400, 1,600 and 1,723 K are shown
in Figure 3. The particles produced in these experiments are
primarily anatase, though the rutile phase is also observed at
temperatures in excess of 1,200 K. The strongest anatase peak
occurs at a 26 value of 25.39° and the strongest rutile peak at
27.51°. The proportion of rutile increased at higher reactor
temperatures (Figure 4). At lower temperatures TiO, molecules
form clusters that coalesce to form anatase crystals. At higher
temperatures the transformation of anatase to rutile becomes
energetically favorable which leads to increase in the rutile
content of the powders. This transformation is initiated by the
formation of rutile nuclei on the surface of anatase particles
followed by the growth of rutile toward the interior: high defect
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Figure 4. Increase in rutile weight fraction of titania par-
ticles as a function of temperature.

These powders were synthesized at a TiCl, loading of 1.16 x 10™°
mol/L and residence time= 1.6 s.

concentration leads to faster transformation rates (Mackenzie,
1975). Suyama et al. (1975) observed a linear increase in rutile
content as the reactor temperature was increased, but Morooka
et al. (1987) and Kobata et al. (1991) reported that rutile weight
fraction was at a maximum at 1,273 K and decreased rapidly
at both lower and higher temperatures.

Scanning electron microscopy was used to study the mor-
phology of titania particles and validate the particle size meas-
urements obtained from the DMPS. The DMPS provides a
versatile means for on-line measurement of particle size dis-
tribution free from sampling artifacts or those introduced dur-
ing sample preparation, but is sensitive to changes in sampling
flow rates; hence, the DMPS measurements need to be vali-
dated before routine usage of the DMPS in characterizing
titania particles. Figure 5 shows a typical micrograph of titania
particles. At all temperatures investigated, the particle mor-
phology remained the same: dense polyhedral structures. Sim-
ilar shapes were observed by Suyama and Kato (1976). Size
distributions obtained from digitizing scanning electron mi-

20, 1Kx § /80000 P 20000
UN

25KV ND: 17NN

Figure 5. Scanning electron micrograph of titania par-
ticles produced at 1,400 K, TiCl, loading of
1.16 x 10~ 5 mol/L, and residence time of 1.6 s.
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Figure 6. Size distributions: from image analysis of SEM
micrographs vs. from the DMPS for particles
produced at 1,400 K, TiCl, loading of1.16 x 10~
mol/L and residence time of 1.6 s.

crographs were compared with those obtained from the DMPS.
At a reactor temperature of 1,600 K, TiCl, concentration of
1.16 x 10~° mol/L and residence time of 1.6 s, the geometric
number average particle diameter from microscopy was 0.21
um and that obtained from the DMPS was 0.24 pm; at 1,400
K a size of 0.18 um was obtained from microscopy, while the
size obtained from DMPS was 0.21 um (Figure 6). It is observed
that the average sizes and the distributions are in reasonably
good agreement, though the distributions from microscopic
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Temperature [Dilution Argon| Geometric Geometric | Total Number
(K) Flow (/min) | Number Mean| Standard Concentration
Patrticle Size Deviation (#/cm?3)
{pm)
1200 2.96 0.18 1.34 1.3x107
1600 213 0.24 1.38 8.2x108
1723 2.02 0.26 1.34 6.9x108

Figure 7. Effect of increasing temperature on titania par-
ticle size distribution.

TiCl, concentration was maintained at 1.16 x 10> mol/L and the
residence time in the isothermal reaction zone was between 1.5
and 1.6 s. The variation in the reported particle diameters was
+0.02 ym,
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measurements are biased toward the smaller sizes. The close
agreement between the sizes measured by the DMPS and those
obtained from image analysis of the micrographs indicate that
in the aerosol phase, titania particles are single dense particles
and not chain agglomerates.

Figure 7 shows titania size distributions at 1,200, 1,600 and
1,723 K at an initial TiCl, concentration of 1.16 x 107° mol/
L. The flow of dilution argon was varied between 2.02 and
2.96 L/min to maintain constant both residence time and con-
centration of TiCl, entering the reaction zone. Nitrogen gas
flow rate in the primary dilutor was maintained at 5 L/min,
and a stream of 150 cm®/min was withdrawn from the dilutor
effluents and mixed with 23 L/min of air in the secondary
dilutor prior to DMPS measurements. The geometric number
average diameter of the particles increases from 0.18 um at
1,200 K to 0.26 um at 1,723 K. At higher temperatures, a
higher concentration of TiO, monomers is obtained through
a higher reaction rate that increases the collision frequency
and leads to an increase in the size of the particles generated.
Though significant changes in the mean particle size are seen
with increasing temperature, the shape of the distribution does
not change and the geometric standard deviation is around
1.4. Comparing the mass of the measured titania size distri-
bution to the mass of incoming TiCl, and assuming complete
conversion, it was found that about 20% of the particles (by
mass) were lost on the walls of the reactor, dilutor and sampling
tubes.

Formenti et al. (1972) observed that the size of TiO, particles
produced by burning TiCl, in an oxygen-hydrogen flame in-
creased with increasing flame temperature. At 1,900 K the
diameter of the particles was 0.023 ym and at 3,000 K it was
0.036 um. Suyama and Kato (1976) have observed that the size
of titania particles produced from the oxidation of TiCl, de-
creases from 0.68 ym at 1,123 K to 0.3 um at 1,373 K. It is
possible that they obtained these results because their data
were based on the TiCl, concentration at the reactor inlet
temperature. If the reaction zone is at a higher temperature
than the inlet, then the TiCl, concentration actually decreases
due to gas expansion and this leads to a decrease in the observed
particle size. Moreover, keeping the total flow constant based
on inlet conditions means that the residence time also decreases
due to the expansion of gases at higher temperature. This will
further tend to decrease particle size. Suyama and Kato (1976)
obtained their size distribution data from microscopic analysis
of samples obtained downstream of the reactor. [t is possible
that at high temperatures their size distribution was skewed
by higher thermophoretic losses of the particles on the cooler
walls of the manifold and sampling lines.

Figure 8 shows the change in size distribution of the TiO,
particles generated with increase in TiCl, concentration in the
gas phase. The flow of carrier argon through TiCl, was varied
between 150 and 320 cm?/min, and the dilution argon flow
was kept constant at 2.5 L/min. The oxygen flow was set
between 24 and 56 cm’/min equivalent to ten times the stoi-
chiometric amount. The size distributions in Figure 8 corre-
spond to a furnace temperature of 1,400 K. It is observed that
the geometric mean diameter of the particles increases with
increasing TiCl, vapor concentration. At the large excess of
oxygen used, changes in oxygen partial pressure had no effect
on the particle size distribution. At high TiCl, vapor concen-
tration more titanium dioxide is produced resulting in enhanced
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Figure 8. Effect of different initial TiCl, concentration
on the average particle size at a temperature
of 1,400 K, dilution argon flow of 2.5 L/min,
and reactor residence time of 1.6 s.

coagulation and larger particles. From the data accompanying
Figure 8 it is evident that increasing the TiCl, concentration
affects particle size more than number concentration. Since
coagulation controls particle growth, any increase in TiCl,
concentration primarily serves to increase the mean particle
size. The shape of the size distribution does not change, and
the geometric standard deviation of the particle distribution
remains between 1,34 and 1.44. These numbers indicate that
the distributions have attained a self-preserving form by the
time they exit the reaction zone (Landgrebe and Pratsinis,
1989). Formenti et al. (1972) observed that in the oxygen-
hydrogen flame at 1,900 K the average diameter of the particles
increased from 0.0095 to 0.023 um when they increased the
TiCl, flow rate from 5.56x107* to 2.86 x 10~ 2 g/s. Suyama
and Kato (1976) and Morooka et al. (1987) also report that
particle size increases with increasing TiCl, loading. Toyama
et al. (1990), however, found that titania particles did not show
any changes in size with increasing inlet TiCl, partial pressure.
These results are affected most likely by incomplete conversion
of TiCl, at the low temperatures (1,073-1,173 K) investigated.

Figure 9 shows the effect of reactor residence time on the
particle size distribution. The TiCl, concentration and the tem-
perature were kept constant, and the residence time was varied
by changing the flow rate of dilution argon into the reactor.
The flow of carrier argon through the bottle containing TiCl,
was adjusted to account for these changes. The data are shown
for a reactor temperature of 1,400 K and residence times of
1.6 and 0.8 s; dilution argon flow rate was set at 2.5 and 4.5
L/min, the flow of carrier argon was at 305 and 410 cm®/min,
and the oxygen flow rate was 55 and 86 cm®/min, respectively.
The TiCl, concentration at the entrance of the reaction zone
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Figure 9. Effect of changing residence time on the par-
ticle size distribution at 1,400 K and initial TiCl,
concentration of 1.56 x 10~° mol/L.

The residence time was varied by changing the flow rate of dilution
argon. The error in average particle size measurement was +0.02
um.

was thus maintained at 1.56x 107° mol/L. As the residence
time is increased, the particle size becomes larger and the num-
ber concentration decreases. At high residence times the par-
ticles produced in the reactor have more time for coagulation,
and this leads to larger particles and a decrease in their number.

Figure 10 summarizes the effects of temperature and initial
TiCl, concentration on average particle size at a residence time
between 1.5 and 1.6 s. It is observed that the geometric number
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Figure 10. Effect of increasing temperature on the geo-
metric mean particle diameter at different in-
itial TiCl, concentrations.

The residence time in all cases was between 1.5 and 1.6 s.
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Particle Size (um) Standard Concentration
Deviation (#/cm3)
1200 0.097 1.45 2.51x108
1600 0.104 1.45 2.24x108
1723 0.112 1.45 2.13x108

Figure 11. Theoretical predictions of the titania particle
size distribution at an initial TiCl, concentra-
tion of 1.16 x 10~° mol/L at different reactor
temperatures.

The residence time in the reactor was 1.6 s.
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Theoretical (1) 0.112 1.45 2.1x108
Theorstical (2) 0.25 1.41 2.1x107

Figure 12. Calculated and experimental size distribu-
tion for titania particles at 1,723 K and TiCl,
concentration of 1.16 x 10~° mol/L.

The residence time was 1.6 s. Curve 1 is the calculated distri-
bution with the coagulation enhancement factor = 1 and curve
2 is with the enhancement factor = 8.3.
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Figure 13. Coagulation enhancement factors as a func-
tion of temperature and TiCl, concentration
at a residence time of 1.5 to 1.6 s.

mean particle diameter rapidly increases with increasing tem-
perature at the lower temperatures, but the rate of increase
slows down at high temperatures. As TiCl, concentration is
increased, the particle size increases at all the temperatures.

Comparison With Theory

Figure 11 shows the simulation results for the evolution of
particle size distribution at 1,200, 1,600 and 1,723 K. TiCl,
concentration was maintained at 1.16 x 10~° mol/L, and the
residence time in the reaction zone was 1.6 s. These conditions
correspond to the experimental conditions for the results shown
in Figure 7. The size distribution shifts to higher sizes as the
temperature is increased, though the shape of the distribution
does not change. At higher temperatures the reaction rate
increases and a higher amount of titania molecules is available
to take part in the coagulation process leading to an increase
in the observed particle size. These predictions agree quali-
tatively with the experimental results of Figure 7, though the
effect of temperature predicted by theory is smaller than that
observed experimentally.

Figure 12 shows a comparison between the size distributions
obtained experimentally and those obtained from simulation
at a temperature of 1,723 K. The simulation result predicts a
smaller average particle size than that observed experimentally.
Excellent agreement between experimental results and theo-
retical predictions is obtained, if an enhancement factor is
employed in the calculation of coagulation rates. The coag-
ulation enhancement factor depends on temperature: at 1,200
Kitis 3.9, at 1,400 K it is 6.2, at 1,600 K it is 7, and at 1,723
K it is 8.3 at a TiCl, concentration of 1.16 x 10 "* mol/L and
a residence time of 1.6 s. These enhancement factors remain
unaffected by changes in inlet TiCl, concentration (Figure 13).
At 1,400 K and a TiCl, concentration of 1.16x 10~° mol/L
the enhancement factor was essentially unaffected by changes
in residence time. Okuyama et al. (1984) have shown that
interparticle forces like van der Waals forces can greatly en-
hance particle coagulation. For silver particles in the size range
10 to 20 nm and Kn=20, they found an enhancement fac-
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Figure 14. Theoretical predictions for the effect of
changing initial TiCl, concentration on the
particle size distribution at a temperature of
1,400 K and residence time of 1.6 s.

tor=9. In the early stages of titania particle formation, no
doubt, the particles are extremely small (of the order of mo-
lecular dimensions) and higher Knudsen numbers exist. While
interparticle forces and the nonspherical shape of the particles
can explain accelerated coagulation and particle growth, they
do not account for the increase in the coagulation enhancement
factor with temperature. The effect of van der Waal forces
decreases with temperature (Friedlander, 1977) and particle
densification is faster at higher temperatures (Kobata et al.,
1991). Electron micrographs (Figure 5) reveal that the particle
morphology does not change between the temperatures of 1,200
Kand 1,723 K, indicating that sintering or particle densification
is not rate-limiting at the residence times employed at these
temperatures. When the temperature is increased, however,
the mean free path of the gas molecules increases so particle
growth up to about half a micron in diameter predominantly
takes place in the free-molecular regime. Okuyama et al. (1984)
have demonstrated that it is in this high Knudsen number
regime that coagulation is enhanced the most. In the free mo-
lecular and transition regimes, the mass transfer rate on ag-
glomerate particles is inversely proportional to the particle
mobility: for the larger particles formed at the higher tem-
peratures, mass transfer is higher resulting in enhanced growth
for irregular particles compared to spherical ones (Rogak et
al., 1991). It is more difficult to account for the differences
in the particle number concentration as they are more sensitive
to dilution errors and wall losses. It should be noted that the
experimental and theoretical geometric standard deviations
were around 1.4 for the most part.

In Figure 14, the effect of changing the initial TiCl, con-
centration on the particle size distribution is shown at a tem-
perature of 1,400 K. The shape of the distribution does not
change much at the exit of the reactor though the size of the
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1.6 0.121 1.45 2.18x108

Figure 15. Theoretical predictions for the effect of in-
creasing residence time on the particle size
distribution at 1,400 K and initial TiCl, con-
centration of 1.56 x 10~° mol/L.

particles increases with increase in TiCl, concentration. Higher
mass loadings lead to higher particle concentrations and result
in faster particle growth. These results predict the trends ob-
served in the experimeéntal results of Figure 8.

Increasing the residence time leads to an increase in the
particle size. The simulation results for changes in size distri-
bution with increasing residence time at 1,400 K are shown in
Figure 15. It is observed that the size distribution shifts to
higher particle sizes, as the residence time is increased from
0.8 s to 1.6 s. The experimental results of Figure 9 are in
agreement with these predictions. The sectional model predicts
the trends in particle growth observed experimentally though
numerically precise predictions of the enhanced particle growth
need to take into account interparticle forces, shape factor,
diffusive losses to the walls, and the detailed flow patterns
inside the reactor.

Conclusions

The production of TiO, particles by the vapor-phase oxi-
dation of TiCl, was studied experimentally, and the effect of
process variables was investigated. Changes in temperature,
reactant concentration, and residence time allowed control of
particle size distribution. The geometric number average par-
ticle diameter ranged from 0.13 um to 0.35 um with a standard
deviation of about 1.4. The close agreement between the sizes
obtained from the DMPS and the image analysis of the mi-
crographs indicated that the particles were not chain-like ag-
glomerates, but polyhedral dense structures. From X-ray
diffraction analysis, it was found that the titania particles were
primarily anatase and that the transformation to the rutile
phase was accelerated with increasing temperature. The geo-
metric number average particle diameter increased with tem-
perature; increasing the initial TiCl, concentration or reactor
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residence time led to consistent increase in the size of the
particles. These experimental observations are in qualitative
agreement with theoretical predictions obtained through solv-
ing the aerosol general dynamic equation for chemical reaction
and coagulation by a sectional technique. Excellent quanti-
tative agreement between experimental data and theoretical
predictions is obtained when a coagulation enhancement factor
is employed.
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Notation

Avogadro’s number, 6.02 x 10 #/mol
precursor vapor concentration, mol/g

initial precursor vapor concentration, mol/g
reaction activation energy, kJ/mol

chemical reaction rate constant, 1/s

Knudsen number

number concentration of titania particles, #/m?
gas constant, 8.314 J/mol/K

time, s

temperature, K

A

¢
c(0)
E
ky
Kn
nl
R

t
T

[ [ (TR

Greek letters

B8 = coagulation coefficient, m*/s
¢ = geometric standard deviation of particle number distribution
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