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Abstract

The combustion of TiCl4 to synthesize TiO2 nanoparticles is a multimillion
tonne per year industrial process, the fundamental details of which are still not
known. The gas-phase kinetic model presented by West et al. (Ind. Eng. Chem.
Res. 46 (19), 2007, 6147–6156) is improved upon using Density Functional Theory
(DFT) and Variational Transition State Theory (VTST) calculations. The pressure-
dependent rate expression for the reaction TiCl3 + O2 
 TiO2Cl3 is found us-
ing VTST, a stable Ti2O2Cl6 species is located on the minimum energy pathway
for TiCl3 + TiO2Cl3 � 2 TiOCl3, and a number of new elementary reactions are
added. Thermochemical data are provided for Ti2O2Cl6, Ti2O2Cl5 and TiCl2OCl.
The new kinetic model is used to simulate a rapid compression machine (RCM) and
a plug flow reactor (PFR) described in the literature. Agreement with the RCM mea-
surements is good, but simulations of the PFR are less satisfying, suggesting that
surface deposition on the reactor walls may have dominated these measurements,
which have been the basis of many theoretical models. Finally, the gas-phase ki-
netic model is coupled to a particle population balance model (PBM) incorporating
inception, coagulation, growth, and sintering, to investigate the influence of PFR
temperature on particle size distributions. The extension of the PBM to track pri-
mary particles allows creation of TEM-style images from the simulation and first
results are presented.
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1 Introduction

Titanium dioxide (TiO2) is widely used as a pigment, as a catalyst support, and as a pho-
tocatalyst. The combustion of titanium tetrachloride (TiCl4) to synthesize TiO2 nanopar-
ticles is a multi-million tonne per year industrial process [6]. In this “chloride” process,
purified titanium tetrachloride is oxidised at high temperatures (1500–2000 K) in a pure
oxygen plasma or flame to produce TiO2 particles [4, 10]. This paper builds on the work
detailed in [32], which provides a full introduction to this field.

There have been a few experimental investigations of the kinetics of the system; in the
most frequently cited study, Pratsinis et al. [25] reported the overall oxidation kinetics
of TiCl4 at 973–1273 K determined by measuring the concentration of unreacted TiCl4
leaving a plug flow reactor (PFR). The rate was found to be first order with respect to
TiCl4 and largely independent of O2 concentration, with a rate coefficient

k = 8.26× 104 s−1 exp

(
−88.8 kJ/mol

RT

)
(1)

where T is the temperature and R is the molar gas constant.

This experimental work has been the basis for many theoretical studies of TiO2 nano-
particle dynamics [18, 29, 31? ]. However, these experiments were performed at temper-
atures and pressures much lower than those used in the industrial process. Extrapolation
of kinetic data to this degree must be treated with caution.

Attempts have also been made to measure the kinetics in a rapid compression machine
(RCM), allowing higher temperatures and pressures to be reached for short times [26].

Recently a framework for a comprehensive model that attempts to describe the phenom-
ena at different scales has been developed [33]. Ab-initio and density functional theory
(DFT) investigations [32] provided the thermochemical data needed for the first thermo-
dynamically consistent detailed kinetic model of the gas phase combustion of TiCl4.
Previous models greatly simplify the chemical processes to a single step and are unable
to capture the details of temperature and concentration dependencies. Coupled to this
detailed chemistry was a new population balance model, solved using a stochastic tech-
nique, that extended previous surface-volume models to track primary particles within
each agglomerate in the population.

The mechanism for surface growth of TiO2 (deposition from the gas phase) is the subject
of both experimental [28] and computational [14, 33] studies. Although progress is being
made towards a better understanding of the surface chemistry of this system, due to a
lack of detailed kinetic data, current population balance models [24, 29, 31, 33? ], like
this work, rely on the simple first-order rate expression measured by Ghoshtagore at 673–
1020 K [8]:

dNTiO2

dt
= A[TiCl4]4.9× 103 cm s−1 × exp

(
−74.8 kJ mol−1

RT

)
(2)

where NTiO2 is the amount of TiO2 deposited, A is the surface area, and [TiCl4] is the
concentration of TiCl4 in the gas phase.
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The purpose of this paper is (i) to improve the current detailed chemical model by iden-
tifying new species and reactions and providing thermodynamic and kinetic data; (ii) to
validate the mechanism by comparing it to experiments performed in an RCM; and (iii)
to simulate the PFR that led to the widely-used overall reaction rate expression, investi-
gating the possible effect of wall deposition and the influence of temperature on particle
size distributions.

2 Reaction Mechanism

The starting point for our reaction mechanism is the kinetic model detailed in West et al.
[33]. This model includes 51 reactions, most of them with only rough estimates of their
rates. The potential energy surfaces (PESs) for several reactions were investigated using
the DFT package DMol3. We focus here on two reactions. First

TiCl3 + O2 � TiO2Cl3 (R1)

(R19 in [33]) because a flux analysis revealed it lies on the main reaction pathway, and it
is likely to be greatly slowed by falloff. Second

TiCl3 + TiO2Cl3 � 2 TiOCl3

(R21 in [33]), because a sensitivity analysis found the overall reaction rate to be most
sensitive to the rate of this elementary reaction.

2.1 Reaction TiCl3 + O2 � TiO2Cl3
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Figure 1: Minimum energy pathway for reaction R1 calculated with HCTH density func-
tional in DMol3.

Reaction R1 is barrierless and the rate of stabilization of TiCl3O2 is pressure depen-
dent. Quantum-chemical calculations were repeated using the CBS-QB3 [20] compound
method in Gaussian03 [7]. The CBS-QB3 energies were calculated for the reactants and
product. The B3LYP/6-311G(2d,d,p) Ti–O bond length was Re = 1.99 Å. For the tran-
sition state minimum energy path (MEP), constrained optimizations were performed at
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fixed Ti–O bond lengths of R = 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 Å., followed by CBS-QB3
calculations. The pressure-dependent reaction rate was calculated using a RRKM/Master
Equation code, VariFlex [16]. The method used to calculate the variational transition
state theory rate constant is similar to the method described in [30], in which a rigid-rotor
harmonic-oscillator approximation is made for each step in the MEP. For both the stabi-
lized product and the six fixed points on the MEP, the ClTi–OO torsional frequency was
treated as a free rotor. Additional anharmonic effects may be present – e.g. the umbrella
modes in TiCl3O2 and the MEP with frequencies below 200 cm−1 – but were not included
in the calculations. Variflex calculations were performed at pressures between 0.001 and
30 bar, and temperatures between 400 and 2000 K. The resulting k(T, p) matrix was fit
to a standard Lindemann [19] equation with a Troe broadening parameter [9] for use in
Chemkin [15] and Cantera [11]; these parameters are given in Table 1.

2.2 Reaction TiCl3 + TiO2Cl3 � 2 TiOCl3

When investigating the PES for the exothermic reaction TiCl3 + TiO2Cl3 � 2 TiOCl3,
the intermediate Ti2O2Cl6 was found to be stable (a minimum on the PES), with an elec-
tronic energy 225 kJ/mol below the products. The reaction was split into two elementary
reactions.

TiO2Cl3 + TiCl3 � Ti2O2Cl6 (R2)
2 TiOCl3 � Ti2O2Cl6 (R3)

The minimum energy pathway (MEP) for R2 was found to be barrierless at this level of
theory, and no transition state (saddle point on the PES) could be found for R3, although
as the distance between the Ti atoms is increased, the minimum energy pathway on the
electronic potential energy surface leads to a TiCl3-O-O structure with a dangling oxygen,
which is higher in energy than the TiO2Cl3 structure reported in [32], which has both O
atoms close to the Ti.

Following the addition of Ti2O2Cl6 to the kinetic model, a number of additional reactions
were added. The abstraction of one Cl by either Cl or TiCl3 radicals leads to Ti2O2Cl5,
another new species; further Cl abstraction leads to Ti2O2Cl4, a species already in the
kinetic model. These four reactions were added to the model (R4–R7).

2.3 Additional reactions

In addition to the four reactions described above, some additional reactions were added to
the kinetic model, including reactions of the species TiCl2OCl which had not previously
been considered. See Tab. 1 for all the new reactions.

The rate expression for R16 was taken from DeMore et al. [5], and that for R17 was found
by fitting a modified Arrhenius expression to all the data in the NIST kinetics database
[21]. The remaining rate parameters were estimated as having a pre-exponential factor,
A, given by the collision limit 1 × 1013 cm3 mol−1 s−1, and the activation energy, Ea, in
the exothermic direction was taken to be zero.
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Table 1: Reaction mechanism equations
No Reaction ∆H◦298K

a A b n Ea
a Ref.

R1 P∞: TiCl3 + O2 
 TiO2Cl3 −277 1.925×1035 −6.577 41384
P0: TiCl3 + O2 + M 
 TiO2Cl3 + M 1.060×1036 c −6.319 0
Troe parameters: α = 0.1183, T ∗∗∗ = 26.93 K, T ∗ = 105 K, T ∗∗ = 5219.3 K

Removed from mechanism
TiCl3 + TiO2Cl3 � 2 TiOCl3 −7 1.00×1013 0 0

Replacements
R2 TiO2Cl3 + TiCl3 
 Ti2O2Cl6 −232 1.00×1013 0 0
R3 2 TiOCl3 
 Ti2O2Cl6 −225 1.00×1013 0 0

Additional reactions
R4 Cl2 + Ti2O2Cl5 
 Cl + Ti2O2Cl6 −110 1.00×1013 0 0
R5 Cl + Ti2O2Cl5 
 Cl2 + Ti2O2Cl4 −401 1.00×1013 0 0
R6 TiCl3 + Ti2O2Cl5 
 TiCl4 + Ti2O2Cl4 −546 1.00×1013 0 0
R7 TiCl3 + Ti2O2Cl6 
 TiCl4 + Ti2O2Cl5 −35 1.00×1013 0 0
R8 TiCl2OCl 
 TiOCl2 + Cl −2 1.00×1013 0 0
R9 TiCl2OCl + Cl 
 TiCl3 + ClO −42 1.00×1013 0 0

R10 TiCl2OCl + Cl 
 TiOCl3 + Cl −164 1.00×1013 0 0
R11 TiCl2OCl + Cl 
 Cl2 + TiOCl2 −244 1.00×1013 0 0
R12 TiCl3 + ClOO 
 TiCl4 + O2 −363 1.00×1013 0 0
R13 TiCl4 + O3 
 TiCl3 + ClO + O2 226 1.00×1013 0 226
R14 TiOCl3 + O3 
 TiO2Cl3 + O2 −277 1.00×1013 0 0
R15 TiO2Cl2 + ClOO 
 TiO2Cl3 + O2 −314 1.00×1013 0 0
R16 ClOO + Cl 
 Cl2 + O2 −219 1.39×1014 0 0 [5]
R17 O3 + O 
 2 O2 −391 5.47×1012 0.00322 17.4 [21]
a kJ mol−1 b cm3 mol−1 s−1 c cm6 mol−2 s−1

2.4 Thermochemistry

For species added to the kinetic model in this work, thermochemical data were calculated
using the same method described in [32]. Molecular geometries (Fig. 2) were optimized
and analytical harmonic frequencies calculated in Gaussian 03 [7] using the B97-1 density
functional [13], as recommended by Boese et al. [2]. The basis set was 6-311+G(d,p), a
supplemented, triple-zeta basis set that should be large enough to ensure that the basis set
truncation error is comparable with, or smaller than, the inherent errors in the DFT [2].

To establish the spin multiplicity of the ground state, the lowest-energy state of different
spin multiplicity was also calculated. Ti2O2Cl6 is a singlet in its ground state; TiCl2OCl
and Ti2O2Cl5 are doublets.

Isogyric reaction schemes are desired to link the calculated species to reference species
with well-known enthalpies of formation. The choice is especially important, as explained
in [32].

The standard enthalpy of formation of Ti2O2Cl6 was derived from the isogyric reaction
Ti2O2Cl6 � 2 TiOCl2 + Cl2 and Ti2O2Cl5 from Ti2O2Cl5 + TiCl4 � 2 TiOCl2 + Cl2 + TiCl3.
TiCl2OCl was derived from the anisogyric reaction TiCl2OCl � TiOCl2 + Cl so is ex-
pected to be the least accurately determined ∆fH

◦
298 K .

Heat capacities (Cp), integrated heat capacites (H(T ) −H(0 K)) and entropies (S) were
calculated for temperatures in the range 100–3000 K using the rigid-rotator harmonic-
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Figure 2: Molecular structures of TiCl2OCl, Ti2O2Cl5 and Ti2O2Cl6. Bond lengths are
in Ångströms, and unlabelled atoms are chlorine.

oscillator (RRHO) approximation, taking unscaled vibrational frequencies and rotational
constants from the B97-1 calculations (see Tab. 2). Polynomials in the NASA form [12]
for use in Chemkin and Cantera were fitted to Cp(T )/R, H◦ and S◦ over the temperature
ranges 100 K–Tc and Tc–3000 K, constrained to ensure Cp(T ) and its first two derivatives
matched at the common temperature Tc, which was varied to optimise the overall fit for
each species.

Table 2: Calculated thermochemistry at 298 K.
species ∆fH

◦
298 K S◦298 K rot. const. vibrational frequencies

kJ/mol J/mol K GHz cm−1

TiCl2OCl −475 396.9 1.9445, 0.9729, 0.6484 17.1, 44.8, 93.7, 131, 174, 341, 474, 483,
950

Ti2O2Cl6 −1503 562.3 0.5965, 0.2506, 0.2497 17.9, 18.7, 36.3, 84.8, 93.6, 101, 115,
135, 135, 137, 155, 163, 206, 299, 324,
388, 404, 455, 473, 487, 505, 509, 574,
902

Ti2O2Cl5 −1272 537.5 0.7562, 0.2939, 0.2611 14.1, 28.3, 45.8, 79.5, 82.3, 100, 118,
130, 140, 162, 194, 318, 335, 366, 401,
473, 483, 493, 501, 575, 885

3 Population Balance Modelling

To simulate the comprehensive model of chemistry and particle dynamics, we use the
extended surface-volume model with primary particle tracking described in [23, 33], cou-
pled to the gas phase chemistry simulation using operator splitting [3]. Numerical valida-
tion of this population balance solver is provided in [3, 22].

An agglomerate particle in the population balance is described by the number of TiO2

monomers in the particle, M , the surface area of the particle, A, and the number of TiO2

monomers in each of the primary particles that make up the agglomerate, (m1, m2, m3, . . .).
All other particle properties, and hence particle process rates, are calculated from M and
A. The stochastic particle method [22] used here to solve the population balance makes it
computationally cheap to track many internal co-ordinates within the population.

In the current study, the collision of any two molecules containing two or more Ti atoms
each is treated as a particle inception. The rate of these events is dependent on the con-
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Figure 3: Coagulation of particles a and b.

centration of the species involved, and is estimated according to collision theory. When a
particle is first incepted from the gas phase, it is assumed to be spherical, and to contain
one primary particle.

The rate of particle growth due to surface reactions with the gas phase was calculated
using the first order expression from [8] (Eq. 2). The change in particle surface area
due to surface growth is determined according to [23]. Mass added to a particle through
surface growth is distributed amongst the constituent primary particles randomly, with
probabilities proportional to their spherical surface areas.

The rates of collisions between particles of different sizes and shapes is determined by
the coagulation kernel, in this case a function of M and A. Different coagulation kernels
are appropriate in different conditions (particle size and gas pressure); see [27] for details.
These coagulation kernels are also used to model the particle inception processes.

When two particles coagulate the monomer count and surface area are conserved, and
the lists of constituent primary particles are appended to one another. For example, when
two particles a and b, with properties (Ma, Aa, ma1, ma2, ma3) and (Mb, Ab, mb1, mb2),
coagulate as illustrated in Fig. 3, the resulting agglomerate particle will be given by (Ma+
Mb, Aa + Ab, ma1, mb1, ma2, ma3, mb2).

Sintering is modelled following the approach of Xiong and Pratsinis [34], by assuming
that the excess agglomerate surface area, over that of a spherical particle with the same
mass, decays exponentially with a characteristic time taken from Kobata et al. [17].

The surface area of an aggregate particle in this simulation is tracked independently and
determined by the sintering and surface growth models. The list of primary particles
is updated to match this surface area value according to a scheme, inspired by Ostwald
ripening, that involves removing small primary particles from the list and redistributing
their mass over the larger ones. For this purpose primary particles are assumed to be
spherical with the same density as bulk rutile.

In order to generate shape information, to aid visualisation of the particles, the positions
of the primary particles within a particle are generated in a post-processing step.

8



4 Simulations

4.1 Rapid Compression Machine

The PhD thesis by Raghavan describes investigations of the kinetics of TiCl4 oxidation us-
ing a rapid compression machine (RCM) [26]. A mixture of 0.3 mol% TiCl4 and 1 mol%
O2 in Argon was loaded into a cylinder at reduced pressure, then rapidly compressed
causing temperature and pressure of the gas to rise quickly. The temperature was calcu-
lated from the pressure, volume, and starting temperature, according to a hot-core model
in which 20% of the volume (near the walls) is compressed isothermally. The piston was
designed to bounce, resulting in a short peak in temperature, found to be well approxi-
mated by a lorentzian. The reaction time reported was the half-width at half-maximum
(HWHM) of a lorentzian fitted to the top 10% of the temperature profile. The concentra-
tion of TiCl4 was measured before and after compression using FTIR spectroscopy.

This RCM was simulated here with the new gas-phase kinetic model, using Cantera and
Python. In our simulation, the piston was driven sinusoidally for one stroke, with a speed
and compression ratio adjusted to ensure that a Lorentzian least-squares fitted to the
hottest 10% or our temperature profile had a Tp and HWHM equal to Raghavan’s reported
values. This was repeated for the sixteen combinations of Tp and tc reported in [26].
The shape of the temperature profile from this sinusoidal compression is similar to the
temperature profiles of the RCM given in Raghavan [26]. The simulation was spatially
homogeneous, so following the hot-core description in Raghavan [26], the simulated con-
version was scaled by 0.8 (20% of the gas remained unreacted). Because the gas is heated
rapidly and for a short time the walls do not heat up, so surface reactions were neglected.

−0.2
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0.2

0.4

0.6

0.8

1

500
Tp (K)

1−
(N

/N
0)

Simulation
Raghavan
Pratsinis

1000 1500 2000

Figure 4: Fraction of TiCl4 consumed after rapid compression in the RCM, plotted
against the peak temperature reached. The lower limit shows a simulation with
tc=10 ms, the upper limit 40 ms, and the filled diamond the tc that was reported
for the corresponding measurement (white circle) from Raghavan [26]

Figure 4 shows the fraction of TiCl4 consumed (1−N/N0) plotted against the peak tem-

9



perature reached in the reactor (Tp) from Raghavan’s thesis [26] with our simulation re-
sults superimposed. The design of the RCM meant that the peak temperature Tp and
the reaction time tc could not be controlled independently (a higher Tp usually meant a
shorter tc). The extent of reaction obviously depends on the reaction time, so simply plot-
ting (1 − N/N0) as a function of Tp without mentioning tc is misleading. The bars on
the simulation results in Fig. 4 indicate the sensitivity with respect to compression time
tc: the lower limit is the result of tc=10 ms, the upper limit is 40 ms, and the central mark
is the tc that was reported for the corresponding N/N0 measurement in [26]. Also shown
(dashed line) are the results of simulations using the one-step Arrhenius rate expression
(1) from [25].

The kinetic model agrees reasonably well with the experiments without any fitting of
parameters. The fraction of TiCl4 consumed during compression to a given temperature is
somewhat lower in our simulations than the reported measurements, but, although no error
bars were reported for the measurements, we expect the uncertainties in the temperature
estimations to be significant (see discussion).

4.2 Plug Flow Reactor (PFR)

The combined simulation coupling the gas phase kinetic model to the particle dynamics
model was used to simulate the tubular flow reactor used by Pratsinis [25] to measure the
overall reaction kinetics. In Pratsinis et al. [25], a flow of 0.2 mol% TiCl4 and 1 mol% O2

in Argon was fed to a 3.18 mm-I.D. tube, a ∼30 cm section of which was heated to 973–
1273 K in a furnace. The concentration of TiCl4 leaving the flow tube (Co) was measured
using FTIR spectroscopy. Assuming that the reaction rate is first order in [TiCl4] with
Arrhenius kinetics (keff = A exp (−Ea/RT )) and that all reaction occurs during the time
t that the gas spends in an isothermal zone at temperature T then

−
(
ln (Co/Ci)

)
/t

)
= keff = A exp(−Ea/RT ). (3)

A plot of ln
(
−

(
ln (Co/Ci)

)
/t

)
versus 1/T (Fig. 5) would thus give a straight line from

which the apparent activation energy Ea and pre-exponential constant A can be deter-
mined. This is the analysis performed in Pratsinis et al. [25], and our simulation results
are processed the same way for easy comparison. The assumption of constant T for a
time t was only made for the analysis: the simulations covered the entire temperature
profile (given in Pratsinis et al. [25]) and included thermal expansion of the gas as the
temperature varied.

The simulations using our new gas-phase kinetic model (Fig. 5, solid lines) consume
much less TiCl4 than the observations reported in Pratsinis et al. [25]. At 1133 K the keff

fitted to the simulation is between 14 and 45 times lower (slower rate) than that fitted to
the experiment, depending on which residence time is simulated. The apparent activation
energy is higher in the simulation, so at 993 K the discrepancy increases to kexpt

eff /ksim
eff =

5.2 × 103 in the worst case. Possible reasons for this discrepancy will be discussed in a
later section.

The simulations were repeated allowing for deposition and reaction of TiCl4 on the in-
side surface of the tube, using the expression for surface growth of a TiO2 film given by
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Ghoshtagore [8] (Eqn. 2).

In these simulations (Fig. 5, dotted lines), 500 times as much TiCl4 was consumed through
reaction on the walls as through reactions in the gas phase, and the overall consumption of
TiCl4 was higher than that observed in Pratsinis et al. [25]. This may be partially because
mass transport limitations were not modelled. Also, Ghoshtaghore’s rate expression is for
much higher O2 partial pressures, so would be expected to over-predict wall reactions in
the conditions modelled here.

4.3 Particle Properties

The flow tube reactor was simulated using the coupled population balance model. This
allows access to a wealth of information far beyond the rate of consumption of TiCl4.
Figure 6 shows the size distribution of titania particles at the end of the simulation (40 cm
downstream from the midpoint of the tube, when the temperature has returned to 298 K)
and Fig. 7 shows TEM-style images of some of the particles.

As the temperature of the PFR is increased, so does the average size of the particles
produced. This is the same as the trend observed by Akhtar et al. [1] in a similar PFR.

5 Discussion

A rapid compression machine seems to be a useful tool for measuring gas-phase kinetics
at high temperatures and pressures, but at less expense than a shock-tube. However,
uncertainties in the temperature measurements are likely to be significant. The peak tem-
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perature Tp was deduced from measurements of pressure, volume, and the starting tem-
perature T0, giving three causes for concern. First, an error in measuring T0 is amplified
in Tp. Second, the deduced Tp is very sensitive to errors in measuring the maximum pis-
ton displacement. Third, the assumptions necessary for this deduction are hard to verify.
Unfortunately, Raghavan does not give estimates of the errors in N/N0 or Tp in Fig. 4, but
we expect they are not small enough to justify adjusting parameters in our kinetic model
to fit these experiments. The 20% dead-zone in the model ensures that no simulation will
ever match the observations in which (1−N/N0) > 0.8, whichever kinetics are used.

Plug flow reactors are often used to measure rates, and the careful measurements in [25]
seem like a useful check for any kinetic model of TiCl4 oxidation. At first glance the
disagreement of four orders of magnitude between the first-order rate fitted to the ex-
periments and that fitted to the simulations suggests a problem with the new gas-phase
kinetic model used in the simulations. Indeed, this may be the case. However, there is an
alternative possibility.

Due to the small internal diameter of the tube, the surface-area to volume ratio is high,
and including surface reaction on the tube wall has a large effect on the simulations. It
is possible that the consumption of TiCl4 being measured in the experiments was mostly
happening on the walls of the tube. The rate expression derived from these measurements,
however, has been widely used to simulate gas-phase reactions, and has often been used as
an inception rate for TiO2 particle population balance models. Yoon et al. [35] observed
that, in their tubular reactor of diameter 2.7cm, up to 92% of TiO2 production was on the
walls. Further investigation of both gas and surface kinetics may be required to resolve
this issue.

6 Conclusions

The first detailed gas-phase kinetic model for TiCl4 oxidation [33] has been improved
using DFT and VTST calculations, which have provided new thermochemical and ki-
netic data. This improved kinetic model is in agreement with the experimental data from
a rapid compression machine [26], with the results of the model falling within the esti-
mated uncertainties of the experimental measurements. Simulations of a plug flow re-
actor, however, suggest that surface reactions on the reactor walls may have dominated
the experimental measurements [25]. Many models simulating TiO2 formation from the
gas phase have relied on rate expressions derived from these experimental measurements.
The improved kinetic model thus represents an important advance in the understanding of
TiO2 particle formation.

Finally, the improved gas-phase kinetic model was coupled to a particle population bal-
ance model (PBM) to investigate the influence of PFR temperature on particle size dis-
tributions. The traditional surface-volume PBM was extended to track the growth and
sintering of primary particles within each particle. This allowed creation of TEM-style
images of the agglomerate particles from the simulation, which are presented herein.
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