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Abstract
Production of titania nanoparticles from TiCl4 precursor in 1-D laminar flames is investigated through numerical
simulations. First, the impact of mass and enthalpy conservation in the modeling of nanoparticles production in
reactive flows is investigated when considering high concentrations of particles precursor, classically characterizing
the industrial applications. Then, a new model is developed accounting for a detailed description of TiCl4 oxidation
and a new hydrolysis pathway. Its performance is evaluated in premixed and non-premixed laminar configurations by
comparison with state-of-the-art descriptions. Finally, TiO2 production is characterized in both premixed and diffusion
flames in terms of particle size Distributions (PSDs), in order to provide first indications on the optimization of TiO2
flame synthesis.

1. Introduction
Flame processes are widely used for the manufacture

of numerous nano-structured commodities, such as tita-
nium dioxide – titania –, carbon black and fumed silica
[1–4], representing a billion-dollar industry. Nanoparti-
cle synthesis requires a fine control of the particle size
and shape distributions, and of the nanoparticle crystal
phase with desired properties depending on the targeted
application. Therefore, detailed and accurate modelling
of their production is of critical importance for the opti-
misation of nanoparticle production in flame reactors [5–
7].

As a first step in this direction, it is important to derive
and validate numerical models allowing a suitable repre-
sentation of nanoparticles production in laminar flames.
In the present work, we develop a full numerical strategy
for the simulation of TiO2 nanoparticles synthesis from
titanium tetrachloride (TiCl4) in laminar flames. This is
done following three steps. First, the importance of a
conservative formulation for mass and enthalpy in case
of high nanoparticles concentration, as in practical flame
synthesis applications, is discussed in Section 3. Sec-
ond, the importance of accounting for hydrolysis in de-
tailed kinetics of TiCl4 consumption to reproduce a fast
and effi cient conversion rate, in agreement with experi-
mental evidences, is discussed in Section 4. Finally,TiO2
production in laminar flames is analyzed in Section 5 in
terms of particle size distribution to provide some indica-
tions on the optimisation of flame synthesis systems.

2. Physical models
In the following, TiO2 production from TiCl4 synthe-

sis in 1-D laminar premixed and non-premixed counter-
flow methane/air flames will be investigated using the
Regath code [8]. Also, 2-D simulations of a coflow
methane/air flame will be performed using the Lami-
narSmoke code [9, 10].

2.1. Gas phase description and TiCl4 consumption
Two main approaches can be found in the literature to

describe TiO2 flame synthesis from TiCl4 consumption:

∗Corresponding author: benedetta.franzelli@centralesupelec.fr

• Global fitted descriptions: Among them, the global
model due to Pratsinis et al. [11] has been developed
to describe TiCl4 consumption:

TiCl4(g) + O2(g)→ TiO2(s) + 2Cl2(g). (1)

The reaction follows an Arrenhius formulation.
Even if the mechanism is presented in the form of
a one-step oxidation reaction, the rate is first-order
with respect to TiCl4 and zeroth-order in O2, mean-
ing that it does not depend on O2 concentration. The
rate constants of the global reaction have been fitted
to provide a reasonable estimation of the experimen-
tal global TiCl4 consumption [11, 12] and it is at the
heart of many numerical studies of TiO2 nanopar-
ticles formation [12–17]. This model has been re-
cently validated on a laminar coflow diffusion flame
and reproduced reasonably well the nanoparticles
volume fraction and particle size distributions [18].

• Detailed oxidation kinetics: a detailed mechanism
for the gas-phase reactions of TiCl4 with O2 has
been first developed by West et al. [19] based on
density functional theory (DFT) calculations to be
consistent with thermodynamic equilibrium theory.
It accounts for 30 species and 66 reactions. This de-
tailed model was shown in [20] to agree reasonably
well with the global description in terms of TiCl4
consumption rate [21, 22]. However, to our knowl-
edge, a detailed mechanism of this type has not been
validated in terms of nanoparticle volume fraction
or number density. In addition, the detailed mecha-
nism has mostly been applied to TiCl4-O2 mixtures
heated externally[21–23]. This corresponds to water
free configurations that are not necessarily represen-
tative of nanoparticles production in flames, where
the presence of water may induce TiCl4 hydrolysis
and require a description of this process to correctly
predict TiO2 production. Additional detailed oxi-
dation kinetics [20, 24], presenting similar features
and performances, have been developed from this
scheme.
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Figure 1: a) Equilibrium temperature and b) combustion product mass fractions as a function of inlet TiCl4 mass
fraction in thermodynamic equilibrium calculations. Results with the conservative and non-conservative formulations
are represented in continuous and dashed lines, respectively.

From this literature survey, it appears that global de-
scriptions can be considered as a good approach for
the prediction of TiO2 production in flames (i.e. TiCl4
consumption, conversion yield, and lognormal particle
size distribution,PSD) since they have been specifically
fitted for it. However, as for all global chemical models,
they do not provide any realistic kinetics information.
On the contrary, the detailed oxidation models can be
considered as good models for the prediction of TiO2
production when it occurs through TiCl4 oxidation.
However, it may fail when considering flame synthesis if
hydrolysis is not negligible.

In the present work, the global model from Pratsinis
[11] and the detailed oxidation mechanism from Mehta
et al. [24] are considered. This detailed mechanism ac-
counts for 36 species, 15 quasi-steady-state species and
237 reactions. It comprises three blocks: methane oxi-
dation, chlorination of methane and Ti oxidation, based
on the detailed scheme by West et al.[19]. For the sake
of consistency, when working with the global model, the
gaseous phase is described by the the subset of the de-
tailed scheme relevant to methane combustion by remov-
ing Ti- and Cl-containing species.

2.2. Solid phase description
The solid phase is conveniently described with a sec-

tional model providing an accurate representation of the
particle size distribution. The particles diffusion veloc-
ity involves a thermophoretic contribution [25, 26] and a
diffusion term induced by concentration gradients. The
particles diffusion coeffi cients are computed in the free
molecular regime. The particle thermophoresis velocity
is taken from Waldmann [25]. Particle production is char-
acterized by the conversion of TiCl4 precursor molecule
into solid particles containing from several tens to thou-
sands of Ti atoms. The nanoparticles dynamics involve
nucleation and coagulation. The coagulation rate is ex-
pressed in a transition regime between the free molecular
and the continuum regime [27]. In general, the nucleated
particles are treated as monomers [12]. Here, following
the recommandations of Mehta et al. [28], we consider
the freshly nucleated particles to contain five Ti atoms.

3. Importance of mass and enthalpy conservation
When considering the operating conditions corre-

spondent to industrial applications, the conservation of
the total enthalpy and/or the total mass may become crit-
ical. Indeed, in most models, when the particle volume
fraction is very small, particle enthalpy exchange and dif-
ferential diffusion are neglected. However, TiO2 nanopar-
ticles synthesis in flames is usually characterized by a
high conversion rate and, consequently, a high concentra-
tion in nanoparticles that may reach up to 50% in terms
of mass fraction.

As the purpose of this section is essentially to demon-
strate the importance of using a conservative set of equa-
tions, the global scheme is adopted here. In order to
highlight the importance of a conservative formulation in
terms of enthalpy [27], thermodynamic equilibrium cal-
culations are carried out. The considered fresh gas com-
position corresponds to an equivalence ratio φ = 0.8, a
fresh gas temperature of T=500 K and a pressure of P=1
bar, with an increasing concentration of TiCl4.

When the TiCl4 inlet concentration is increased, the

Figure 2: TiCl4 and TiO2 mole fraction profiles for a
1D counterflow CH4/O2 flame. The inlet temperature
is 500 K. Injected TiCl4 mass fraction Y inj

TiCl4
= 0.25 at

the oxidizer side. Strain rate α = 600 s−1. The stag-
nation plane is located at x = 0 mm. Comparison be-
tween the mass-conserving (continuous lines) and the
non-conservative (dashed lines) formulations.
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Figure 3: Conversion yield as a function of a) equivalence ratio and b) strain rate in 1D premixed and diffusion flames,
respectively. Inlet TiCl4 mass fraction Y inj

TiCl4
= 0.05. Comparison among three kinetics.

effect of a conservative formulation is made evident, as
can be seen on Fig. 1a, where the equilibrium tempera-
tures corresponding to both model formulations are com-
pared. When the inlet TiCl4 mass fraction is 25%, the
equilibrium temperature with a non-conservative formu-
lation is lowered down to 1681 K, which represents a rel-
ative error of roughly 30%. This demonstrates the impor-
tance of enthalpy conservation when high nanoparticles
mass fractions are involved.

The effect on the species mass fractions is also sig-
nificant, as can be seen in Fig. 1b. As soon as the mass
fraction of TiCl4 reaches 10%, relative errors on the ti-
tanium containing species range from 20% to 100% (not
shown). The relative errors in CO2, H2O, and CO mass
fractions can be respectively of the order of 45, 10, and
95%. In addition to the errors on species mass fractions
and temperature, it is observed that using a non-enthalpy-
conserving formulation may lead to severe numerical dif-
ficulties.

The importance of differential diffusion is also inves-
tigated considering a 1D counterflow flame. Even though
the particles diffuse slower than the gaseous species, the
conservation of mass requires to account for a correc-
tion velocity due to thermophoresis. Contrary to enthalpy
conservation, no numerical instabilities are observed due
to non-conservation of mass. Yet, the formulation of the
diffusion velocities has an important impact on the titania
mass fraction profiles, presented in Fig. 2, with almost
15% relative error, though a marginal impact on the flame
structure (not shown). The use of a conservative formula-
tion for mass and enthalpy is then mandatory when con-
sidering high nanoparticles concentrations.

4. Accounting for both oxidation and hydrolysis of
TiCL4
As already indicated, among the different models

available in literature, one finds on the one hand global
models that are fitted to retrieve global quantities (such
as TiCl4 consumption rate), but do not provide insight
into the actual nucleation kinetics. On the other hand, de-
tailed thermodynamically-consistent oxidation schemes
have been derived under dry conditions and still require
additional validation for flame synthesis, where TiCl4 hy-
drolysis may be the dominant nucleation pathway due to

the presence of water vapour (H2O) generated by com-
bustion.

To improve their accuracy for nanoparticle flame syn-
thesis, a new model combining a detailed oxidation ki-
netics with a recently-developed kinetic mechanism for
hydrolysis has been proposed [29]. The performances
of the global scheme from Pratsinis, the detailed oxida-
tion model from Mehta and the recent combined oxida-
tion/hydrolysis models are evaluated in what follows.

First, 1-D premixed methane/air flames at different
equivalence ratio is considered (inlet temperature T=500
K, inlet TiCl4 mass fraction YTiClin j

4
= 0.05 and atmo-

spheric pressure). The conversion yield as a function
of the equivalence ratio is plotted for the three chemi-
cal schemes in Fig. 3a. As the rate constant of the global
model is of order 0 in O2, this model is not adapted to
the simulation of rich flames. Therefore for the global
model only lean conditions are considered. It can be seen
that for all equivalence ratios φ both the global model and
the combined oxidation/hydrolysis kinetics lead to nearly
100% conversion. For both schemes, the conversion yield
is thus independent of φ, so that the equivalence ratio has
no impact on the final volume fraction of particles. On the
contrary, the detailed oxidation kinetics does not seem to
predict a fast conversion of TiCl4 into TiO2 a result that
is at variance with experimental evidences [30, 31]. The
corresponding conversion yield is significant only when
the equivalence ratio φ is lower than 0.6, and is negli-
gible for higher equivalence ratios. The addition of the
hydrolysis kinetics to the detailed oxidation kinetics ap-
pears therefore as necessary to correctly reproduce the
fast conversion rate.

Second, 1-D counterflow methane/air flames are now
considered for different values of the strain rate α, where
TiCl4 is injected on the oxidizer side with a mass frac-
tion equal to 5%. The conversion yield in the counterflow
flame is plotted as a function of the strain rate α for the
three schemes in Fig. 3b. For all schemes, the conversion
yield is a decreasing function of the strain rate, as increas-
ing the strain rate lowers the residence time in the flame.
For all strain rates, the combined oxidation/hydrolysis
scheme leads to a higher conversion rate than the global
model, itself leading to a much higher rate than the de-
tailed oxidation scheme. As in the premixed flame, the
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Figure 4: a) TiO2 production in a coflow flame (Y inj
TiCl4
= 0.25). b)O2 and H2O mass fractions are visualized to identify

the oxidation and hydrolysis zones. c) The TiO2 mass fraction is obtained with a global model, a detailed oxidation
and the newly developed combined oxidation/hydrolysis kinetics.

detailed oxidation model does not predict a fast conver-
sion of TiCl4 into TiO2, in contrast with previous experi-
mental evidences in diffusion flames [30, 31]. Compared
to the premixed flame, none of the proposed kinetics pre-
dicts full conversion in the counterflow flame. Addition-
ally, the global model, which is known to be fast, predicts
lower conversion rates than the combined scheme includ-
ing hydrolysis, with conversion yield even below 40% at
600 s−1. While the yield is nearly independent on strain
rate when α ≤ 100 s−1 for the combined scheme, for the
global model the yield is a markedly decreasing function
of strain rate. This is due to the fact that the combined
scheme is extremely fast so that it is less sensitive to the
residence time.

Finally, the performances of the three model are eval-
uated on a 2-D coflow methane/air flame[18], schemat-
ically represented in Fig. 4a. It should be noticed that
the global oxidation model provides a reasonable agree-
ment with experiments in this configuration [18]. Two-
dimensional fields of O2 and H2O mass fractions are il-
lustrated in Fig. 4b to identify regions where oxidation
and hydrolysis of TiCl4 may occur. It can be observed in
Fig. 4c that the global and the newly-developped models
predict a fast TiO2 production along the centerline close
to the injector. On the contrary, the detailed oxidation
model is characterized by a slow TiO2 production, so that
an ineffi cient coeffi cient rate is observed, similarly to re-
sults on 1-D premixed and non-premixed flames. By ex-
amining to O2 and H2O fields, it may be deduced that
the TiCl4 will experience hydrolysis and will convert into
TiO2 before encountering O2.

These results suggest than that TiCl4 hydrolysis is a
major contributor to TiO2 formation in flames, due to the
presence of water vapor and the high reactivity of TiCl4
with vapor. It is therefore essential to account for this
process in a detailed kinetics scheme.

Figure 5: Particle Size Distribution (PSD) at different res-
idence times in a premixed flame for different values of
equivalence ratio φ using the combined mechanism.

5. Investigation of titanium dioxide flame synthesis
Finally, TiO2 synthesis in flames is investigated for 1-

D premixed and non-premixed flames in terms of Particle
Size Distribution (PSD). In premixed flames, the PSDs
are observed to depend only on the nanoparticle lifetimes
tres, regardless of the equivalence ratio. Indeed, it can be
seen in Fig. 5 that the PSDs corresponding to all equiv-
alence ratios superimpose on the same curve: after only
5 ms, the same lognormal distribution is attained for al-
most all equivalence ratios. However, the transient evolu-
tions towards the lognormal distribution do not coincide.
In particular, the closer to the stoichiometric conditions,
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Figure 6: Particle Size Distribution (PSD) at different res-
idence times in a counterflow diffusion flame for different
values of the strain rate α using the combined kinetics.

the faster the lognormal distribution is attained. This is
likely so because of higher temperature and H2O mass
fraction at stoichiometric conditions. Similarly, the pre-
cursor concentration do not significatly modify the PSD
(not shown), even if the case with highest concentration
induces a higher average diameter and a larger standard
deviation for a given residence time.

In non-premixed counterflow flames, the PSDs maily
depend on nanoparticle lifetimes too (Fig. 6), but the
flame structure is more complex, and thermophoresis in-
fluences the volume fraction profile (not shown). There-
fore, longer residence times (more than 50 ms) are
needed to retrieve a lognormal distribution. As expected,
a final lognormal distribution is observed both in pre-
mixed and non-premixed flames (cfr Fig. 7a). In the pre-
mixed flame, the non-dimensional number density func-
tion, NDF, superimposes on the same universal distribu-
tion, presented in Fig. 7b. On the contrary, in the non-
premixed flames they are close to each other but do not
perfectly superimpose perfectly since shorter residence
times characterize this kind of configuration.

6. Conclusion
The production of titania nanoparticles from flame

synthesis has been investigated by developing a numer-
ical strategy for TiO2 production using TiCl4 as precur-
sor. First, the importance of a conservative formulation in
terms of mass and enthalpy to correctly predict tempera-
ture and species mass fractions has been discussed for
classical laminar flame configurations. It is then shown
that detailed kinetics developed in dry configurations and
accounting only for TiCl4 oxidation are characterized by
extremely long TiO2 formation time scales and, conse-
quently, by low conversion yields when applied in flame
configurations. These results are in contrast with the ex-

perimental evidences and the numerical results predicted
by a global fitted model, showing an effi cient and fast
process for TiO2 formation by flame synthesis. A more
general detailed kinetics is proposed by complementing
the oxidation kinetics with a recently-developed hydrol-
ysis kinetics. The combined kinetics is able to retrieve
the behavior expected for TiO2 production in flame while
providing access to detailed chemical pathways. These
results suggest that TiCl4 hydrolysis is a major contribu-
tor to TiO2 nucleation in flames, due to the presence of
water vapor and the high reactivity of TiCl4 with vapor.

Finally, TiO2 synthesis in 1-D laminar flames has
been characterized in terms of PSD. In general, it can
be stated that the PSDs rapidly take a lognormal shape,
regardless of the equivalence ratio for premixed flames
and strain rate for non-premixed flames. The residence
time is a key parameter in the PSD evolution. Therefore,
in the premixed flame, the non-dimensional NDF super-
imposes on the same universal distribution, while in the
non-premixed flames they are close to each other but do
not perfectly coincide since shorter residence times char-
acterize this kind of configuration.
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