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MODELING THE SYNTHESIS OF COMPOSITE TITANIA- 
AND SILICA-BASED CORE–SHELL TYPE PARTICLES 
IN A PLASMACHEMICAL REACTOR

S. M. Aul′chenkoa,b and E. V. Kartaeva   UDC 532.075.8

One-stage synthesis of composite titania and silica nanoparticles in the working area of a plasmachemical reactor 
by a chloride method, which is based on separate oxidation of titanium and silicon tetrachlorides, has been modeled 
for the fi rst time. The infl uence of a number of parameters of the physicomathematical model on both the general 
size of the particles and the shell thickness has been investigated. Results of calculations for certain variants of the 
parameters have been given.
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Introduction. One of the most promising trends in today′s technologies is the synthesis of nanocomposite powders 
of oxide ceramics belonging to a new class of materials with physicochemical properties controllable over a wide range 
depending on their purpose. In particular, wide use has been enjoyed by nanosize titania (TiO2) particles. Here, in many 
applications of practical importance, it is required that photocatalytic activity of TiO2 particles be suppressed, e.g., in 
pigmentary titania additives to dyes and plastic and in the production of paper and sunscreens. In this case it is required that 
the area of the photoactive free surface of titania be as small as possible, with the optical properties of the material itself 
being preserved. This requirement is met by, e.g., nanocomposite titania and silica (TiO2 + SiO2) particles of the "core–shell" 
structure. Here, the larger the thickness of the amorphous SiO2 layer and the smaller its microporosity, the stronger is the 
reduction in the photoactivity of composite nanopowder [1].

In the present work, from the program created by the authors to calculate fl ows of a multicomponent reactive gas 
mixture, which is based on the algorithms of solution of a quasi-gasdynamic system of equations, the synthesis of nanocomposite 
TiO2 + SiO2 particles of this structure in a fl ow-type plasmachemical reactor was modeled for the fi rst time. In modeling, 
the authors implemented a one-stage method of production of the sought powders. In the channel′s upper part, titanium 
tetrachloride TiCl4 in a vapor phase is fed to the reactor. In the reactor zone ahead of the unit of feeding tetrachlorosilane 
SiCl4, there occurs conversion of titanium tetrachloride with formation of TiO2 particles with their subsequent growth due to 
the surface reaction and coagulation. Studies [2–4] give results of calculations and experiments of this stage. In the region of 
mixing SiCl4 with the mainstream the gas phase of silica SiO2 is formed. At a small ratio of the concentrations of the SiCl4/
TiCl4 vapors, the silica vapor condenses just on the surface of titania particles to form a shell without forming individual SiO2 
particles [5]. Furthermore, the shell thickness may also grow due to the surface reaction. The gas in the plasma-generating jet 
is nitrogen with a temperature of 4500 K. A scheme of premixing of the reactants (titanium tetrachloride and tetrachlorosilane 
with an air oxygen) outside the reactor is used.

Diffi culties with modeling physicochemical processes in fl ows of chemically active gases are associated with the 
absence of reliable data on transfer coeffi cients in high-velocity gas fl ows, on rigorous temperature boundaries of reactions 
and phase transitions, etc. All this assumes a considerable volume of parametric calculations to verify modeling results. In the 
present work, for the reactor whose shape and dimensions correspond to an actual laboratory setup, the calculations have been 
carried out for a number of values of the constants of a physicomathematical model and of operating regimes.

Formulation of the Problem. Figure 1 shows a diagram of the working area of a fl ow-type reactor (the actual 
position is vertical). A nitrogen jet with temperature T1 and with fl ow rate Q1 fl ows into the working area through a channel. 
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A mixture of titanium tetrachloride and air at the temperature T2 with fl ow rate Q2 is fed through the fi rst lateral slot. In the 
mixing zone, a reaction proceeds to form fi rst the gas-phase component of TiO2, and then TiO2 particles. Next, as the particles 
move along the reactor, they grow due to the surface reaction and coagulation. A mixture of silicon tetrachloride and air at the 
temperature T3 with fl ow rate Q3 is fed through the second lateral slot.

In the mixing zone, we have a homogeneous reaction to form the gas-phase component of SiO2 which condenses 
on titania particles and a heterogeneous reaction to form a solid phase on the surface of both TiO2 particles and composite 
TiO2 + SiO2 particles. It is assumed that there is no coagulation of the composite particles. This assumption will be checked 
experimentally.

Mathematical Model. We consider fl ow of a viscous heat-conducting mixture of gases. The components of the 
mixture are O2, N2, TiCl4, SiCl4, TiO2, SiO2, and Cl2. The last three components result from the generalized chemical 
reactions
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Consideration is given to a one-fl uid regime of fl ow which is modeled using the system of quasi-gasdynamic 
equations [2]. With account for external forces and heat sources, this system is of the form
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The vector of the mass-fl ux density is determined by the following relation:
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This system is supplemented with the continuity equations for the mixture′s components:
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and the volume concentration of the solid phase
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On the right-hand sides of Eqs. (2) and (3), account has been taken of the following relations describing the change in the 
concentrations of titanium tetrachloride and titania in the gas and solid phases, and also of silicon tetrachloride and silica in 
the gas and solid phases due to the homogeneous and heterogeneous reactions and to the phase transition:

Fig. 1. Diagram of the working area of the fl ow-type reactor.
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Additional relations closing the system of equations are of the form
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If relations (1)–(4) are supplemented with the equation for the number of particles:
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then with account for their known initial diameter d0 and knowing the mass of the particles and their number and volume 
concentration in each computational cell at each instant of time, we can calculate the size of particles.

The coagulation parameter, according to [6], has been calculated from the formula
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Boundary Conditions. On the reactor walls, we adopted the adhesion conditions, the absence of the heat fl ux, and 
the equality of the normal pressure derivative to zero (this additional condition is caused by the special features of the system 
of quasi-gasdynamic equations). For the jets, we assign the fl ow rate and temperature. To calculate the values of pressure, 
density, and velocity at the infl ow boundaries of the jets, we use boundary conditions which are based on the Riemann 
invariants for Euler equations.

In numerically integrating Eqs. (1)–(3), they are written in a cylindrical coordinate system (the problem is 
axisymmetric) and are reduced to a dimensionless form. As the problem′s basic dimensional parameters we select the channel 
radius and the velocity of sound in quiescent air at a temperature of 300 K in the reactor at the initial instant of time and the 
air density.

For numerical solution of the system of equations, we use a time-explicit difference scheme. Time derivatives 
are approximated by forward differences with the fi rst order of accuracy. Space derivatives are approximated by central 
differences with the second order of accuracy.

Calculation Results. The main series of calculations whose results can be verifi ed with experimental data was 
conducted in the following statement. At the fi rst stage, we calculated a quasi-stationary fl ow fi eld in the reactor, which was 
formed by injecting the jet from a plasmatron. Thereafter, lateral jets were injected.

The geometric characteristics of the reactor were LR = 444 mm, dR = 32 mm, LC = 38 mm, dC = 7 mm, LTr = 33 mm, 
and α0 = 15o. The coordinates of the midlines of slots for injection of lateral jets were z1 = 28 mm and z2 = 292 mm.

The parameters in the setup were T1 = 4500 K, Q1 = 1 g/s, T2 = 490 K, Q2 = 2.5 g/s, T3 = 490 K, and Q3 = 2.2 g/s. 
The composition of the fi rst lateral jet was as follows: 80% air and 20% TiCl4; the composition of the second lateral jet was 
96.7% air and 3.3% SiCl4.

According to [6, 7], the assigned basic values of the constants in Eqs. (4) and (5) were as follows:
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In the available literature, the values of constants for SiCl4 conversion differ by an order of magnitude, and there is no 
information on the nucleation rate. These parameters need to be refi ned on the basis of experimental data.

Fig. 2. Lengthwise distribution of the weighted mean diameter of particles and of the 
logarithm of the number of particles in the reactor: a) calculation with the model′s basic 
parameters, b) calculation with s

Sk  = 0, c) calculation with ph
Sk  = 0, and d) calculation 

with the model′s basic parameters with a higher than average share of SiCl4; 1) diameter 
of TiO2 particles averaged over the number of the particles, 2) diameter of TiO2 particles 
averaged over their mass, 3) diameter of composite particles averaged over the number 
of the particles, 4) diameter of composite particles averaged over their mass, and 
5) logarithm of the number of particles.
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Figure 2 gives the distributions along the reactor of the weighted mean diameters of particles by their number
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m∑  and also the distribution of the values of the 

logarithm of the number of particles for different values of the model′s parameters and operating regimes of the reactor. 
Figure 2a gives the calculation results corresponding to the model with basic parameters (6). Figure 2b and c gives the results 
of calculations from the model in which s

Sk  = 0 and ph
Sk  = 0, respectively.

These calculations were done so as to assess the contribution of the surface reaction of oxidation of silicon 
tetrachloride and of gas-phase condensation of silica to the growth in the silica shell. Figure 2d gives the results of calculation 
from the model with basic parameters, but with a thrice as high content of silicon tetrachloride in the second lateral jet. 
Common to all the regimes is a monotonic growth in the dimensions of titania particles on the portion between the zones 
of injection of the fi rst and second lateral jets followed by a stepwise growth in the region of injection of the second jet. 
This growth occurs in the process of coagulation of the particles with the resulting decrease in their number by the law of 
(5), whereas the jump is due to the contraction of the fl ow core by the lateral jet leading to a sharp growth in the value of 
the second term in expression (5). The difference in particle dimensions obtained by averaging over the particles' number 
and mass is due to a certain nonuniformity in the particle size distribution in the reactor cross sections. The major part of 
particles is concentrated in the fl ow core, whereas the minor part, but of larger particles, is near the walls. This is due to the 
smaller velocity of the fl ow near the walls, accordingly, with increase in the time during which we have a growth in TiO2 
particles due to the surface reaction and coagulation. In the regimes presented in Fig. 2a,b, and d, coagulation of particles 
does not occur downstream of the region of mixing of the mainstream with the second lateral jet, since practically a SiO2 
shell has already been formed on all the TiO2 particles and the absence of coagulation between the composite particles has 
been included in the model. The infl uence of the model′s parameters on the size and structure of composite particles is more 
than direct as a rule. For example, on the values of the rate constants of the surface reaction and condensation s

Sk  and ph
Sk ,

there depends not only the rate of buildup of the shell on the particle but also the position of the boundary of passage of 
TiO2 particles into composite particles and hence the cessation of their growth due to coagulation. The region of propagation 
of the gas phase of TiO2 and hence of its possible condensation on the particle′s surface is much larger than the region in 
which we can have a surface reaction. This explains the proximity of the curves in Fig. 2a and b. The number of the particles 
is identical, in practice. The dimensions of the core (average over the number of particles) of a composite particle are 42.5 
and 40.3 nm respectively. The smaller dimension of the core at s

Sk  = 0 is attributed by the upstream shift of the boundary 
of formation of composite particles due to the increase in the share of the TiO2 gas phase. For the regimes presented in 
Fig. 2a and b, the dimensions of the composite particles (average over the number of particles) at exit from the reactor are 
43.3 and 40.9 nm. In the fi rst variant, the shell thickness is 0.2 nm greater. This difference is attributed to both the contribution 
of the surface reaction and the difference, even if small, in the number of particles. Since in the second variant their number is 
larger, the shell thickness is smaller at the same mass. The results presented in Fig. 2c show how great the role of the position 
of the boundary of transition of TiO2 particles to TiO2 + SiO2 particles is. The displacement of this position downstream at 

ph
Sk  = 0 leads to a growth in the dimensions of the core to 52.3 nm and, accordingly, to a larger thickness of the shell, i.e., 

1.6 nm, on averaging over the number of particles. Decrease in the average dimensions of mass-averaged TiO2 particles in 
the third variant (Fig. 2c) down to 95.7 nm from 98.0 nm and 97.1 nm in the fi rst and second variants, respectively, is due 
to the fact that the region of the surface reaction is closer to the reactor wall and it is the largest particles that are fi rst to 
fi nd themselves in it. Naturally, when the shell is formed by just one reaction its total mass is smaller as indicated by mass-
average dimensions of composite particles of 99.3, 98.1, and 96.9 nm in variants a, b, and c, respectively. Figure 2d gives 
the results of calculation of the synthesis of composite nanoparticles for the variant of the setup′s operating regime with an 
SiCl4 share in the second lateral jet  thrice (10%) as great and basic values of the model′s parameters. The shell has begun to 
form predictably earlier and hence the dimension of the particle′s core is much smaller (and the number of particles is nearly 
twice as large): in the number-average particles, 35.6 nm, and in the mass-average ones, 81.7 nm. Shell thicknesses of 0.5 and 
1.0 nm at fi nal dimensions of 36.1 and 82.7 nm point to the increase in the share of SiO2 in a composite particle with increase 
in the supplied SiCl4 mass.

Conclusions. One-stage synthesis of composite titania and silica nanoparticles in the plasmachemical-reactor′s 
working area by a chloride method which is based on separate oxidation of titanium and silicon tetrachlorides has been modeled 
for the fi rst time. The infl uence of a number of parameters of the physicomathematical model and of regime parameters of the 
setup on both the general size of the particles and the shell thickness has been investigated. Results of calculations for certain 
variants of the parameters have been given. These results, and also those that will be obtained in subsequent parametric 
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investigations combined with the data of experiments to be conducted on the created laboratory setup will make it possible to 
refi ne the parameters of the model and to control the characteristics of the produced composite particles.
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NOTATION

A, relative area of particles, cm2/cm3; C1, C2, C3, C4, C5, and C6, concentrations of titanium tetrachloride and titania 
in the gas phase and of titania in the solid phase, of silicon tetrachloride and silica in the gas phase, and of silica in the solid 
phase, mole/cm3; cp, volume concentration of the solid phase; Cl2, chlorine; dB, diffusion coeffi cient of a Brownian particle, 
m2/s; dC and dR, channel and reactor diameters, mm; dp, diameter of particles, nm; d0, initial diameter of particles, nm; 
di, weighted mean diameter of a particle in the ith cross section, nm; dij, diameter of a particle in the jth computational cell 
of the ith cross section, nm; E, normalized total energy of a unit volume; F, normalized vector of the mass-force density; 
H, normalized total specifi c enthalpy; J (ji), normalized intensity of transformation of the mass of the jth component into the ith 
component in a unit volume of the mixture; J (jp), normalized intensity of transformation of the mass of the jth component into a 
solid phase in a unit volume of the mixture;  j, normalized vector of the mass-fl ux density of the mixture; ji, normalized vector 
of the mass-fl ux density of the ith component; r

Tk  and r
S ,k  rates of generalized reactions, 1/s; k, Boltzmann constant, J/K;

h
Tk  and h

S ,k  rates of homogeneous reactions, 1/s; s
Tk  and s

S ,k  rates of surface reactions, cm/s; ph
Tk  and ph

S ,k  rates of phase 
transitions, cm3/s; LC, LR, and LTr, lengths of the channel, the reactor, and the transition tube, mm; M, Mach number; m, mass 
of a carrier-gas molecule; mg, mass fraction of the gas; Mi, particles' mass in the ith cross section; mi, molecular weight of the 
ith component; mij, particles' mass in the jth computational cell of the ith cross section; N, number of particles in a unit volume; 
NAv, Avogadro number; Ni, number of particles in the ith cross section; Nij, number of particles in the jth computational 
cell of the ith cross section; N2, nitrogen; O2, oxygen; p, normalized pressure; Q, normalized heat; Q1, rate of fl ow of the 
nitrogen jet from the plasmatron, g/s; Q2 and Q3, rates of fl ow of the fi rst and second lateral jets, g/s; Re, Reynolds number; 
Rg, specifi c gas constant, J/(kg·K); Rm, specifi c gas constant of the mixture, J/(kg·K); SiCl4, silicon tetrachloride; SiO2, 
silica; Sc, Schmidt number; t, time, s; T, normalized temperature; T1, temperature of the nitrogen jet from the plasmatron, K; 
T2 and T3, temperatures of lateral jets, K; TiCl4, titanium tetrachloride; TiO2, titania; u, normalized velocity vector of the 
mixture; up, velocity of particles, m/s; z, axis of the cylindrical coordinate system; z1 and z2, coordinates of the midlines of the 
slots for injection of lateral jets; α, accommodation coeffi cient; α0, slope of the transition tube, deg; αi, mass fraction of the 
ith component; β, coagulation parameter, cm3/s; Π, normalized viscous-stress tensor; ρ, normalized density of the mixture; 
ρi, normalized density of the ith component; τ, normalized relaxation parameter. Subscripts and superscripts: C, channel; 
h, homogeneous; m, mixture; p, particle; s, surface; S, silicon; T, titanium; Tr, transition; R, reactor; r, reaction
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