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PARTICLE GROWTH IN CHEMICAL DEPOSITION
FROM THE GAS PHASE

V. V. Levdanskii, P. Moravec, and UDC 541.182
J. Smolik

The effect of the physicochemical processes occurring in an evaporator and a reactor on the growth of aerosol
particles is investigated.

In a number of fields of modern chemical technology (creation of new materials with unique properties,
manufacture of highly efficient catalysts, etc.) the problem of obtaining nanosized aerosol particles arises. This can
be achieved in the process of chemical deposition from the gas phase [1-3]). A schematic of the laboratory setup
used to obtain nanoparticles in experiments conducted at the Institute of Chemical Processes (ICP) of the Academy
of Sciences of the Czech Republic (Prague) is depicted in Fig. 1. The initial substance (precursor) in the liquid
phase is placed in an evaporator, where it passes into the gas phase. The gas formed is then deluted with a neutral
gas (usually nitrogen), and the diluted mixture enters a reactor, where it is subjected to heating. As a result, a
chemical reaction is initiated to yield molecules capable of forming aerosol particles. The kinetics of the actual
reaction can be rather complicated and involve many stages (not all of the latter are known). Therefore, for an
analysis of the processes occurring use is often made of some simplified model. Thus, in [1] the reaction of
decomposition of the molecules of the initial substance in a reactor is assumed to be a first-order reaction of the
form

A-F+C. ¢y

Here A is the initial substance; F is the substance whose molecules are capable of condensing with formation of
aerosol particles; C is a reaction product. From the reactor the gas mixture with the particles formed, also
preliminarily diluted with the neutral gas, is brought to a DMPS (differential mobility particle sizer) aerosol
analyzer, with the aid of which the amount and mean diameter of the particles formed and their size distribution
can be determined. In the scheme described, particles are mainly formed in the reactor and this process depends,
naturally, on the temperature in it and the delay time of the gas in it. These dependences were investigated
experimentally using Si(OC;Hjs)4 — tetracthylorthosilicate (TEOS) — as the precursor [2]. Here, with increase in
the temperature in the tubular reactor the volume of the condensed phase ¥V, and the mean particle diameter D,
increased. Figure 2 shows ¥ and Dg as a function of the reactor temperature Ty for different TEOS concentrations
(mole/liter). A bulk flow of 600 cm”/min passed through the reactor, and the delay time in the latter varied from
20.5 10 22.2 sec.

The simple scheme described above is, naturally, not always implemented. For instance, in experiments
conducted at the ICP of the Academy of Sciences of the Czech Republic using AI(OC4Hg)3 — aluminum trisec-
butoxide (ATBQ) — as the precursor, the above parameters demonstrated a rather weak dependence on both the
reactor temperature and the delay time of the gas in the reactor. Figure 3 presents dependences of the volume of
the condensate formed and the mean particle diameter on the reactor temperature. Curve 1 pertains to data obtained
for a constant bulk flow of 1000 cm®/min through the reactor (the delay time varied within the limits of 14.5—34.4
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Fig. 1. Schematic of the setup used to obtain nanosized particles: 1)
evaporator, 2) reactor, 3) aerosol analyzer, 4) initial substance, 5, 6, 7)

means of communication by which the nentral gas is supplied to transport the
gas mixture and the aerosol particles and to dilute the gas mixture.
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Fig. 2. Volume V}, (a) and mean diameter Dp (b) of the formed particles as a
function of the reactor temperature Tg with Si(OC,H3) 4 used as the precursor:
1) TEOS 2.3-107, 2) 4.7-107, 3) 7.0-10". ¥, um*/cm®; Dp, mm. Tg, °C.
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Fig. 3. Volume ¥, (a) and mean diameter D, (b) of the formed particles as

a function of the reactor temperature Tr with AI(OC4Hg)3; used as the
precursor: 1) ATBO 7.1-10°, 2) 7.8-10°.

sec), while curve 2 pertains to data with a constant delay time equal to 15 sec (the bulk flow through the reactor
varied within 2080—840 cm®/min).

The reported results allow us to suggest that formation of particles occurs already in the evaporator itself.
Here, the following scheme of the process under consideration can be implemented. The initial substance (A) in
the evaporator is capable of immediate decomposition into components B and C, passing into the gas phase [4].
Subsequently, molecules of the component formed (B) can react with molecules of component D, which are present
in the carrier gas (for instance, molecules of water or oxygen), to form component F, whose molecules are already
capable of condensing and forming aerosol particles:

B+D-F. 2)
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The reaction can be represented as

% = kngnp , )
where ng, ng, np are the molecular densities of components F, B, and D, respectively; & is the reaction rate constant.

The passage of molecules of component F into the condensed phase can be implemented both through
homogeneous nucleation and in deposition of the molecules onto a surface already available in the system (the
surface of aerosol particles, the evaporator and reactor walls). Henceforth it will be considered that there is a
sufficient amount of condensation centers in the system so that homogeneous condensation can be neglected.
Deposition of molecules of component F is assumed to be chemical, and reevaporation of molecules from the
condensate is neglected. For simplicity, the process of coagulation of particles available in the system is also not
considered (a mathematical model taking into consideration these processes is described in [1]).

Now we will write the balance equations for the molecular densities of components B and F in the evaporator
and the reactor under the assumption of ideal mixing of the mixture, physical parameters pertaining to the
evaporator will be denoted by the superscript “e,” and to the reactor, by "r." The temperatures in the evaporator
and the reactor are assumed to be constant and maintained by external sources. Here under the assumption that
only molecules of component F are deposited both on the surface of aerosol particles and on the evaporator and
reactor walls we can write the following system of equations for the molecular densities ng, ng of components B

and F:

dng + _ s° n; ee e 4
=G -5 -2 - Knpnp,
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where j;; , jg are the densities of molecular flows escaping from the precursor surface and falling back to it,
respectively (if the chemical reaction of decomposition yielding component B is irreversible, then j~ is equal to
zero), SP and V° are the surface area of the precursor on which passage of molecules into the gas phase is
implemented and the evaporator volume, respectively; t° and 1* are the delay time of the gas in the evaporator and
the reactor, respectively (the quantity v* depends, in particular, on the neutral-gas flow that is admitted to the
reactor to dilute component B in the gas mixture). With use of the following expression for the density Jg of the
molecular flow of component F to an aerosol particle growing due to chemical deposition, which yields the limiting
transitions for the continuous and free-molecular regimes {5]:

_ aFVF”F/4 (8)
F= T+ apvpR/4Dg ’

J

for G§ we have
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In expression (9) the first term on the right describes deposition of molecules of component F on the surface of
aerosol particles, and the second term, on the surface S of the evaporator. It is also assumed that complete mixing
occurs in the gas-phase volume, while near the surfaces a boundary layer exists, and the mass transfer between
component F and the surfaces is determined by the mass-transfer coefficient Cf.-, the coefficient ap characterizes
the probability of chemical deposition in collision of a molecule with a surface [6 ], vr and Dg are the mean thermal
velocity and the molecular diffusion coefficient of component F, respectively, and f(R) is the size (radius)
distribution function of the particles, which depends on the presence of condensation centers (ions and aerosol
particles brought in from outside) in the system and on the process of homogeneous condensation. Some parameters
(in particular, the size distribution of the particles brought in from outside) are, generally speaking, unknown. A
mathematical model allowing evaluation of the influence of homogeneous condensation and coagulation on f(R) is
described in {1]. It should be noted that in the general case f(R) depends on the molecular density of component
F in the system, so that it must be determined by solving simultaneously Eqgs. (4)-(7) and equations of the type
given in [1], which make it possible to determine f(R) as a function of the parameters of the system. For Gf; an
equation similar to (9) can be written with the only difference that all the parameters pertain to the reactor.

If precursor decomposition is considered to be a process of evaporation (condensation) of molecules of
component B, and the distribution functions of the molecules escaping from the precursor surface and falling back
to it and assumed to be of the Maxwell type, then for j; — jg under the assumptions made above we have

agvg/4
1 + anB/@g '

+ - e
J —Jj = (nge — ng)

(10)

where Cg is the coefficient of mass transfer between component B and the precursor surface; ap is the evaporation
(condensation) coefficient of molecules of component B (for simplicity we will assume henceforth that the phase
transitions of component B occur only on the precursor surface).

Here, Eq. (4) can be written in the form

p e
dn; = (nBe - "’B) np e e e (11)

— — —k ngn
B"*D »
dt ° °

where 1/7P = [(a§15/4)/ (1 + afvg/48) ISP/ V).
From (4)-(11) in the quasistationary approximation we have for n§, ng, ng, np

e ng
ng = P e i3 e e ° (12)
T (1/19 + k' np)

nr _ Nge (13)
B — )
P (1/75 + K°np) t° (177" + K np)
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k fipfige (14)
P (1/17g + K'np) (Gg + 1/7°)

e
nF=
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n;- = “——‘r— R (15)
Gp+ 1/1
where 1/15=1/7° + 1/1P.
The ratio y = ni./n: has the form
L 1/ K'np Gg+1/7° a6)
Gp + 1/7" Knp K'np + 1/7"

Note that in the case where molecular decomposition of the precursor does not occur and only its
evaporation occurs followed by reaction of the evaporated molecules with molecules of type D, the above relations
are still valid if by molecules of type B molecules of the initial substance A are understood.

Expressions (12)-(16) make it possible to evaluate the influence of the system parameters on the densities
of the gas components in the evaporator and the reactor. Thus, for instance, from (12) it follows that the density
of component B in the evaporator can be considered to be equal to that of the saturated vapor of the component
nge provided only that the conditions

1/18 >> ken;’), P <<%, (17)

are fulfilled.

Conditions (17) mean that the frequency of condensate-—gas transitions of the molecules must be consid-
erably larger than the frequency of exit of molecules from the evaporator caused by pumping of the system and the
frequency of events of the chemical reaction. Here, it is pertinent to note that the parameters =° and 7 in the
general case are not independent since with increase in the pumping rate (i.e., decrease in 1°) the mass-transfer
coefficient Cg in (10) increases and the value of P changes.

From the expression for y it follows that the ratio of the molecular density of component B in the reactor
to that of this component in the evaporator will decrease with increase in the pumping rate of the gas mixture
through the reactor (decrease in 1) and decrease in the pumping rate through the evaporator (increase in 1%). A
value of ¥ also depends on the temperatures in the evaporator and the reactor (through the quantities " and &°, a;, a;)
and on the molecular densities of component D in the evaporator and the reactor. In the case y << 1 particles will
form and grow mainly in the evaporator while they are only transported through the reactor (depositing on its walls
and on the walls of the pipelines connecting the evaporator to the reactor and the latter to the aerosol analyzer).
From expression (8) the law of particle growth R(?) can be derived:

2.1/2
R 20Vt + (1 +;ch;) """ ~1 , (18)

where g = apvp/4Dr; ¢ = npapve/4; Ry is the particle radius at £ = 0; V, is the volume per molecule in a growing
aerosol particle.

Note that in experiments with ATBO in some cases a decrease in the volume of the condensate formed and
in the particle size with increase in the reactor temperature was observed. Now we will consider some factors that
can be responsible for this decrease. In [7] the case of a decrease in the coefficient ag with temperature is
investigated. In recrystallization of a substance Vy, can change (in particular, decrease) with increase in
temperature. Moreover, in the above model the possibility of reevaporation of molecules from the particles formed
is neglected. Allowance for this factor leads to subtraction of a term exponentially increasing with temperature from
¢, which also causes a decrease in R with increase in T.

Equation (18) can be written for both the evaporator and the reactor. Thus, for the ratio of the particle
radii at the outlet of the evaporator and the reactor R®/R", with their radii Rg at the inlet of the evaporator and
the reactor being the same, we have
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From (19) it follows that 8 increases with the ratio n‘;;te/ n;_.r' . The larger this value, the larger the ratio of
the radii of the particles at the moment when they leave the evaporator and the reactor and the smaller the influence
of the reactor on the formation and growth of the aerosol particles. At sufficiently high values of this ratio the
reactor can play only the role of an additional means of communication between the evaporator and the aerosol
analyzer, on the walls of which both molecules of component F and the aerosol particles formed settle. Here,
deposition of aerosol particles on the walls of the setup can increase due to a temperature drop in the system, which
leads to thermophoresis of the particles formed.
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