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Problems on the growth of aerosol particles in chemical deposition with allowance for the influence of a buff-
er (impurity) gas have been investigated theoretically.

It is well known that the deposition of molecules on a surface can occur both through ordinary condensation
(physical deposition) and in a heterogeneous chemical reaction of gas molecules with the production of molecules
(atoms) from which the condensed (in particular, solid) phase is formed and of the fragments of the initial molecules
desorbing back into the gas phase [1, 2]. Moreover, the initial gas molecule can transform into a chemisorbed state as
the whole. The processes of chemical deposition play a decisive role both for the physics and chemistry of the atmos-
phere and in production of nanoparticles. We note that in the latter case first we have the chemical reaction of decom-
position of the initial substance (precursor) in the gas phase [3], as a result of which a component appears whose
molecules in turn are capable of participating in the process of nucleation and growth of the clusters that arise. Parti-
cles (clusters) can grow both owing to the ordinary condensation of the molecules of the deposited component that are
incident on them and due to the heterogeneous chemical reaction on the particle surface.

In what follows, we will consider chemical deposition on the already existing aerosol particles (for example,
in deposition of a thin layer of a certain substance on the particles as a protective coating or to improve the catalytic
capacity of the particles).

To describe the processes mentioned above it is necessary to know the probability of transition of a gas mole-
cule (or of part of it) to a bound state as a result of the collision of a reactant molecule with the particle. Sub-
sequently, we will denote it as γ. The quantity γ is equal to the ratio of the number of effective collisions of the initial
molecules with a unit surface in a unit time upon realization of the heterogeneous chemical reaction to the flux density
of the initial molecules incident on the surface.

Let us consider the following simple scheme of chemical deposition analogously to [1]. In our opinion, the
molecules of the reactant gas ABχ collide with the particle surface and the reaction occurs, resulting in the transition
of one of its products to a bound state (c) (condensed phase or the state of chemical adsorption) and the formation of
gas molecules (g) desorbing from the surface:

ABχ (g) → A (c) + χ B (g) . (1)

We analyze the case where a reaction of the type described by (1) occurs in adsorption of the reactant mole-
cules on the particle surface (the Langmuir–Hinshelwood mechanism). The molecules, i.e., reaction products of the B
type, are assumed to be of very low desorption energy, so that their being in the adsorbed state can be neglected. The
following relations can be written within the framework of the Langmuir theory of adsorption and the heterogeneous
chemical reaction of first order in the steady state:

γN = βN 



1 − 

na

n0
 − 

nb

n0




 − kdna , (2)
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γN = krna . (3)

Here N is the flux density of initial molecules (of the ABχ type in scheme (1)) incident on the particle surface (with
the Maxwell velocity distribution function for incident molecules N has the form N = n(R)v ⁄ 4, where n(R) is the num-
ber concentration of the initial molecules at the particle surface and v is the mean thermal velocity of these mole-
cules), na and nb are the number concentrations of the molecules of the reactant and the buffer (impurity) gas in the
adsorbed layer respectively, and kr and kd are the rate constants of the heterogeneous chemical reaction and the desorp-
tion respectively, which have the form

kr = kr0 exp 


− Qr

 ⁄ RgT


 , (4)

kd = kd0 exp 


− Qd

 ⁄ RgT


 . (5)

When the adsorption of the molecules of the buffer (impurity) gas can be neglected, we have for γ from (2)
and (3)

γ = 
β

1 + 
kd

kr
 + 

βN

krn0

 . (6)

It is evident from (6) that in the general case the quantity γ depends on the flux density of molecules incident on the
particle surface. When βN ⁄ n0 << kd Eq. (6) yields the expression of [2] for γ:

γ = 
β

1 + 
kd

kr

 = 
β

1 + 
kd0
kr0

 exp 


− (Qd − Qr) ⁄ RgT




 . (7)

At kr << kd when the unity in the denominator of (5) can be neglected γ takes the form

γ = γ0 exp 


− (Qr − Qd) ⁄ RgT



 , (8)

where γ0 = kr0
 ⁄ kd0.

It can be noted that in the simplest case of the single-stage approximation (without regard for the molecule
being in the adsorbed state) with the reaction of first order and the Maxwell velocity distribution function of the mole-
cules incident on the particle surface we have for γ [4]

γ = 
4
v

 kr
′  = 

4
v

 kr0
′  exp 



− Q ⁄ RgT



 = γ0

′  exp 


− Q ⁄ RgT



 , (9)

where kr
′  is the reaction-rate constant in the single-stage approximation and Q is the effective activation energy of the

chemical reaction.
For the case where the molecules of a buffer (impurity) gas are adsorbed on the surface and the concentration

of the adsorbed molecules of the reactant is rather low, so that the term na
 ⁄ n0 on the right-hand side of (2) can be

neglected, with account for the expression θb = Pb
 ⁄ (Pb + PL) we obtain for γ

γ = 
β

1 + kd
 ⁄ kr

 
PL

Pb + PL
 , (10)

where PL is the quantity entering into the expression for the Langmuir adsorption isotherm and having the forms

PL = 
n0 (2πmbkT)1 ⁄ 2 exp 



− Qb

 ⁄ RgT



βbτ0
 . (11)
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Knowledge of the quantity γ enables one to formulate, at the kinetic level, the problems of mass transfer with
heterogeneous chemical reactions on the surface of an aerosol particle when this particle is used as a catalyst and the
resultant mass flux into the particle is equal to zero (the particle radius remains constant), as well as the problems of
gas-phase deposition of a substance on the particle, which leads to its growth. Next we assume that the concentration
of the buffer gas is considerably higher than the concentration of all the other components participating in the process
(which is usually realized in practice).

It is well known that the processes of transfer in the gas–aerosol particle system (in particular, determination
of the quantity N for an arbitrary size of the particle and realization of phase transitions or chemical reactions on its
surface) can accurately be described only by solution of the kinetic Boltzmann equation [5–7]. However, mathematical
difficulties associated with the solution of the given equation lead to the necessity of obtaining rather simple expres-
sions for the mass and energy fluxes either on the basis of an approximate solution of the Boltzmann equation or with
the use of simpler models. In particular, in the literature wide use is made of the "boundary sphere" model [5–7]. Here
the entire flow range is subdivided into zones in which free-molecular and continuous flow regimes respectively are
realized. The first zone is located between the particle surface and the spherical surface which is at a distance of the
order of the mean free path of gas molecules from the particle surface. It is assumed that beyond this spherical surface
the continuous regime of gas flow is realized and the mass transfer can be described by a diffusion equation. Matching
is carried out at the dividing boundary between the indicated zones. It should be noted that the exact value of the co-
efficient of proportionality δ between the distance at which the indicated "boundary sphere" is located and the mean
free path of the gas molecules is generally unknown and different values (including the zero value) are used for this
coefficient in different works [5–7]. At the same time, as is noted in [5], when it is considered that the diffusion equa-
tion describes the concentration distribution of the gas up to the particle surface, the expression obtained on its basis
for the resultant molecular flux into the particle in its growth or evaporation gives correct results for the limit cases at
Kn → 0 and Kn → ∞. It is noteworthy that the zero value of the above-mentioned coefficient δ actually means that the
diffusion equation is assumed to hold true up to the particle surface. The possibility of using the diffusion equation in
the problems of growth of aerosol particles with assignment of a boundary condition on the surface of a particle whose
size is smaller than the mean free path of the molecules has been discussed in [8]. With allowance for what has been
stated above we will describe the problem of mass transfer in the system gas–particle by the diffusion equation
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with the boundary conditions assigned for r = R and r → ∞.
We consider the process of particle growth using the production of nanoparticles through gas-phase chemical

deposition as an example. Under the action of high temperature or laser radiation, the initial molecules (precursor
molecules) can decompose into components in the gas phase with the formation of molecules participating in the het-
erogeneous chemical reaction which leads to the deposition of a substance and accordingly the growth of a particle
(molecules ABχ in scheme (1)). These molecules diffuse to the growing particle and react on its surface with the for-
mation of molecules (atoms) of the A type and molecules Bχ. The A molecules (atoms) embedding into the condensed
phase can, in principle, evaporate again from the particle. Thus, to determine the growth rate of the particle one must
solve the diffusion equation with the corresponding boundary conditions for both the component ABχ and the compo-
nent A (this component will further be marked by the subscript A).

At r → ∞ we set the concentrations of the components ABχ and A as

n = n∞ ,   nA = 0 . (13)

At r → R for the given components with allowance for the possible blocking of the phase transition surface by the ad-
sorbed molecules of the buffer (impurity) gas and using the Langmuir adsorption mechanism we can write the follow-
ing boundary conditions:

D 
dn
dr



 r=R

 = γ 
n (R) v

4
 , (14)
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DA 
dnA

dr


 r=R

 = αA (1 − θb) 




nA (R) vA

4
 − 

nAe vA exp 

 2σVA

 ⁄ RkT

  

4




 , (15)

where αA is the condensation coefficient of the molecules (atoms) of the component A on the particle surface free of
the adsorbed molecules of the buffer (impurity) gas (this coefficient is assumed to be independent of the particle radius
and equal to the evaporation coefficient) and DA and D are the diffusivities of the components A and ABχ, respec-
tively, in the buffer gas.

When the value of γ is independent of the reactant molecular flux incident on the particle surface, we can
write the expression for the quasi-steady rate vp of growth of the particle with account for (10)–(15):

vp = VA 




PL

Pb + PL



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










 . (16)

In the general case, the concentration n∞ must be determined based on consideration of the processes in the
reactor. Some problems related to the influence of the processes occurring in the reactor and of resonance radiation on
the particle growth have been discussed in [9].

In the case where the evaporation of the component A from the particle can be neglected, the simple expres-
sion for the effective value of the coefficient γp for the particle as a whole follows from (7) and (16) with allowance
for the diffusion resistance and blocking of the particle surface by the adsorbed molecules of the nonreacting gas:

γp = JA 

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n∞v

4




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
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 + 
3

4 Kn

 , (17)

where the Knudsen number is Kn = λ ⁄ R; λ is the mean free path of the reactant molecules. It is seen from (17) that
the lower the quantity β and the higher the quantity kd

 ⁄ kr, the lower the value of the Knudsen number for which the
second term in the denominator of (17) that describes the diffusion resistance to the supply of deposited molecules to
the particle surface can be neglected.

We note that, as is evident from (17), the quantity γp (and accordingly vp) will decrease with increase in the
pressure of the adsorbing nonreacting gas in all the flow regimes, including the free-molecular one (Kn >> 1). In the
last case, the quantity vp is proportional to the factor 1 ⁄ (1 + Pb

 ⁄ PL).
In the case of the absence of the adsorbed molecules of the buffer (impurity) gas on the particle surface

(Pb
 ⁄ PL = 0), Eq. (17) yields an expression for the growth rate of a particle that coincides with the expression given in

[10].
When Qr > Qd, from (11) and (17) it is seen that γp will increase with increase in the temperature. The reason

is that the rate of the heterogeneous reaction increases, as well as the area of the particle surface free of the adsorbed
molecules of the buffer (impurity) gas. The analogous dependence is realized for the case of calculation of γp using
formula (9) at Q > 0. However, the situation can occur where the inequality Qd > Qr is fulfilled [2]. Here the value of
γp can change in a nonmonotonic manner with increase in the temperature due to the different character of the tem-
perature dependence for the cofactors in the first term in the denominator of expression (17). To illustrate the non-
monotonic dependence γp(T) we consider the following model example. We use the parameters given in [2] for the
initial stage of the reaction of decomposition of the SiH2Cl2 molecules on the Si surface that leads to the chemisorp-
tion of the formed SiCl molecules: Qd − Qr = 3.8 kcal/mol, kd0

 ⁄ kr0 = 600, and β = 0.36. The value of Qb = 7 kcal/mol
is taken for the adsorbed nonreacting molecules. We assume that the buffer (impurity)-gas pressure is kept constant
and that the value of Pb

 ⁄ PL is equal to 1/2 at a temperature of 300 K. For the indicated values of the parameters the
dependence γp(T) has the form shown in Fig. 1. As follows from the given dependence, the function γp(T) has a maxi-
mum. With decrease in the Kn number this maximum becomes less pronounced.
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Thus, the presence of the adsorbed molecules of a foreign nonreacting gas on the particle surface can signifi-
cantly affect the course of a heterogeneous chemical reaction on the particles (in particular, particle growth through
chemical deposition). Some questions on the influence of the adsorbed molecules of a buffer (impurity) gas on the re-
sultant flux of vapor molecules into aerosol particles (and accordingly on the rate of their growth) in physical deposi-
tion have been considered in [11].

We emphasize that when expression (6) is used for γ in complete form, the flux density of the molecules re-
acting on the particle surface will depend nonlinearly on the flux density of the reactant molecules incident on the par-
ticle.

This work was supported in part by the Belarusian Republic Foundation for Basic Research, project No. T99-
271, and the Grant Agency of the Academy of Sciences of the Czech Republic, project No. IAA4072205.

NOTATION

R, particle radius; r, radial coordinate reckoned from the particle center; T, temperature; VA, volume per mole-
cule (atom) of the component A in a particle; n0, number of adsorption centers per unit surface (assumed to be a con-
stant); k, Boltzmann constant; mb, molecular mass of the buffer (impurity) gas; kd0 and kr0, preexponential factors for
the constants of desorption and heterogeneous chemical reaction; Qd and Qr, heat of desorption of the reactant mole-
cules and of the heterogeneous chemical reaction respectively; Qb, desorption energy of the buffer (impurity)-gas mole-
cules; τ0, quantity characterizing the period of oscillation of an adsorbed molecule in the direction perpendicular to the
surface; β and βb, coefficients of sticking of the reactant molecules and buffer (impurity)-gas molecules, respectively,
to the portion of the surface not occupied by the adsorbed molecules; Pb, pressure of the buffer (impurity) gas; JA,
resultant flux of the molecules (atoms) of component A into the particle; σ, surface tension; n, number concentration
of the reactant molecules; nAe, number concentration of the saturated vapor of component A above a flat surface; θb,
surface coverage by the adsorbed molecules of the buffer (impurity) gas; D and DA, diffusivities of the molecules of
the reactant and of component A, respectively, in the buffer gas; Rg, universal gas constant. Subscripts: d, desorption;
r, reaction; b, buffer; e, saturated vapor; p, particle; g, gas.
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