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A kinetic model for formation of nanodisperse matter in the gas phase
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Taking Csl aerosol as an example, it was shown that growth of primary aerosol particles can
be described in terms of both discrete and continuum models. This conclusion is based on the
results of experiments carried out using a method that makes it possible to distinguish primary
particles against the background of their aggregates, to provide a complete transfer of the
primary particles from aerosol bulk to a collector, and to determine the particle sizes by
transmission electron microscopy. Under the conditions studied, the size distribution of the
primary particles is described by a Fokker—Planck type equation.
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Many nanodisperse substances necessary for nano-
technology and nanomedicine are obtained by condensa-
tion of vapors.! In this connection, elaboration of a theo-
retical model for condensation suitable for quantitative
prediction of the kinetics of the process is top1cal Such a
model should predict which set of factors (Z ) should
act on a system under exammatlon in such a manner
that the set of properties (Y) of the medium in which
th_)e particles are formed provide the desired properties

X = {x..x;...x,} of the particles. The model should
describe the functional

o(X,0) = ol X[V(2)]}

and the rate of the process

d)?i d —1 v v
=— | Ny dV|x;e(X,r)dX. 1
dt dfl'[ 0 ;C[XI(P( s ) ( )

Here q)(X ?) is the dlstrlbutlon functlon of particles over
states at the instant z; X(Y ) and Y (Z ) are the functions to
be determined; X; is the parameter x; averaged over all
particles in the system; N, is the number of particles in the
system; and V is the volume of the system.

The model, in its general form, is st111 under construc-
tion. Information on the functions Y(Z is collected in
studies of gas flows,>3 the functions X;(¥) and ¢(x;,f) are
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determined in the studies of aerosols*® and optimum con-
ditions for desublimation of various substances.® From
expression (1) it follows that the key problem is to deter-
mine the form of the kinetic equation for condensation:

ap(X 1)/ot = FIX[Y(Z)]}. )

Since the general form of the functional F [X}(I_/> )] is
unknown, experimental data are generalized under some
assumptions that have no substantiation by independent
experiment. In particular, it is assumed that Eq. (2) may
have the form of the Liouville, Zeldovich, Farkas equa-
tions or other modifications of the Fokker—Planck equa-
tion.”—? Because of this, a special research on tk_l)e _geter—
mination of the actual form of the function F[X(Y)] for
nanodisperse substances becomes appropriate.

Studies in this field are difficult because they should
be carried out in a wide range of supersaturations of the
medium including those at which investigations of con-
densation are complicated. This can be avoided using the
phenomenon of "morphological memory" of aerosols,
which cons§ts in that at the end of condensation the
function @(X,?) retains, for some time, information on the
kinetics of the early stages of the process; this information
can be extracted in some way.!® In the present work, we
report the results of such "extraction", which was com-
pleted by the determination of the form of the kinetic
equation for condensation of Csl vapor.

Experiments were designed taking account of the fol-
lowing considerations:

1. Condensation may begin with the formation of small
molecular clusters; correspondingly, investigations of such
systems should be the first step of research.

2. In the course of condensation, the state of each
particle changes in a discrete manner upon the addition
or removal of s_i)ngle molecules or clusters; therefore, the
distribution ¢(X,?) is discrete in character. This requires
special investigations on the conditions for passage from
a discrete to continuum description.

3. Since nucleation, growth, and aggregation of par-
ticles in supersaturated vapor may occur simultaneously,
the methods of investigation to be used should allow one
to distinguish individual particles against the background
of aggregates. In this case, methods of in situ observation
are of very limited use. On the other hand, methods of ex
situ observation may change the properties of particles
when they are removed from vapor.

4. Particles can be characterized by different values of
experimentally determined morphological parameters;
therefore, one has

o(X,1) = oL 1f () f (X)), 3)

where ¢(/,7) is the distribution function of particles over
the size / in electron micrograph and f(x;), is the distribu-
tion density of particles of size / over the parameter Xx;.

Here we present the methodology and some results
obtained in the experiments performed taking account of
the aforesaid.

Experimental

We studied an aerosol formed after pulsed heating of a layer
of Csl microcrystals in a reactor filled with cooled argon. Pre-
liminary experiments revealed the formation of aerosol near the
surface of the layer a short time after the heating began. Csl
vapor saturated at the temperature of microcrystals was trans-
ferred to this zone from the surface of the layer of microcrystals.
Within the zone, the vapor cooled and thus became supersatu-
rated with respect to Csl. This was accompanied by the forma-
tion of Csl particles that left the zone with convective flow of
argon in the form of a plume of smoke. In the experiments, a
number of cooled, small plate-like collectors were introduced
into the reactor and arranged along the plume of smoke. Par-
ticles deposited on the collector were then studied with an elec-
tron microscope. In particular experiments, prior to melt for-
mation the reactor was filled with NHy4Br aerosol whose par-
ticles could hold Csl particles.11-12

This procedure made it possible to obtain information on
the behavior of (Csl), clusters at » > 5 and to determine the
discrete and continuous size distribution functions of primary
particles and aggregates whose size was larger than 2 nm. These
functions were determi@d using the set of properties X = {/,y,H}
and the set of factors Z = {Ty, T}, where [ = S12, S is the
surface area of the particle in the electron micrograph, y is the
length of the perimeter of the particle image, H is the distance
between the particle and the source of vapor, T and T, are the
temperatures of argon and microcrystals, respectively, and v is
the argon flow rate.

Results and Discussion

Three types of Csl particles (Fig. 1) were found on
collectors at 7, = 300—450 K, 7, = 1300 K, and distances
between the melt surface and the collectors in the range
H = 5—40 cm (vertically). The particle sizes were / = 1—10
(type 1) and 8—20 nm (type 2), and 0.1—10 um (type 3).
The particle sizes and shapes suggest that the type-1 par-
ticles (f = 1) are primary aerosol particles, the type-2
particles (j = 2) are ordered aggregates of primary par-
ticles (first-generation aggregates, or G-1 aggregates), and
the type-3 particles (j = 3) are aggregates of aggregates
(second-generation aggregates, or G-2 aggregates). The
dimensions of the images of the type-1 and type-2 par-
ticles in the electron micrographs were determined with
an accuracy of 2 nm, while the size of the type-3 par-
ticles was determined with an accuracy of £0.1 um. With
these accuracies, no discrete groups of particles of a par-
ticular size / were found among particles on the surface of
collectors. Particles are characterized by continuous size
distribution functions in the whole range of sizes studied.
The measured distribution functions are independent of
the conditions under which the collectors were removed
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Fig. 1. Electron micrographs of Csl particles and aggregates
deposited on a collector; 7, = 313 K, +=10s, H =5 cm,
a JEM-100B electron microscope.

from the reactor and of the operating mode of the micro-
scope. This fact was considered as a proof that the mea-
surements introduced no distortion into the desired dis-
tributions. The size distributions of the primary particles
deposited on the collector surface individually and the
primary particles-constituents of G-1 aggregates were
identical. The size distribution of the G-1 aggregates ar-
ranged on the collector surface individually and the G-1
aggregates-constituents of G-2 aggregates were also al-
most indistinguishable. The size distributions of the pri-
mary particles deposited on collectors in the presence and
in the absence of NH,Br aerosol are similar (Fig. 2),
although in the former case the Csl particles were trans-
ferred to the collector along with NH,Br microcrystals
rather than individually. These facts were treated as an
indication that the sampling procedure for aerosol par-
ticles had no effect on the results of measurements, so
that the integrated distribution functions 0(/) shown in
Figs 2 and 3 characterize not only the aerosol particles
deposited on the collector, but also the aerosol arrived at
the collector at the instant ¢.

The size distribution density wy(/,f) of the primary
aerosol particles and G-1 aggregates in the time interval
t=10—10%s is given by

1INy Ay /
(Ltys——L =1 A |—-1| i=
v (L0 Ny ol l R I J=1L2, 4

6()
1.0}
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Fig. 2. Integrated size distributions of Csl particles: free par-
ticles, t=10s, H= 5 cm (]); free particles, = 3600 s, H=20 cm
(2); particles within aggregates, t = 3600 s, H = 20 cm (3); par-
ticles on NH,Br microcrystals, = 3600 s, H =20 cm, T, = 313 K,
[/ = 1—20 nm (4); solid lines denote the results of calculations
using expression (4) with the parameters A; and /; listed in Table 1.

and the corresponding size distribution density of the G-2
aggregates has the form

y3(11) = (nAp)~2exp(=X2) — (2p)~'exp(/p)erfe(X,), (5)

where N, is the number of measured particles of the jth
type whose size is smaller than /, Ny, is the total number of
the measured particles of the jth type,

X, = (I£A)/(4nA)\2,
erfe(X,) = 2 Texp(—xz)dX,
T x

and A;, /;,, A= 0.30£0.01 um, and p = 70£4 nm are empiri-
cal parameters.

The parameters A; and /; increase as H increases (Table 1)
while the parameters A and p are independent of H and ¢.
This suggests that the primary particles and aggregates
were formed in the zone of aerosol formation. In the bulk
of the plume of smoke, the size of the primary particles
remained almost unchanged and the G-1 aggregates
contained no large particles which seemingly transferred
to G-2 aggregates.

The images of the smallest primary particles detected
(/, = 0.6 nm) were comparable in size with the (Csl),
cluster. This suggests that the role of the seeds of the

Table 1. Parameters of the size distribution of Csl particles

Hjem  t/s A Ay l Il
nm

5.0 10 0.34%0.08 1.7£0.1 ~ 0.6+£0.1  5.7+0.1

20.0 3600  0.34%£0.09  3.0£0.3 1.0£0.1  5.7%0.1
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Fig. 3. Integrated size distributions of G-2 aggregates: experi-
mental data for individual particles (/) and particles within
G-3 aggregates (2) and results of calculations performed by inte-
grating Eq. (5) at 4 = 0.3 um and p = 70 nm; T, = 426 K,
[=0.1—1.0 um (3).

primary particles was played by the dimers (Csl),, which
grew by adding individual molecules. However, already at
[ = 1.5 nm their growth can be described using a con-
tinuum model, as indicated by the smooth character of
the function

1
0,() = [y, (L,n)d!
0

(see Fig. 2) at / > 1 nm. In this case, we failed to accu-
rately determine the functions f(x), and f(H), and had to
reduce ourselves to the function

o1(1L) = Ny (L) = (N /lpexpl = (/1 =], (6)

where N, is the number of primary particles in the unit
volume of aerosol, /, is the size of the seed, and A, charac-
terizes the rate of the process. The fact that the process is
independent of H (see Table 1) indicates that the forma-
tion of primary particles takes less than 10 s to complete.

According to expression (4), by analogy with rela-
tion (6), one gets

@y(1,1) = Nyp~lexp[—(I = 1)/pl, (7

where p = I,/\,; I, = 5.7 nm is the size of the smallest G-1
aggregate detected on collectors. From Eq. (5) it follows
that the G-2 aggregates are described by

93(L1) = (N3/p){[p/(nA)]*exp(—X2) —
— 0.5exp(//p)erfc(X,)}, 8)

where N, is the number of the G-2 aggregates in the unit
volume. The parameters A4 and p are independent of time
at ¢t > 10 s, which indicates that aggregation is completed

prior to the instant at which these regions of aerosol arrive
at the surface of the collector.

Relations (6)—(8) are particular solutions to the equa-
tion of balance of the number of molecules, derived with
allowance for discrete character of elementary acts of
changes in size and represented, by analogy with the equa-
tion of connective diffusion,®!31 in the form:

do; 9 )
airal g[Gj(Pj - g(Dj‘Pj)] +Q; ©)

at

G, = wa;— B;b;, D;=0.5(oa? + B;b?).
Here o, and B, are the occurrence frequencies of the events
leading to an increase and a decrease in /; a; and b; are the
corresponding characteristic changes in / upon the occur-
rence of such events; and Q; is the intensity of transforma-
tion of the given-type particles to other types of particles.

At Q; =0, o; = 0, F(7), B; = BjpF(?) and assuming that
G; and D; are independent of /, Eq. (9) is transformed to

expressions (6)—(8) and the relationships
A =1/p,p= a1 +zb;/a)/[2(1 —2)],
t
A= 0 0a,(1-2)[ F(r)dt,
0

where z = (B,pb;)/(0a;) and F(7) is the function, which
characterizes the changes in the supersaturation and the
concentration of particles in the medium.

This suggests that the primary particles either had time
to grow before aggregation or continued to grow within
G-1 aggregates (being constituents of G-1 aggregates); as
a result, one has Q, = 0. The G-1 aggregates either grew
much faster than became constituents of G-2 aggregates
or continued their growth within the G-2 aggregates by
adding the primary particles trapped by the G-2 aggre-
gates, so that Q, — 0.

Equation (9) represents the condition for balance of
the number of particles when they move in the space of
sizes. It can be derived by going from the discrete to a
continuous form of the condition for balance of the num-
ber of molecules and subsequent expansion of the particle
addition and removal frequencies in the Taylor series and
followed by truncation of all terms except the first three
ones. This equation includes no parameters of the critical
seed and other values inaccessible to direct experimental
determination and differs from other forms of the cur-
rently used kinetic equations!3~17 in that the search for the
functional (2_)) ii reduced to tk_l)e determination of the fre-
quencies ocj{ Y[Z]} and Bj{Y[Z]}.

Our experimental study of the properties of an aerosol
formed on cooling vapor over molten Csl revealed that
the rate of changes in the size distribution functions of
primary aerosol particles and aggregates can be described
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by a Fokker—Planck type equation which takes into ac-
count a continuous exchange of molecules between par-
ticles and the medium. This equation is basic to the ki-
netic model for phase formation formulated using the
frequencies of the addition and removal of molecules from
particles of the newly formed phase. The model has no
arbitrary admissions and includes some frequency func-
tions that can be determined experimentally.
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