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Physical Chemistry

Corresponding Member of the Academy of Sciences of the USSR B. V. Deryagin,
Yu. S. Kurgin

Nonstationary Evaporation of a Drop Covered by
an Adsorption Layer

Previously we (!) considered the effect of monolayers on the evaporation of
drops. We obtained the formula for the rate of evaporation of a drop through
a monolayer by a limiting transition from a macroscopic film to a monolayer,
considering the diffusion of the molecules of the drop liquid in the film. However,
this method is not the only one, and here we shall give a more general derivation
of the rate of evaporation of a drop through a monolayer. In addition, in (1), in
the treatment of nonstationary evaporation of a drop through a monolayer, an
inaccuracy was allowed in the boundary condition, which led to an error in the
formula for the rate of nonstationary evaporation.

Let us consider the nonstationary evaporation of a liquid drop of radius a, cov-
ered by a monolayer of a foreign substance, stationary with respect to an in-
finitely extended gaseous medium. We choose the origin of coordinates at the
center of the drop. Let, at the initial moment, the vapor concentration in space
be constant and equal to

c(r,0) = ¢ (1)

On the surface of the monolayer of the foreign substance an adsorption layer of
vapor is formed. Let us consider the establishment of adsorption equilibrium.
We assume the adsorption, which we denote by I' (molec/cm?), to be small.
Adsorption of vapor on the monolayer can proceed by two paths: from the
liquid through the monolayer and from the vapor. Let the mean desorption
time of vapor molecules into the liquid be equal to 7, and the mean desorption
time into the vapor be equal to 7; then the adsorption fluxes into the liquid and
into the vapor are respectively v;I' and ~,I', where v, = 1/7; and vy, = 1/7.
If the flux of molecules of the drop liquid through the monolayer is denoted by
J (for small T, J does not depend on T'), then the resultant flux through the
monolayer, taking desorption into account, is equal to A = J — 3 I'. In the
vapor phase we take into account the transport of molecules without collisions
over the mean free path.

For small T, the resultant flux into the vapor is equal to [VQF — achl:aM],

where « is the condensation coefficient, v is the mean velocity of vapor molecules
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at the temperature of the drop. We write the mass-balance condition for the
adsorption layer of vapor:

l(J -l - (’72F - 0‘10

)1 — dU/dt. 2)
r=a+\

As a result of solving equation (2), we obtain the formula:

['=Tgemtn)t (J + agc

) /(71 +72)

r=a+\

(where T is a certain constant), from which it is seen that the time for establish-
ing adsorption equilibrium is 7 = 1/(y; +75) = 7,7o/ (7 +75) and is determined,
mainly, by the smaller of the times of the separate processes: desorption into
the liquid and desorption into the vapor. After the establishment of adsorption
equilibrium

dr/dt = 0, 3)

and the magnitude of the adsorption flux into vapor v,I' we express from the
following considerations. In the absence of a monolayer, the adsorption flux
into vapor 7,I" would be equal to the evaporation rate a3cg(Ty), where cg(Tp)
is the concentration of saturated vapor at the drop temperature. We assume
that the influence of the monolayer on evaporation can be reduced to a decrease
in the effective concentration from which the vapor evaporates by an amount
proportional to the resulting flux of molecules through the monolayer A, i.e., by
RA, where the proportionality coefficient is denoted by R. Such a treatment
presents a certain analogy with Ohm’ s law. As a result we obtain the condition:

} =0. (4)

From the equality, at the boundary r = a + A, of the molecular flux of vapor to
the diffusion flux of vapor in the gas, we obtain the condition

A— {aZ [cs(Ty) — AR] — agc

v
47TG2CYZ {[Cs(iz—‘o) — AR] — C|T:a+)\} = 47T(a + )\)2 <_Da7‘

where D is the coefficient of diffusion of vapor in the gas. From formulas (4)
and (5) we obtain the boundary condition:
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We solve the equation of nonstationary diffusion of vapor in air under condition

(3):

r=a+\

DAc = 0c/dt, r>a+ A, t>0, (7)
with conditions (1) and (6). Defining the evaporation rate as
I =—dM/dt =m-4x(a+N? (=Ddc/or| _ ), (8)

where M is the mass of the drop, m is the mass of a vapor molecule, and
substituting dc/0r|,_,, from the solution of equation (7), we obtain:

m - 4dma*[cg(Ty) — ¢

= N ) (9)

= R 1/(ao/0) + (/D)@ (a + )
where
_ (1/D)(a?/(a+N)) Dt (R+1/(at/4) + (1/D)(a?/(a+ )\’
I = =T (o) {eXp[(aJr/\)?( R+ 1/(av/4) >HX
1wt [ YDER+1/(08/4) + (1/D)(a?/(a+ )
a+ A R+1/(av/4) '
For
(a+ )2 R+1/(av/4) ?
t>1o =5 <R+1/(av/4)+(1/D)(a2/(a+)\))> » F) =0,

the initial nonstationarity dissipates, and a quasi-stationary evaporation regime
is established, whose rate is equal to

mara?[cg(Ty) — co (10)

o= B/ av/a) + (/D)@ (a2

From formula (10) it is seen that R can be interpreted as the resistance of the
monolayer to evaporation; 1/(av/4) is the resistance of incomplete “sticking”
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of vapor molecules to the monolayer, and (1/D)(a?/(a + \)) is the diffusion-
enabling

resistance. The time 7}, for

Ry 51 @
av/d ™ Da+ A
is equal to Ty, = (a + \)?/D, and for
1 a?
- S R4+ —
Da+>\>> Jraﬂ/4
is equal to
2.(a+)\)

T, = D(R+1/(ai/4))

at

The rate of evaporation of the drop at the initial moment is

_ m-4ma? [eg(T,) — ¢

0]
Mo = Ry (11)

Under the condition R+1/(av/4) < 1/(ay,ov/4), where ay, g is the condensa-
tion coefficient of water, the monolayer in the initial period of evaporation must
increase the evaporation rate of water, which agrees with experiment (?).

As aresult of the analogous solution of the nonstationary problem with condition
(3) for evaporation from a plane surface of a liquid covered by a monolayer, we
obtain the expression for the evaporation rate from 1 cm? of surface:

,_mles(Ty) =Crl | 1 o~ exp[—Dat/(L — M)?]
r= Ril?(@%)L {1+10+2pZ % +pp+1) }

n=1

where C is the vapor concentration in air at a distance L from the liquid
surface, (L — A) is the thickness of the diffusion layer of air,

CEN L)
R+ 1/ (af)]’

7, are the roots of the transcendental equation

t8 Y = —Vn/D-
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For t 3> (L — X\)?/(D~?), a stationary evaporation regime is established, whose
rate is equal to

m[cs(Ty) — Cy _
(L=XN)/D+R+1/(a¥)

I =

and at the initial moment:

_m [cs(Ty) — O]

Moo= 1/t
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