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ABSTRACT

This paper discusses from a theoretical standpoint the influence of the adsorption of
capillarly active substances on the formation of liquid embryo lunules! on the surface
of imperfectly wetted spheric nuclei. By considering the thermodynamic potential of
the system ‘“nucleus—water vapour” before and after the formation of an embryo on
the nucleus and, by using the method developed by Kaischew & Mutaftschiew, an
expression is derived for the work of formation of an embryo lunule in the presence
of adsorption. By taking into account the relation between the contact angle, changed
by the decrease in specific surface energy due to adsorption, a general expression is
given. This relation is expressed in terms of supersaturation, initial contact angle
between the pure nucleus and the liquid, variation in specific surface energy caused by
adsorption and between the radius of the nucleus and the radius of the embryo when
no adsorption is involved. This formula is most general and under corresponding
boundary conditions changes to all known expressions for the work of formation of
embryos in homogeneous water vapour on a plane substratum and perfectly and
imperfectly wetted condensation nuclei, respectively to those given by Gibbs, Volmer,
Krastanov and Fletcher, as well as to the work of formation of embryos in homo-
geneous water vapour and plane substratum in the presence of adsorption, derived by
Kaischew & Mutafschiew. In addition, this formula enables us to discuss embryo
formation on condensation nuclei many times larger than the embryo formed at a

corresponding supersaturation.

Krastanov (1941, 1947-1948, 1957) derived
the kinetics and the thermodynamics of the
formation of liquid embryos on imperfectly
and perfectly wetted condensation nuclei.

The work of formation of an embryo of
radius 7, on an imperfectly wetted condensa-
tion nucleus of radius r, and contact angle ¢
is given by the expression (Krastanov, 1947
1948)

4 4 7,
AZ=§nria—§nr§a(3 cos<p—-2;::). (8]

This expression is derived on the assumption
that, despite imperfect wetting, the condensa-
tion nucleus attaches water molecules on its
entire surface, considered homogeneous with
respect to its surface properties, with the only
difference that the more imperfectly wetted
the nucleus is, so much the harder are water

1 The embryo formed on a portion of the convex
surface of the nucleus will be referred to in this paper
as lunule.
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molecules adsorbed on its surface. As will be
discussed later, this concept is most acceptable
for small condensation nuclei.

It is readily shown that when the nucleus is
imperfectly wetted layer lunules are formed
instead of continuous spheric liquid layers.
This holds for the cases when 7, 27.

Then the work of formation of an embryo
will be

A;=§nr?¢u{l+(l+;m)3+3z2m(x—;7—n—l)
z-m r-m)3
s e R el |
g g

x=rofry, mM=cO8 g, g=V1 + 22— 2xm

where

derived by FLETCHER (1958) by means of the
difference between the thermodynamic poten-
tials of the system before and after the forma-
tion of the embryo. The same expression is
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obtained by means of the Volmer-Krastanov
method, derived and generalised in Krastanov
and MILOSHEV (1963).

Relation (2) is a most general expression for
the formation of embryos, since it covers all
existing cases. In fact, for £ =0, (2) changes to
the formula for the work of formation of
embryos in homogeneous water vapour given
by Giess (1892), while for m =1 it transforms
into Krastanov’s expression for perfectly
wetted condensation nuclei, and for z—oco,
when 7r,—>oco it transforms into VOLMER’s
(1939) expression for the work of formation of
embryos on a plane substratum.

If we compare expression (1) for incompletely
wetted condensation nuclei with (2) we can
easily show (Krastanov and MiLosHEv, 1963)
that the more perfectly wetted and the smaller
condensation nuclei are, so much closer is the
value of A% to that of A%. Only for imperfect
wetting and for large condensation nuclei is
the difference between the two formulas sub-
stantial, A% remaining smaller than A} for
any size of the condensation nuclei. For small
condensation nuclei and for contact angles
close to complete wetting (1) is reasonably
accurate.

It is interesting to discuss the work of for-
mation of embryos on perfectly wetted and
imperfectly wetted condensation nuclei, under
conditions involving adsorption of foreign sub-
stances on the substratum and on the surface
of the condensing liquid. IzMAILOVA, PROHOROV
and DERIAGIN (1957) demonstrated experimen-
tally that it was possible to modify the activity
of the condensation nuclei and the embryo
formation in the presence of foreign substances.
The variation in the specific surface energy of
the liquid due to adsorption is expressed in
terms of the coefficient of filling with adsorbed
molecules by the well-known equation sug-
gested by Shishkovski

6 —-0,=Ac =kTL, In(l -0), 3)

where L., is the greatest number of molecules
which can be adsorbed per square centimeter.
This variation in the specific surface energy is
taken into account in the expressions for the
work of formation of the embryos.

In a previous paper (KrasTanov and MiLo-
SHEV, 1961) we derived an expression for the
formation of embryos on imperfectly wetted
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Fig. 1.

condensation nuclei in the presence of adsorp-
tion and under the assumptions made in the
derivation of (1)

4 Ac\3 4
Afo=-arve{1-—) - -are
3 o 3

x [3(005 . %) -25]. (4)
ag Ty

However, it should be pointed out that eq. (4)
as well as (1) are reasonably accurate only for
small condensation nuclei and for contact
angles close to complete wetting.

It becomes therefore indispensable to derive
(2) under conditions involving adsorption of
foreign substances. This formula will thus be-
come quite general and will cover all cases of
embryo formation under natural conditions
and in the presence of adsorption of foreign
substances. In addition, this formula will
enable us to discuss the formation of embryos
on condensation nuclei several times bigger
than the embryo formed at a corresponding
supersaturation.

To this effect we shall use once more the
method of derivation developed elsewhere
(KrasTaNOV and MILosSHEV, 1961) and based
upon the work of KArscHEW and MUTAFTSCHIEW
(1959).

In the presence of adsorption of foreign sub-
stances the embryo on a spherical substratum
of radius 7, and contact angle ¢, will be a
liquid lunule of radius 7, modified with respect
to the radius in the absence of adsorption. We
shall form out of the gaseous phase and on the
substratum of radius r, a lunule of the same size
7, and contact angle g, as in the case when no
adsorption is involved. The work of formation
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of this lunule is given by the difference between
the thermodynamic potentials of the system
before and after its formation. If we have the
condensation nucleus r, (Fig. 1) and if the
fraction of its surface which takes part in the
process has a surface energy, 2m'§(l —CO8 &y) 0y, 3,
is placed in vapour with thermodynamic po-
tential u, then the thermodynamic potential of
the system ‘‘nucleus—water vapour’ will be

G,=Nyu +27r3(1 —cO8 &,) Gy,

where N denotes the number of molecules in
the gaseous phase. After formation on the
nucleus of a portion of a sphere of volume

*471 5

1 3 +1 3
= -~ — — ¢os — CO8
3V, ka % 4 A

2 4

4a (1 3 1o,

— — T} - — — cos + — CO8 s
sV, N2 4 BT 4T ®

where V, is the volume per molecule, part of
the free surface of the nucleus vanishes, giving
rise to the interface liquid—-nucleus with specific
interface energy o, The thermodynamic
potential after the formation of the lunule is
expressed by

Gy=(N-TV)u+ V,u,+27tr§(1 —COS &) 0y, 4

+ 2nr%o(l —cos o) 0y, 5,

where p, is the thermodynamic potential of an
infinitely large liquid, and o, ,—its specific
surface energy. The work of formation of the
lunule will be

A, =G, G, =2arka(1-cos o) 012

2
—2ary(1 - cos o) 01,2 CO8 &

47, (1. 3 1
~ |- rkalz — —cos —cos
3V, g a0 T ST

4 (1 3 r .
_éﬁ"’ E—;comz,,%—;cos o ) | (u—pny).  (5)

The difference between the thermodynamic
potentials of the gaseous phase and the in-
finitely large liquid is given by the equation of
Thomson-Gibbs

e _ 2012V,

P
o~ fr=pin— poo=RTIn—
P Tk

(6)
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Let us separate the lunule formed in this
way from its substratum and transfer it on
another one, containing the substance to be
adsorbed and placed in vapour with the same
pressure. In order to separate the lunule from
the substratum the following work will be
necessary

4, 227"'3(1 —CO8 %) (01,2 — 013 — Ta,3)s (7

where 8 =27r5(1 — cos a,) denotes the surface at
the interface embryo-substratum. The deposi-
tion of the lunule on the substratum containing
the adsorbed substance will require the work

Ay =277 (1 —cosay) (052 —0y.5)

+2m'§(1 —cos ao)(0;,3 —0';1.3 = 0y,3), (8)

where o}, 0}, are the corresponding specific
surface energies in the presence of adsorption,
whereas 6,4 is the specific interface energy
between the liquid and the substratum with
the adsorbed substance. S* = 2nrkq(1 —cos o) is8
the interface between the lunule and the
gaseous phase. The first term in (8) denotes the
work required for the reversible adsorption of
foreign molecules on the surface S*, while the
second one refers to the work required for the
deposition of the lunule on the new substratum.

The work of formation of an embryo upon
adsorption of foreign substances on the sub-
stratum and on the condensing liquid is equal
to the sum of the works A4,, 4,, and A4;.

A% = 2ri (1 - cos ay) 61,0
— 2n74(1 — cOB ay) 04,5 COS @y
4n , (1 3 1
- [57,”“ (5 ~geosa t  cos txk)
- 2%1‘?,(% - Zcos o + icoss ao)] %IT;ZVf
+ 272r5(1 — €08 &) (01,2 + 01,3 — O2,3)
+ 271541 — 08 o) (012 — G1.2)
+ 2arg(1 - €08 &) (05,3 — of s —Gr0).  (9)

For cases involving adsorption of foreign
substances Briznakov (1952) first pointed out
the necessity of modifying the Thomson-Gibbs
equation
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pre 20,V
- = ]

Poo Tka

RTIn (10)

where ry, is the radius of the droplet in equili-
brium with supersaturated vapour in the pres-
ence of adsorption. Taking the ratio of equations
(6) and (10) in presence and absence of adsorp-
tion we obtain the relationship (KaiscHEw and
MuTAFTSCHIEW, 1959)

Tha  Ga Ao

%o _q-29
(47 g g

(11)

By taking into account (11} as well as the
relationships

01,3 = Og,3 + 01,2 COB @,
Gla.s = 6;.3 + Uilﬂ €08 @g,
from which we have
(0;.3 —03,3) — (U;l.s —o13)={(01,2— 6;1.2) cosg, (12)

and by substituting them in the expression for
the work of formation of an embryo around an
imperfectly wetted condensation nucleus upon
adsorption of foreign substances on the sub-
stratum and on the condensing liquid, we
obtain, after some rearrangements

2 1- 3
At = Srtaod 1 (222)

Ga
T, —m,
+3:c?,ma( @ "—l)

Ga

[es(g) - (2 )
+ai]2-3 + , (13)
9a 9a

where

2
T =To[Thar Me=COS @y, go= V1 +xg — 2z, Mg,

The value of the contact angle in the presence
of adsorption can be derived from the rela-
tionships

01,3=023+012C08 P, Org=0z3+ 012 COSQ,
from which we have, for cos ¢, (KAIsCcHEW and
MuUTAFTSCHIEW, 1959),

Ao,

cos g — —

cos g, = Ao (14)
l S
o
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where Ag,=0y;— 01s denotes the change in the
specific surface energy of the substratum due
to adsorption, while Ao =0,,— 0}, is the corre-
sponding change in the surface energy of the
liquid. Substituting cos ¢, from (14) and the
values for 7, and o, from (11) in (13) we obtain
for A%,

9 3
:a = —m‘?ca(l—A—a)
3 G

I ( Aa,,) B
cosp— —
e\ e
aE
xq1+ hd A
. @m¢__ﬂ)*
l Q _2r_0 o
r?c Ac\? 7 Ac\?
1-— k =
NS %)
( Aa,,)
o [cOsp— —
+32 o7
% ( Aa)3
1__,_
o

+ -2
o
o o i

[ [ ( Ao‘o)
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o~ gl 9/
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For r,=0 expression (15) transforms into the
expression for the work of formation of embryos
in homogeneous water vapour in the presence
of adsorption

4 Ac\3
A?,.,=—mza(1-—") ,
3 c

(15)

(16)

while for r,—oco it becomes identical with the
expression for the work of formation of embryos
on a plane substratum upon adsorption

s cosgp— —
A =;4nr2¢7 1—£7 l—§
ke gTE o) |2 4l | A
o
3
) cosp— —
+ - 17
4 Ao amn
1_.._.
o

derived by KaiscEEW and MUTAFTSCHIEW (1959).
In addition, when there is no adsorption (i.e.
Acfo = Ac,/o =0) (15) changes to the work of
formation of a lunule under natural conditions
(2). The latter, in turn, transforms for r, =0
into the work of formation of embryos in homo-
geneous water vapour, given by Gieas (1892)

4
A% = 5nr?,a. (18)

When m=cosp=1 we obtain Krastanov’s ex-
pression for perfectly wetted nuclei (1947-1948)

4 4 7
Ay =-arie— -areal3-2-2). (19)
3 3 7
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For z—+o0 when r,—co we have the work of
formation of embryos on a plane substratum
VoLMER (1939)

4 1 3 1
Ar = gmio(ﬁ — o089 + Zcosscp). (20)

These relationships are to be seen best in Fig.:2.
In order to illustrate the influence of adsorp-
tion on the process of embryo formation let us

consider the ratio

*
ka

e (52
i) (52
e
ofel) ()

(21)

In the presence of adsorption of foreign sub-
stances on the condensing liquid only, that is,
for Ao/o =0.1 and Ag,/c =0 and for determined
contact angles cosp =1,0.5,0, —1 we plot ratio
(21) against different values of r,/r, in Fig. 3
(full line).

It can be easily seen that for all contact
angles in the interval 0°< @< 180° the ratio



302

Aza/A}: is smaller than unity, i.e., the work
upon adsorption is smaller than the work
when there is no adsorption for all values of
the ratio ry/r,. Let us compare now in Fig. 2
Eq. (21) with the ratio A:a/A:, given on the
same figure with dashed lines

3 2 3
O G o Y Gty A
Aka _ a e G %
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It is evident that for small condensation nuclei
and for contact angles close to full wetting,
ratio (22) is close to ratio (21). Only for imper-
fect wetting and for large values of r,/r, is the
discrepancy substantial. Therefore, for small
condensation nuclei and for contact angles close
to 0°, expressions (1) and (4) can be used with
a reasonable claim to accuracy. The more
accurate expressions (2) and (13) have the

AL 7o\ r\? advantage of enabling us to discuss the in-
1-3 " cos g+ 2 - fluence of adsorption also for values of the
* . ratio rofry, > 1.
(22)
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