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Spreading of a water drop on a marble surface
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Measurements of the wetting contact angle for a marble surface were carried out for two
systems: dry marble plate-water drop—saturated water vapour and marble wetted by water—
water drop—dry air (in the presence of molecular sieves). The marble plate was placed in a
measuring chamber and contact angles were measured after different lengths of time; it was
found that their values grew to a maximum which was reached after about 30 min. It was
found that when the dry marble plate was placed in saturated water vapour for 24 h the con-
tact angle decreased in comparison with its maximal value. To explain the results obtained,
theoretical calculations were made. The theoretical calculations and measurements showed
that it was possible to obtain a contact angle greater than zero on a marble surface, depending

on the structure and thickness of the water film.

1. Introduction

When a liquid drop is settled on a smooth, horizontal
and dry solid surface, spreading may occur in two
stages {1, 2]. In the first stage a thin film of liquid is
formed and in the second the main process of spread-
ing occurs. A thin film of liquid on a solid surface may
be formed, either by adsorption of liquid vapour or by
diffusion of liquid molecules from the drop periphery
[2, 3]. The surface free energy of a solid is decreased by
the thin film of the liquid [3-6] and the magnitude of
this decrease depends upon the nature of the solid and
liquid. Accordingly, if the interfacial free energy
between the solid and the film of liquid is equal to the
sum of the interfacial free energy of the solid-liquid
and of the liquid surface tension, the contact angle is
zero (as implied by Young’s Equation [4]). If the
interfacial free energy between the solid and the film of
liquid equals the surface tension of the liquid and the
interfacial free energy of between the solid and liquid
equals zero, the contact angle is also zero [7]. Hence,
the properties of a film of liquid influence the wetting
process, particularly for high-energy solids [3-6, 8].
Thus, in spite of theoretical presumptions about com-
plete wetting of a solid by a liquid in the solid-liquid
drop—vapour of liquid system, the contact angle could
be greater than zero [9].

The solid—water system plays the main role in the
wetting processes because of its usefulness in many
branches of chemistry and technology. Solids may be
divided into two groups with respect to their inter-
action with water: hydrophilic solids and hydrophobic
solids. Solids with a good wettability by water are
termed hydrophilic solids (i.e. the contact angle is
Zero).

In scientific literature marble is considered to be a
hydrophilic solid [8]. In this paper we would like
to show that this opinion is not true. Adsorption
measurements show that the water film formed on a
marble surface has a thickness of about 15 statistical
monolayers of water molecules. In a film of this thick-
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ness water molecules have properties other than those
of the bulk phase [10]. Calculations, made on the basis
of these measurements, have shown that a water film
two statistical monolayers thick decreases the surface
free energy of marble so that the surface free energy of
the marble-water film is equal to the sum of marble—
water interfacial free energy and the surface tension of
water, corresponding to a zero contact angle [10].
Hence for a water film thicker than two statistical
monolayers, it may be assumed theoretically that the
contact angle for the system marble-water film-water
drop—vapour (air) is greater than zero.

To verify this, measurements of the contact angle
in the systems: a “dry” marble plate—water drop—
saturated water vapour and a marble plate immersed
in twice distilled water-water drop-dry air (in the
presence of molecular sieves), were carried out after
keeping the marble plate in the measurement chamber
for different lengths of time. In these cases the contact
angles were greater than zero.

2. Theory

The conditions of the spreading process of a liquid on
a solid surface are expressed by Young’s Equation [4].
For a solid-liquid drop-vapour system in which a
three-phase contact line lies near the solid surface (as
shown in Fig. 1) this equation may be presented as
follows:

Ysv — Ysu = Vi cosO ()

where yoy = ys — 7e is the surface free energy of a
solid with adsorbed liquid vapours (ys is the surface
free energy of a solid in vacuum, we is the magnitude
of a solid surface free energy reduction by adsorption
of liquid vapour), yg is the interfacial free energy of
solid-liquid, y, is the surface tension of the liquid and
6 is the wetting contact angle measured through the
liquid phase.

If a solid is covered with a polymolecular water film
of a thickness 4 (Fig. 1b), Young’s Equation for a
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Figure I A scheme of the equilibrium state
in the system marble-water drop-air.
(a) Marble-water drop-saturated water
vapour; (b) marble-water film-water

(M-Tre )-Tre1 )(M-’ITez)W film drop—dry air. A = air, W = water drop.
MARBLE MARBLE
(a) {b)

water drop deposited on this film may be written in the
following form:

Ysvay — M€ — Y — M€ =y cosl )

where ygys = ¥s — 7e, is the surface free energy of a
solid covered with a polymolecular water film of thick-
ness, A, me, is the difference between the surface free
energy of a solid and the surface free energy of a solid
covered with a polymolecular water film, ne” is the
difference between the solid—water interfacial free
energy and the solid-water film~water interfacial free
energy and e, is the magnitude of the reduction of the
surface free energy of the water film on a solid by
water vapour molecules adsorbed on this film. For
ysv = ¥su + 7o from Equation 1 it follows that a
water drop completely spreads on a solid surface [4]
(e.g. 8 = 0) (Antonow’s rule). In this case we have:

me = Wy = 95—y — 1o (3)

where W is the work of spreading wetting. When
e < y5 — v and yg. = 0, a water drop completely
spreads. This is particularly valid for a system with
ys = 7. and in which the surface free energy of the
solid and liquid arises from the same kind of molecu-
lar interactions that are the same size in solid and
liquid phases. Some authors [3, 4] suppose that for
me = me, = W, ysvp 18 always equal to the surface
tension of liquid spreading on a given solid. However,
measurements of water vapour adsorption on quartz
suggest that W corresponds to a water film having a
thickness of two statistical monolayers. On the other
hand, Fowkes’ theoretical calculations [11] and our
earlier studies [12] prove that the value of the surface
free energy of the quartz—water film of only 11 statisti-
cal water monolayers is equal to the water surface
tension. This implies that for some solids me > W
may be achieved and, therefore, the contact angle may
be greater than zero for the system solid—water drop—
water vapour. Let us consider Equations 1 and 2 once
more for 6 > 0. If we assumed that y; would be equal
to ysvw — 7e,, then yg would have to decrease to
ys. — me’ in the same time. Obviously Equation 2
does not exclude the possibility of complete spreading
of a water drop on a solid surface. If for 8 = 0,

Ysvy = Ysu + v — (me, + me’) 4

and if ygyg — L. then me; = 0 and yg, — me” also
equals zero. Thus from Equations 1 and 2 it follows
(accepting our assumptions) that water can either
completely wet a solid surface or form a contact angle
greater than zero according to the properties of the
water film on the solid. This conclusion suggests that
under suitable conditions a water drop should not
spread completely on a hydrophilic marble surface.
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From the measured values of the wetting contact
angle of a water drop on marble in n-alkanes and from
the measurements of water vapour adsorption on
marble its surface free energy was calculated [10]. Its
value equals 170.6 mJ m 2 and is much higher than the
surface tension of water (72.8 mNm '). Thus, accord-
ing to many authors’ opinions, maximal thickness of
the water film formed by water vapour adsorption on
a marble surface should cause water molecules occur-
ring at the outermost points on the marble surface to
have bulk phase properties, yyve = Pw and yyy =
Ymw, Where yyy 1 the surface free energy of marble
covered with a polymolecular adsorption water film,
Tmve 18 the surface free energy of marble covered with
polymolecular water film of thickness /4, yyw is the free
energy of the marble-water interface and yy is the
surface tension of water.

Measurements of water adsorption have shown that
the maximum thickness of the polymolecular water
film is about 15 statistical monolayers, and the work
of film formation is equal to the sum of the work
of marble-water adhesion and the work of water
cohesion [10]. On the other hand, the work of forma-
tion of the film having a thickness of two statistical
monolayers corresponds to the spreading coefficient
(work of spreading wetting W; of water on marble
surface) [10]. For this film and # = 0 according to
Equation 1 we have yyy = ymw + Yw. Since yyw +
Yw > Ym — Yw the value of yyy for me = Wjis greater
than yy. Thus a further decrease in yyy as a result of
water vapour adsorption on the marble surface
is possible. For ne > W, one may assume that a
water drop does not spread on the marble surface and
8 > 0.

Expressing the interfacial free energy of marble—
water by geometric mean of dispersion and polar

interfacial interactions [6, 13] we obtain from
Equation 1
weos B = —py + 208" + 20897 — e

®)

where v, and 73, are the dispersion components of the
surface free energy of marble and water surface ten-
sion, respectively, y§, and 7§, are the polar components
of the marble surface free energy and water surface
tension, respectively. From Equation 5 values of 0
may be calculated by changing e from W5 to yy —
yw, when [10]

W, =

M — Ymw — Vw
207w + 20R7%) — 2vw (6)
When a water drop is deposited on the marble

surface covered with a polymolecular water film of
thickness /#, Equation 5 may not serve for calculation



of the equilibrium of the system marble-water drop—
air. In such a case Equation 2 must be used for calcula-
tion of 6. In our previous paper [12] we suggested that

Yso — e = V(S — req)l (7

and [14]

me, = mes + med 8

where ne§ and ne§ are the reduction of dispersion and
polar components of marble surface free energy by the
water film, respectively. Hence:

Yw — € = py — Te, + yw — 2[(v — 7med)yw]"?
— 2% — med)i]” Q)

Introducing Equation 9 into Equation 2 and assuming
that Yy = ym — 7e, We obtain:

Yweos 0 = —yy + 2y — med)yw]"

+ 2[0%k — med )R] — mey (10)

Next, according to our earlier assumption [14] we
have:

me, = 207" + 2000087 — xpw,  (11)
mey = 2m7W)"7 — X%, (12)
ne = 20%7%)" — xv%, (13)

and hence from Equation 10 with yyyy — 7€, = yw
and ymyw = Ym — Tey, 6 can be calculated with
changing yyw — me’ from yyy to 0.

Equations 5 and 10 appoint criteria for the non-
spreading of a water drop on a marble surface covered
with a polymolecular water film.

3. Experimental techniques

Measurements of the wetting contact angle on marble
plates were conducted in a thermostated measuring
chamber by means of a goniometer-telescope system
at x 25 magnification. The marble plates of about
lcm x 1emin size used for the studies were obtained
from mineralogical specimens and were polished by
rubbing one plate against the other. They were then
washed several times in doubly distilled water, boiled
for about 1 h in such water, dried at 250° C for 1 h and
cooled to room temperature in a desiccator filled with
molecular sieves (0.4nm + 0.5 nm mixture).

For the first system thermostated at 20°C + 0.1°C
the measuring chamber was saturated with water
vapour by placing in it a beaker containing doubly
distilled water for 1 day. In the case of the second
system, before measurement of the wetting contact
angle, a mixture of molecular sieves 0.4 nm + 0.5nm
was placed in the measuring chamber for 1 day to
decrease water vapour pressure to 10 °mm Hg
(10°mgdm~?). When the plate had attained the
environmental temperature (after drying) it was
placed in the measuring chamber which was saturated
with water vapour and the contact angle was measured
immediately. After cleaning (which was repeated as
above) the plate was placed in the measuring chamber
and the contact angle was measured again after 6 min.
Further measurements were made after the time
periods shown in Table 1. The last measurement was

TABLE 1 Measured values of the wetting contact angle of a
marble plate after different lengths of time in the measuring cham-
ber for the systems dry marble plate-water drop-saturated water
vapour and marble-water film—water drop-dry air, respectively

Dry marble plate Wet marble plate

Residence time in ] Residence {ime in 6
measuring chamber (deg) measuring chamber (deg)
(saturated vapour) (dry air) (min)
(min)

1 8 1 0

6 14 4 17.5
12 26.5 8 25
18 29.0 18 32
30 40.5 30 39.5
24h 28.5

carried out when the plate had been in the measuring
chamber filled with saturated water vapour for 24h.
Measurements for the second system were carried out
as follows: cleaned and dried plates as presented above
were dipped in doubly distilled water and placed in the
measuring chamber in the presence of molecular
sieves. The contact angle was measured after the time
periods shown in Table 1.

4. Results and discussion
The results of measurements of contact angles for the
two systems mentioned above are summarized in
Table I, which shows that in the system marble—
water drop—-saturated water vapour as well as in the
system wet marble-water drop-dry air (in the
presence of molecular sieves) the contact angles reach
their maximal values (40.5° and 39.5°, respectively),
depending on the time periods after which the contact
angles were measured. The maximum values of the
wetting contact angle were obtained for ¢ = 30 min.
When the marble plate was placed in the measuring
chamber for 24h the value of § measured for the
system marble—water drop-saturated water vapour
was lower than the maximum value for this system,
which was only 28.5°. We assume that the wetting
contact angle 6 depends on the properties and the
thickness of the water film on the marble surface.
When a water drop is deposited on the marble surface
covered with a polymolecular adsorption water film, it
may spread depending on the value 7e (see Equation
5). From this equation it follows that the wetting
contact angle is zero when me = 76.6mJm~? (for
¥ = 64mIm™2, 3% = 106.6mIm 2, y§ = 21.8mJ
m~? and 9§ = 51.0mJm~?; these values were given
by Jariczuk ef al.[10]) and when ze increases from 76.6
to 97.8mJm~? the contact angle increases from 0 to
44.9°. We assume that the maximum value of =e is
v — Pw = 1706 — 728mIm™* = 97.8mIm~>.
In Fig. 2a the wetting contact angle calculated from
Equation 5 is presented as a function of we. Compar-
ing the values of 8 from Fig. 2a and Table I, it may be
found that the maximum value of # calculated from
Equation 5 (44.9°) is similar to the maximum measured
value of 8 for the two systems investigated (40.5° and
39.5°, respectively, see Table I). The variations of the
calculated contact angle, being a function of ze are
similar to the variations of the measured contact

1153



8 (degree)
N W N
&~ LI\ (e

>

— 1

I

Figure 2 Relationship between a wetting contact angle
and the water film pressure on the marble surface. (a)
The relationship between a wetting contact angle and
the water film pressure ne, for me, = 0; (b) the relation-
ship between a wetting contact angle and the water film
pressure we, for me, + We, = Mey, = Py — Yw-

76 GLO 84 88 92 96 0 20 40 60
{a) Me, (mJ mZ) (b)

angle, being a function of time for the system dry
marble plate-water drop-saturated water vapour.
The agreement of these calculated contact angles
with the measured values confirms our assumption
that the surface free energy of marble covered with a
polymolecular water film is relatively close to the
surface tension of water. In contrast to the system
mentioned above, it seems that to explain the obtained
results of the contact angles for the second system it is
necessary to assume that a rigid, highly oriented water
film is present between the water drop and the marble
surface. Hence, let us consider the contact angle
variation in this system on the basis of Equation 10
for me, values from 0 to 97.8mJm 2 when 7e, =
97.8mIJm~2 — me,. Using values ne§ and ned cal-
culated from Equations 11 to 13 and the above men-
tioned values of 7%, Y&, 7%, Y% and py, it is possible
to calculate the contact angle from Equation 10.
The contact angle as a function of zne, is presented
in Fig. 2b. From this figure it appears that when the
film thickness increases (and ne, values also increase)
the contact angle decreases down to 0 for me, =
97.8mJm™? (i.e. when the free energy of the marble—
water film—water interface attains the value of yyw)-
. The changes of 6 as a function of re, are similar to
the changes of 6 for the system wet marble—water
drop—dry air as a function of time (¢) (see Table I). It
is very characteristic that the value of the contact
angle (28.5°) measured for a water drop deposited on
the marble plate which was placed in saturated water
vapour for 24 h, is equal to the value of ¢ calculated
from Equation 4 for ne, = 42mJm 2. However, the
value of ne, = 42.0mJm™? is similar to the pressure
of the monolayer water film on the marble surface
(46mJIm~?) [10], which suggests that after a long
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contact time of the marble surface with water vapour
a highly oriented monolayer water film is formed. This
was observed on quartz [5, 15]. The compatibility of
the experimental and theoretical values of the contact
angles implies that our assumptions are reasonable
and suggests that the water film pressure on the
marble surface and orientation effects of water
molecules near the marble surface determine the wet-
ting process of its surface.
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