Time dependence wettability of quartz with water
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Contact angles as a function of time were measured in two systems: ‘“‘dry”
quartz glass plate—water droplet—saturated water vapour and wetted in
excess with water quartz plate—water droplet—air ‘‘dried” with molecular
sieve. In both the cases contact angles increased from zero to 52°—54° in the
period of time equal to 30 min. However, if the “dry” plate was exposed to the
water vapour for 24 h the contact angle decreased to 24°. To explain the
observed contact angles models of the interfaces of the quartz—water—air
system were proposed. Using GGFY equations contact angles were calculated
as a function of the water film decrease of surface density of Gibbs energy of
quartz behind and under a water droplet. The experimental values of the
contact angle fit into the calculated ranges of the contact angle changes.

Bbuin M3MepeHbI KpaeBble yribsl B 3aBUCHMMOCTH OT BPEMEHH B ABYX CHC-
TeMax: «cyXas» [UIaCTHHKa M3 KBaplEBOrO CTEKN1a—Kalis BONbl—
—HacCblIIIEHHBIX BOASHOM Map M B M30BITKE BOABI CMOYEHHas KBaplieBas
IJIaCTUHKa—KaMis BOOBF—BO31YX «BBICYLIEHHBIA» MOJIEKYNSPHBIM CHUTOM.
B 060ux cny4asix KOHTaKTHbIE YIJIbI BO3POCIH ¢ HyJs g0 52°—54° B TeueHue
BpeMeHM paBHBIM 30-TH MHMHyTaM. OHaKO, €CH «CyXasi» IJIacTHHKa ObLia
nofBepXeHa NeHCTBUIO BOOSHOrO mapa B TeyeHHe 24 4yacoB, KpaeBOH yroin
noHusmics go 24°. Ina o6bsiCHeHHUS HAaONMIONEHHBIX KPaeBbIX YIJIOB ObLIH
NpeioxXeHbl MONENIH TIPaHMYHOW IOBEPXHOCTH CHUCTEMbl KBapl—BOga—
—Bo3nyx. [IpumeHenneM ypaBHennii GGFY ObL1H BbIYUCIEHBI KPaeBble YIbl
B KayecTBe (PYHKIHH NOHMXEHHUS BONSHOM TIEHKOH MOBEPXHOCTHOM MIOTHOC-
¥ I'n66c0BO# 3HEprUM KBaplia 3a M MOJ KaIued BOIbI. DKCIEPHMEHTabHbIE
HaHHbIE KOHTAaKTHOTO yIjia HaXOMATCA B PACYUTAHHBIX NMpEfenax U3MeHeHHH
KOHTaKTHOTO yria.

Possibility of spreading of a liquid on a solid surface can be determined by the
spreading coefficient [1, 2]. This coefficient is equal to the difference between work
of the solid—liquid adhesion and the work of cohesion of the liquid [1, 2].
Moreover, it is also equal to the work of spreading [3, 4]. From the above it results
that a liquid will completely wet a solid if surface density of Gibbs energy (¥:) of the
solid (ys) is higher than the sum of the solid—liquid interfacial density of Gibbs
energy (ys.) and y. of the liquid. On the other hand, water drop settled on a solid
surface would spread over the surface in two stages [5]. In the first, a water film
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forms on the solid surface as a result of water vapour adsorption or water molecules
diffusion from the drop. Thickness of the film depends on nature of the solid and
the liquid.

The second stage is the actual spreading process. The film formation occurs at
the cost of ys [1, 2, 6], which can be decreased to such a level that, despite of
theoretical circumstances of complete wetting of the solid, the liquid drop forms
a finite contact angle. Such a situation can appear in the case of quartz during
wetting it with water. The value of y, [7] is much higher than the sum of the values
of Yow and yw.

So, water should wet completely the quartz surface. On the other hand, surface
properties of quartz depend to a high degree on thermal pretreatment and contact
time of quartz with water [8—13].

Lamb and Furlong [14] have shown that contact angle value of water drop on
quartz surface changed with temperature of the quartz preheating. Molecules of
water in the film even up to eleven statistical monolayers possess somewhat
different energy in comparison with those in the bulk phase [8]. However, structure
of such film depends on its thickness. It may be expected that the most ordered
structure would be found for the first two monolayers from the quartz surface.
A monolayer of water molecules on the surface cannot be desorbed by N,—H,
mixture at room temperature [7]. Of course, the water film decreases polar and
dispersion parts of yo [8, 10] and these decreasings depend on thickness (the
density of film volume Vi/ A), structure, and time of water contact with quartz [10].

Therefore, theoretical circumstances show that it may be expected that y, can be
decreased sufficiently by a water film to be lower than the sum of yq,wand yw.

If it were real, a finite contact angle of water drop on the quartz surface could be
expected. To find out if such situation is possible contact angle was measured as
a function of time for a water droplet settled on the ‘“dry” quartz surface in
saturated water vapour, and in the second series of the experiments, for a water
droplet settled on quartz surface previously wetted in excess with water.

Experimental

Contact angles were measured by sessile drop method with a telescope-goniometer
system at a magnification of 25 times.

For the measurements the quartz glass plates 1 cm X 1 cm were used, which were boiled
triply in HClI solution (volume ratio = 1: 1), rinsed several times with distilled water and then
boiled triply in doubly distilled water. After that, the quartz plates were heated at 250 °C for
1 h and placed into desiccator with 4—5x 107'° m molecular sieve. After cooling to ca.
20 °C they were placed in the measurement box, thermostated at 8= (20.0%+0.1) °C and
contact angle of a water drop (2 mm’ of volume) was measured.
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In the first series, inside the box saturated water vapour was present, because a vessel with
water was placed there for 24 h before.

However, in the second series of the experiments, where the quartz plates were wetted
with water in excess (dipped into water for a moment) in the measured box the molecular
sieve 4—5 107 m was placed, which at equilibrium ensured the vapour pressure ca.
1x107° Pa.

In the first series contact angle of water drop on ‘‘dry” quartz surface was measured
immediately after the drop settling, then, after 0.5 min, 5.5 min, 10.5 min, 18 min, and
30 min and after 24 h, each time for a new water drop and after ‘“‘cleaning procedure” of the
plate.

In the second series, water drop was settled on the ““wet’” quartz plate after desired time
was over from the moment when the plate was placed in the box, namely after 2 min, 4 min,
8 min, 15 min, and 30 min. Similarly as above the cleaning procedure was repeated after
each measurement.

Results and discussion

The values of determined contact angle are listed in Table 1. It can be seen there
that in both series contact angle increases as a function of time reaching
a maximum. This maximum value (52° and 54°, respectively) is obtained after
30 min from the moment of placing the quartz plates in the measurement box.
However, if “dry” quartz plate was allowed to be in contact with saturated water
vapour for 24 h in the box the contact angle value decreased to 24°.

Table 1

Experimental values of water drop contact angle on ““dry” quartz plate in saturated water vapour and on
“wet’’ quartz plate in dried air (molecular sieve 4 X 107" m + 5 x 107'° m) as a function of time

“Dry” quartz plate “Wet” quartz plate
Time Time
Contact angle/® Contact angle/®

min min

0.5 11 2 0

5.5 19 4 26

10.5 34 8 39

18 40 15 45.5
30 52 30 54
24h 24
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The changes of contact angle values may be connected with changes in y, caused
by a water film formed around the droplet, and also, by changes in the water film
structure under the water droplet during the time of contact.

To find any explanation for this phenomenon let us consider the Young equation
to which term describing the water film pressure under and around the droplet is
introduced [1, 2]. Thus the modified equation reads

Yo~ Hum = Ynw= Yw cos © (1)

where yo.n/w is the interfacial density of Gibbs energy of quartz water film I in
contact with water, © is the contact angle measured through the water phase, I,
is the decrease in yq behind'the water droplet.

In our previous paper [15] it was suggested that the value of the reduction of yq
under the water droplet (I;) for a polar liquid could possibly be treated as that
resulting additively from polar and dispersion interactions. Hence, it can be written
that IT;= IT,(d) + IT;(p) where II,(d) and IL(p) is the reduction caused by
dispersion and polar component, respectively, and IT; is the film surface density of
Gibbs energy.

If we assume that IT;, in eqn (1) is equal to the sum of IT; + Iy, and taking into
account the above assumption, the following expression may be obtained

Yeanw= Yo— I+ yw—2 V(yo(d) — I1(d)) yw(d) —

=2 V(¥a(p) — IT(p)) yw(p) (1a)
and then, according to the GGFY theory [6] eqn (1) reads

Yw €08 ©= — yy+ 2 V(yo(d) — I1(d)) yw(d) +

+2 V(¥a(p) — IL(p)) yw(p) — M (2)

where yo(d) and yo(p) is dispersion and polar component of yq, respectively, yw(d)
and yw(p) is the dispersion and polar component of yw, and Iy is a part of the
value of Iy resulting from the difference between Il and IT;.

From eqn (2) it is possible to calculate contact angle value in quartz—water
drop—air system for two cases. First, (see schematic representation in Fig. 1a)
when the three-phase contact line is situated on the bare surface of quartz and
IT; =0, and the second, when this line is in some distance h from the bare surface of
quartz, i.e. a few monolayers of water molecules, when IT;>0 (Fig. 1b).

It seems possible that the first case may reflect the conditions when “‘dry” quartz
plate was placed in the measurement box containing saturated water vapour, and
the second would correspond to the system of quartz plate wetted in excess with
water and then placed in the box with molecular sieve.
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If IT,=0, then obviously IT,(d)=0 and II;(p)=0, and in eqn (2) the only
unknown independent variable is IT; = Il . In this case from eqn (1) results that
in the range of I, from 0 to 89 mJ m~2 (yq— IT(1m> Yow+ Yw) contact angle
value is impossible to be greater than zero, if yo=191 mJ m™?, yqw=29.2 mJ m~?,
Yw=72.8 mJm~2 [6, 7].

(0 n/w- o, 088800

= 0'000000

c1//////////////////IIIIIIIIII///IIII

a b

Fig. 1. Schematic representation of quartz—water drop—air system for: a) a water film presence
behind the drop (“‘dry” quartz plate in saturated water vapour); b) a water film presence behind and
under the water drop (“‘wet” quartz plate in dried air).

For IT; >89 mJ m~2, a water drop settled on the quartz surface covered with
the water film would not spread. This IT;; value is equal to the work of spreading,
W, for water on quartz and it corresponds to zero value of contact angle in the
system. During the water vapour adsorption process on the quartz surface its
surface free energy decreases until it reaches the value equal to yw= Yo — (1.
[10] Therefore, the maximum value of the film pressure could be equal:

IM...=(191-72.8) m] m 2=118.2 mJ m~?, and theoretically, for the first discus-
sed case (Fig. 1a) possible range of contact angle © values calculated from eqn (2),
for 89 mJ m2< IT;,;,<118.2 mJ m~? lies between 0° and 53.2°.

Thus calculated values are plotted in Fig. 2A as a function of ITy. To calculate
the above contact angles the following values were used: yo(d)=76 mJ m~2 [6],
Yo(p)=115mIm=2 [7], yw=72.8mIm™2 yw(d)=21.8mIm™32, yw(p)=
51 mJ m~2 [6]. From Fig. 2a and Table 1 it can be seen that maximum values of
contact angle calculated (eqn (2)) and measured after 30 min in both systems are
very similar, 53.2° 52° and 54°, respectively. Moreover, the measured values of
contact angle for the first system (‘‘dry” quartz plate) may be fitted into the
calculated ones (Fig. 2a). This would support the model that in this case the
three-phase contact line is on the bare quartz surface, and around the water drop
water film is present which causes decreasing of y, down to the value of yw.

However, this model does not explain the changes of contact angle in the system
when the quartz plate was wetted in excess with water, and then ‘“dried” in the
measurement box by molecular sieve. It may be concluded that in this case IT; value
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cannot be equated to zero in eqn (2), so a new model should be recognized. Such
a model is presented in Fig. 1b. Several different values for IT, and IT, describing
the changes of © seem to be possible [15]. However, the situation where
II; + Iy = Yo — yw, and IT, changes from 0 to yo— yw=118.2 mJ m~? seems very
preferable. Clearly, for IT,= 0 and IT; = max, the contact angle value reaches 53.2°
and it corresponds to the first system (‘“‘dry”’ plate) at the moment of maximum
contact angle (Fig. 2a and 2b).

el°
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90 100 10 0 40 80 120
Jp,/tmJ m™2) T/tmy m?)

Fig. 2. Calculated contact angles in the system quartz—water drop—air as a function of the water film
decrease in yq: a) for the water film decrease yq behind the drop, Iy ; b) for the water film decrease in
Yo under the drop, IT,, and for the condition that

I+ IT, = 118.2 mJ m~2= I, ;.

To calculate contact angle values from eqn (2), IT;>0, the IT,(d) and IT(p)
values, resulting from particular IT; values, must be known. In our previous paper
[15] it was suggested that the decrease in the solid surface density of Q resulting
from the presence of liquid film may be described by the relation

M =2 Vys(d)v(d) + 2 Vys(p) v(p) — v(1 + cos O) (3)

where ys(d) and ys(p) is the dispérsion and polar component, respectively, of s,
y.(d), v.(p) is the dispersion and polar component, respectively, of ..

If one recognizes that eqn (3) is valid for every thickness (specific volume) of the
water film on quartz surface, and denoting 1+ cos © = x, I, = I, this equation
reads

IT, =2 Vyo(d) yw(d) + 2 Vyo(p) Yw(p) — X¥w (4)
Then
IT(d) =2 Vyo(d) yw(d) — xyw(d) (5)
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and
IT,(p) = 2 V¥o(p) Yw(p) — xyw(p) (6)

From the set of the last three equations one can determine IT;(d) and IT,(p) for
particular value of IT,. Thus calculated values of the IT ., were then used for the
contact angles calculations from eqn (2) using IT; values from 0 to 118.2 mJ m~?
and II;=118.2 mIm™2—II,. The calculated contact angles are presented in
Fig. 2B as a function of IT;. As it can be seen calculated contact angles decrease for
increasing IT; values (increasing the water film thickness) and for IT, tending to
118.2 mJ m~? the angles approach to zero value. This value of IT; corresponds to
the value of yqnw- The contact angles measured on the “‘wet” quartz plate
(Table 1) fit in the calculated range of the contact angle values (Fig. 2b).

It is very interesting that contact angle measured on “dry” quartz plate after 24 h
equal to 24° (Table 1), corresponds to IT;=70 mJ m~2, if one calculates the angle
from eqn (2). This value of IT, results from one statistical monolayer of water
adsorbed on quartz surface [7]. It would suggest that for a long time of water
contact with quartz a fixed structure of at least monolayer water film is formed.

So, the above models seem to explain the measured changes in the contact angle
of a water drop on “dry” quartz plate (in saturated water vapour) and also on
“wet” and then “‘dried” quartz plate. However, it is not quite clear why in the case
of wetted in excess with water quartz plate, already after 4 min of the plate drying
at 20 °C, the three-phase contact line should be treated to be at some distance from
the bare surface of quartz. More experimental evidence must be obtained to find an
answer for this question.

.

Symbols
Yi surface density of Gibbs energy of the i-th phase
Ys surface density of Gibbs energy of the solid
" surface density of Gibbs energy of the liquid
YsiL interfacial density of Gibbs energy between solid and liquid phase
Ya surface density of Gibbs energy of quartz
Yarw interfacial density of Gibbs energy between quartz and water
Yw surface density of Gibbs energy of water

I decrease in yq behind the water droplet

yYa.yw  interfacial density of Gibbs energy of quartz with water film I in contact with water
(] contact angle

I reduction of yo under the water droplet

ITi(d)  reduction of yq caused by dispersion component

II(p) reduction of yq caused by polar component

Ya(d) dispersion component of yq

Ya(p) polar component of yo

I, part of I resulting from difference between I;m and IT;
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