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The problems of objective approach to the wetting phenomena research are being discussed.
The peculiarities of the direct and reverse processes at three-phase-contact (solid—liquid—gas)
formation and the inevitability of wetting hysteresis for polar solids and liquids are under consid-
eration. An opinion about the cause of this phenomenon is expressed, the cause being the high
values of the energy of solid—liquid interaction (the heat of immersion and the heat of adsorption
from the vapor) and as consequence the high values of retention time for the molecules of liquid on
the surface that is of the relaxation time for three-phase-contact system. The question of proper
purification of the solid surface without changing its composition and properties is analyzed as
well. The results of experimental data on estimation of activation energy for wetting glass surface
with water are given, the data being obtained from temperature dependence of dynamic contact
angles, calculated from the data on capillary rising of water in round glass capillaries having
cross-section 104–108 μm. It is shown that the value of activation energy for this system exceeds
the one for water evaporation. Inevitability of the occurrence of a number of active sites with
different acid-base properties at the surface of solids (OH-groups in the case of metal oxides) is
discussed. The data on estimation of dissociation constants (pKa) of these sites and their content
at the surface are given, the data obtained in the experiments with electrometric titration and
wetting. It is shown that the values of dissociation constants for the different surface OH-groups,
estimated by these two methods agree sufficiently well. The result obtained permits to conclude
that the method of electrometric titration in the proposed modification of data treatment as well
as the method of measurement of θ = f(pH) dependence can be used to characterize the acid-
base properties of solid surface together with IR-spectroscopy and some other methods. Refs 27.
Figs 4.
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Обсуждаются проблемы объективного подхода к изучению явлений смачивания. Рас-
сматриваются особенности прямого и обратного процесса при образовании трёхфазного кон-
такта твёрдое тело — жидкость—газ и неизбежность явления гистерезиса смачивания для
полярных твёрдых тел и жидкостей. Высказывается мнение, что причиной этого является
высокая энергия взаимодействия жидкости и твёрдого тела (теплоты смачивания и адсорб-
ции из газовой фазы), а следовательно, и время удерживания молекул жидкости на поверх-
ности, т. е. время релаксации системы трёхфазного контакта. Затрагивается вопрос очистки
поверхности твёрдого тела без изменения его состава и свойств. Приводятся результаты экс-
периментальных данных по определению энергии активации смачивания поверхности стек-
ла водой при разном состоянии исходной адсорбционной плёнки, полученные в результате
исследования температурной зависимости динамического краевого угла, рассчитанного из
данных капиллярного поднятия воды в цилиндрических стеклянных капиллярах сечением
104–108 мкм. Обсуждается неизбежность существования на поверхности твёрдых тел (на

∗ Рaбoтa выпoлненa пo пpoгpaмме Пpезидентa Рoссийскoй Федеpaции «Ведущие нaучные шкoлы»
(гpaнты № HШ-6291.2010.3 и № HШ-4464.2012.3).
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примере оксидов металлов) ряда активных центров (OH-групп), отличающихся кислотно-
основными свойствами. Приводятся данные по оценке констант диссоциации (pKa) этих
центров и их содержания на поверхности, полученные в результате использования методов
потенциометрического титрования и смачивания. Показано, что значения констант диссо-
циации поверхностных OH-групп по оценке этих двух методов хорошо согласуются между
собой, что позволяет сделать вывод о перспективности их использования для характеристи-
ки кислотно-основных свойств исследуемой поверхности. Библиогр. 27 назв. Ил. 4.

Ключевые слова: угол смачивания, прямой и обратный процессы, гистерезис смачивания,
энергия активации, кислотно-основные центры поверхности, потенциометрическое титрова-
ние.

Introduction. Thoroughly made studies on the problems of wetting allow to reveal
some aspects, peculiarities of this phenomenon that should be taken into consideration, oth-
erwise neglect of their importance can lead (and really does lead) to not completely correct
conclusions and summaries. Thus, ignoring the peculiarities of the direct and reverse pro-
cesses at three-phase-contact formation is one of the most essential problems in explanation
of the wetting as with such view there is a good probability of serious mistakes. As a con-
sequence, practically all textbooks and monographs are stating that contact angle can be
measured at putting a liquid drop on the surface of solid body (“sessile drop” method), that
is in the direct process as well as at bringing an air bubble under the solid body immersed
in liquid that is in the reverse process. Herewith the well known phenomenon of the wetting
hysteresis (the difference of values of the contact angles resulting at three-phase-contact for-
mation for these two methods) is considered as something uncertain and demanding special
explanation.

Strictly speaking the word “wetting” supposes the direct process for the solid-liquid-gas
system, where just liquid is the final interacting phase (it wets the solid body, the last-
named being initially in equilibrium with gas phase that is with liquid vapor). At present
they usually determine this process as “advancing” one though the term “advancing” has
been introduced for another phenomenon, notably for the case of a liquid drop on an inclined
surface. It is well known when one inclines a surface with a liquid drop on, the last changes its
shape, the lower side of the drop forming contact angle which is greater than the one on the
upper side. To identify these angles the terms “advancing angle” and “receding angle” were
accepted respectively. It was also found out that the contact angle on horizontal surface is
equal to half-sum of advancing and receding angles. Though in principle it’s possible to name
the wetting process as “advancing” one with liquid really advancing on the solid surface,
one must not use terms “advancing angle” and “receding angle” for the equilibrium contact
angle to prevent a confusion, these terms being used for a peculiar state of the system.
With using the same principle we can say that the receding process is reverse to the wetting
one. At receding the initial state of the system is a two-phase one, the solid body being in
equilibrium with the liquid, and the gas phase is the final one that comes into the interaction,
the three-phase-contact being formed therewith. As it is well known most of the processes of
phase interaction are irreversible (in a varying degree), so we can draw the conclusion that
for these two cases the states of the three-phase contact must differ from one another, that
is the wetting hysteresis is unavoidable phenomenon, and one should use only the contact
angle received (and measured) in the direct process for characterizing the wetting.

We should discuss this question more closely. Let us consider direct and reverse pro-
cesses for wetting of polar solids with water (or water solutions). At present due to proper
calorimetric equipment the heat of adsorption from gas phase and the heat of immersion can
be examined with sufficient accuracy. These heat values for the case of water interaction
with the polar solids (for example with metal oxides) are rather high. In consequence the
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time value of adsorption of water molecules on solid surface is high as well [1], that is the
time of the transition between the solid—gas state and the solid—liquid one is reasonably
long in the wetting processes (especially in the reverse one), transition process itself needing
activation energy [2]. This peculiarity was discussed by Frumkin in his old (now classical)
paper [3], where, we can say, nearly by intuition, but absolutely correctly he described the
whole process of liquid—solid interaction. One of the most important conclusions made in
[3] about the state of thin water films on the surface of polar solids is, on our opinion, as
follows: only the adsorption film, formed from the gas phase (water vapor) on such a surface,
is thermodynamically stable. The thin wetting films formed on solid surface after receding
process are only metastable. These wetting films can keep stability for some (considerable)
time depending on conditions of their formation, geometric parameters of the system and
the composition of water solution, which this film was formed from [4, 5]. But finally its
disruption takes place, with the adsorption film and separate droplets of water or water
solution remaining on the surface as a result. The process of water (and especially water
electrolyte solutions) receding from the surface of polar solids represents a separate (and
very interesting) phenomenon, its theory developed rather extensively [5]. But this concept
is unfortunately inapplicable to the direct process of wetting (to the wetting polar solids
with polar liquids) the wetting films not being formed in this case.

Another important problem in using wetting to determine the properties of solids is the
pretreatment of their surface. This problem arises because of the fixed opinion that the
contact angle for hydrophilic solids and water (or water solutions of inorganic electrolytes)
should be very small (quite near zero). It is common opinion to correlate the great values
of contact angles (much more than zero) for such systems to different (especially fatty) im-
purities. That’s why very hard methods of purification of surfaces as using concentrated
acids and bases, chromic acid, hydrogen peroxide, hydrofluoric acid, boiling, and so on were
employed. Often such methods gave really the decrease of contact angles [6], but what is the
cause of this decreasing? It should be clear for a chemist that any of the listed treatments will
result in solid surface modification determined by the processes of chemical interaction (dis-
solution, leaching out separate components, changing oxidation level of some of them and,
finally, precipitating dissolution products on the surface of the solid under investigation).

It is obvious, that if we intend to get a valid description of a given solid applying pro-
cesses of the wetting phenomenon we cannot use the above-listed methods of treatment.
As for cleaning from fatty substances it’s sufficient to use more soft treatment (paraffin
hydrocarbons, acetone and so on).

The results of research on the dependence of contact angle on velocity. The
reason for non-zero value of the contact angles (θ) of water on the surface of hydrophilic solid
bodies was (and still is for some scientists) not perfectly clear. This problem was discussed
in details in [7]. As it was referred earlier the cause of such a phenomenon is the existence of
adsorption film of water vapor on polar solid. Therefore the process of wetting with water
should be considered as the process of activated transition of water molecules from the state
of adsorption film (adsorbed from water vapor) to the state of bulk water near the surface of
a polar solid body. The concept of Blake and Haynes [8] was used to describe this dynamic
process.

Blake and Haynes used the approach of Cherry and Holmes which was based on the
theory of absolute reaction rates [2]. Following this approach the three-phase-line (TPL)
zone of wetting liquid on the solid surface is considered to be the transition state (activated
complex), and the system under consideration has to overcome this state in the process of
pulling out one liquid state with another one from the surface of solid. This process develops
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at the active sites of the surface and the concentration of these sites (Δn) is constant. The
value of molecular rate of the process is denoted by K+. The application of the theory of
absolute reaction rates [2] gives:

K+ =
kT

h

z∗
z+

exp
(
− ε+

kT

)
, (1)

where ε+ is the activation energy for the process at absolute temperature (0 K); z∗ and z+

are the partition functions for the activated and initial states respectively; k is Boltzmann’s
constant, hP is Planck’s constant; T is absolute temperature.

The molecular rate of the reverse process is:

K− =
kT

h

z∗
z−

exp
(
− ε−

kT

)
. (2)

At equilibrium the net rate of exchange is equal to zero and K+ = K−. The additional
force needed to cause flow will not change z+ or z−; it can be regarded as altering the energy
barriers ε+ and ε−, lowering one and raising the other. The work done by the additional
force per unit displacement of unit length of the TPL is given by:

W = γLA(cos θ0 − cos θA), (3)

where θ0 being the equilibrium (static) contact angle.
If this work is used entirely in raising or lowering ε+ and ε− then

W = Δnw, (4)

where w is the work done on each site. The net molecular rate of the process is

Knet = 2K sinh
(

W

ΔnkT

)
. (5)

Here K = K+ = K−. If λ is the average distance between centers of adsorption
(λ ≈ Δn−1/2), then the linear rate of the wetting process is

V = Kλ sinh
[
σ(cos θ0 − cos θA)

ΔnkT

]
. (6)

If (σ/Δn)(cos θ0 − cos θA) � kT , then

V = Kλ exp
[
σ(cos θ0 − cos θA)

ΔnkT

]
. (7)

In this case a plot of lg V against cosθ should give a straight line with a slope of
σ/2.303ΔnkT .

The results of experimental investigations of temperature dependences of dynamic con-
tact angles were presented in [7]. The dependences of contact angles on velocity (cos θ/ lg V )
were calculated from the experimental data on capillary rising of water in cylindrical glass
capillaries with a cross-section of 104–108 μm.

Using the equation of capillary rise [9], the dependence of cosθ on lg V was calculated
from the h vs. t data:

cos θ =
gρrh

2γ
+

4(ηh + ηaha)
γr

dh

dt
;

dh

dt
≡ V. (8)
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Here η is the viscosity of water, ηa the viscosity of air, ha = H − h (H is the length of the
capillary), ρ is liquid density, and g is the acceleration due to gravity. Equation (8) includes
the air resistance, which is important for sufficiently long capillaries.

The experiments on capillary rising were performed at temperatures from 20 to 70 ℃
for juvenile (dehydrated) and hydrated capillaries with different state of adsorption film of
water on the surface of glass.

In agreement with the absolute reaction rates theory [2], the value of K in Eqn. (1) can
be written as follows:

K =
kT

hP
exp

(
−ΔH

kT

)
exp

(
ΔS

k

)
. (9)

Here ΔH and ΔS are the enthalpy and entropy of wetting activation respectively.
Using Eqn. (9) enables the value of ΔH and ΔS to be estimated from the experimental

data for the dependence of lg K on 1/T . The experimental points in the plots of lg K vs. 1/T
are very close to a straight line. The slope of the line is equal to (kT +ΔH)/k. The value of
(kT + ΔH), which is usually referred to as the experimental activation energy, is constant
for the system under investigation and equal to 95 · 10−21 J per center. The values of ΔH
and ΔS, calculated at different temperatures, show that the activation enthalpy of wetting
is significant and equal to 5.4 · 104 J/mol (calculated per mole of silanol groups). This value
is more than that of the enthalpy of water evaporation (4.48 · 104 J/mol). The ΔS values
of wetting activation were negative in sign and this can be explained by the disordering of
the water molecules near the surface during the wetting process. The enthalpy of activation
for wetting is significant and depends (as the entropy of activation does) on the state of the
adsorption film of water on the glass surface. These results confirm the viewpoint that the
cause of non-zero value of contact angles (θ) of water on the surface of hydrophilic solid
bodies is the existence of adsorption film of water vapor on polar solid.

The results obtained were in good agreement with the activation model of dynamic
wetting by Blake and Haynes.

The dependence of the wetting on solution composition. As is known, the
development of a charge on solid surface leads to the decrease of free surface energy. The
general equation of electro capillarity can be written as follows [10]:

dσ = −εdϕ−
∑

i

Γidμi, (10)

where Γi is Gibbs surface surplus values; μi — chemical potentials of the components of a
system except for the one that charges the surface; ϕ — surface potential; ε — the charge.

In accordance with (10) the value of the energy of solid—liquid interface depends not
only on the surface charge, but, to significant extent, on the adsorption-desorption processes
for all components of the system including water.

We will cite some results of our previous investigations to demonstrate the above men-
tioned peculiarities of the wetting phenomena.

Previous investigations [11, 12] proved that contact angle (θ) measurement at so-
lid/liquid/gas interfaces is a very powerful tool not only in characterizing the state of solid
surfaces, but also in getting information about all kinds of interactions between liquids and
solids [11–16]. In particular the estimation of the dependence of contact angles for solid
oxides on the potential-determining ions activity (H+ and OH−) shows that variation of
contact angles allows one to follow not only the double electric layer (DEL) development
[13], but also to detect the existence of the functional groups with different acid-base proper-
ties at the surface [11, 12, 15, 16]. Because of the existence of such groups the dependence of
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θ on pH shows maxima and minima and this is the case for all examined oxides (SiO2, Al2O3,
Fe2O3 and so on). The θ(pH) dependences for all examined oxides had many extremums
(Fig. 1).
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Fig. 1. Dependences of contact angle on pH (HCl, KOH) for solids:

1 — diamond; 2 — alumina (α-Al2O3) (soft treatment);
3 — alumina (hard treatment); 4 — yttrium iron garnet (Y3Fe5O12)

The comparison of the results on θ(pH) dependences with the data on electro surface
properties of the oxides under consideration permits to conclude that the many extremum
shape of θ(pH) dependence cannot be explained by the development of surface charge (DEL)
only. It is possible that one of the maxima of θ(pH) dependence is correlated with the point
of zero charge (PZC) of the surface. The appearance of other maxima is apparently caused
by reducing of the solid surface—solution interaction at pH which ensures the minimum
dissociation of individual functional groups (we call it the point of minimum individual
charge — PMIC). Reducing of the solid surface—solution interaction for this alone site
leads to an increase in θ. Though it is still not completely understood why θ sometimes
changes so sharply at the pH corresponding to the PMIC, the existence of this correlation
is out of doubt.

The investigation of the dependence of heat of immersion of quartz and some other solids
on pH and solute concentration showed that the main factors determining the solid—liquid
interaction at wetting were: the nature of the solid (including its crystallinity and the state
of the surface), the development of boundary layers of water near the solid surface; the
degree of dissociation of surface OH-groups and the development of double electric layer;
the influence of electrolytes on the structure of water in boundary layers. The dependences
of heat of immersion (Q) on solution pH (HCl—KOH and HCl—KCl—KOH) for the surface
of yttrium iron garnet were studied with the aid of micro calorimetry, micro electrophoresis
and electrometric titration respectively [16]. The data for dependences of heat of immersion
and contact angle (θ) on pH for yttrium iron garnet (Y3Fe5O12) are represented in Fig. 2.
It’s seen that the θ = f(pH) dependence has many extremum, the position of maxima and
minima being contrary to Q = f(pH) dependence (measured earlier) that is maximum of Q
is corresponding to minimum of θ and vice versa. The value of isoelectric point and that of
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Fig. 2. Dependences of heat of
immersion (1 ) and con-
tact angle (2 ) on pH
for yttrium iron garnet
(Y3Fe5O12)
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zero charge were at pH region quite near the position of middle θ-maximum (Q-minimum)
at pH = 7.3, that confirms the influence of the charge of the surface. The whole form of the
dependences was discussed in [16] from the position of the existence of the sites with different
acid-base properties (with different constants of dissociation) at the surface of Y3Fe5O12.

The electrometric titration. The calculation of acid-base characteristics of the solids
is mostly carried out on the data of electrometric titration of the sample with the acid or
the base. The meanings of dissociation constants and surface concentration of the sites are
obtained with the aid of the treatment of electrometric titration curve in the context of one
or another model of acid-base equilibrium in solution—sorbent system. If the qualitative
composition of the surface is known the existent methods of calculation permit to estimate
both the dissociation constants of surface sites and their concentration (content). In the
cases when the solid composition is unknown or the solid surface contains a lot of types of
surface sites with close dissociation constants, these methods permit only to estimate total
surface concentration and some averaged dissociation constant.

The main disadvantage of existent calculation methods is, on opinion of [17], that they
do not perfectly take into account the energy heterogeneity of the surface of every real
sorbent. In a number of methods an influence of the surface is not taken into account at
all [18, 19]. Usually it is implicitly supposed that the dissociation constants of surface sites
do not depend on the place of their attaching to the surface. Such assumption is right only
for ideal sorbent having energy homogeneous surface. It is evident that the surface of all
real solids is heterogeneous to a greater or lesser extent. So even for the solids with just one
type of surface sites the splitting of dissociation constants and the formation of the series of
constants are taking place.

It has long been known that the acid-base sites at the oxide surface can both accept and
give up the proton (depending on solution pH). For such solids it is common to calculate
ΔpKa i. e. the difference of dissociation constants on acid and base mechanisms in addition
to the data on zero point of the charge (ZPC). At the same time, as it was already shown
one does not take into account that the sites with different dissociation constants (i. e.
with different acid-base properties) as a rule, are coexisting at the same surface. Such a
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peculiarity may be correlated to different coordination of the metal atoms to the oxygen, to
the defects of the crystal lattice and to the hydration of the surface sites as well. In this
case ZPC becomes an averaged value, and ΔpKa calculations should be done for each type
of the sites.

The investigation of the dependence of contact angles θ of different solids on solution
pH performed earlier [11, 12] showed that these dependences have many extremums (like
spectrum) for all objects under study and can be used to characterize the acid-base properties
of the surface. An investigation has been carried out with the aim to reveal possibility to
compare the results of electrometric titration on the dissociation constants of separate surface
sites of real oxides with the same data on θ = f(pH) dependence.

In analytical chemistry for determining the dissociation constants of acids and bases in
the solution the method of electrometric titration is widely used. It permits to determine
more precisely the final point of titration with the aid of differential curve ΔpH/ΔV = f(V )
(V is the volume of a titrant). The sharp maximum (peak) at this curve just corresponds
to the final point. It’s also possible to determine approximate meanings of dissociation
constants of the substances under consideration. For weak acid HA we can suppose in the
middle point, that

[HA] ∼= [A−] (11)

and

Ka =
[H+][A−]

[HA]
= [H+]; (12)

pKa = pHhn. (13)

The dissociation constants defined in this way differ from the right ones by the value of
logarithm of the ratio of activity coefficients:

(pKa)exp = pHhn = pKa + lg
fA−

fHA
. (14)

All expressions cited above are correct for the solutions. To apply these expressions
in calculations of the dissociation constants of the sites situated at the solid surface we
proposed to use the value of adsorption ΓOH− or ΓH+ , calculated for each meaning of pH at
the titration curve of suspension instead of the volume V .

ΓOH− =
(Vsusp − Vsol)COH−

mSSs
. (15)

Here Vsusp and Vsol are the volumes of acid or base, used for titration of the suspension and
background solution respectively to the same meaning of pH; mS — the mass of the powder
and Ss — its specific surface. The application of the value of adsorption permits to exclude
the interaction of the dispersion medium with the H+ and OH− ions. Using the obtained
meanings of ΓOH− , first integral (ΓOH− = f(pH)) and next differential (ΔpH/ΔΓ = f(pH)
and ΔpH/ΔΓ = f(ΓOH−)) curves of titration are plotting. The position of each peak at
the dependences ΔpH/ΔΓ = f(ΓOH−) permits to determine the values of adsorption of
corresponding final points of titration ΓFTPi and the points of half neutralization Γhni as
well:

Γhni =
ΓFTPi − ΓFTPi+1

2
. (16)
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The meaning of pHhn corresponding to the point of half neutralization, i. e. pKa of
the given type of acid-base site can be found from the integral curve of titration, pKa

for all defined sites having been determined in this way. The estimate of the content of
corresponding type of the site at the surface Qi with the aid of differential curve ΔpH/ΔΓ
= f(ΓOH−) was also done:

Qi = ΓFTPi+1 − ΓFTPi. (17)

From the results of calculations the final graph of the dependence of Qi on pKa was
plotting. It’s necessary to discuss some peculiarities of acid-base properties of solid surface
before presenting the detailed analysis of final dependences of Qi on pKa. It’s known [20, 21],
that there are several types of monobasic amphoteric OH-groups at the surface and each of
them can dissociate on acid and base types:

−SOH+
2 ↔ −SOH + H+ (Ka1)

−SOH ↔ −SO− + H+ (Ka2)
ΔpKa = pKa2 − pKa1.

The monobasic property of the groups under consideration supposes independence of
their acid-base properties from the degree of dissociation of adjoining sites. It’s well known
that for polybasic acids the dissociation constants for different stages can differ significantly
(up to several orders). Crystallographic data show [22, 23] that the existence of metal atoms
connected to several OH-groups at the surface of oxides is possible, their dissociation being
interdependent. If to take into account the peculiarities of the solid body i. e. the difficulties
to rebuild the structure after the dissociation of a site it’s hard to tell about the full mutual
independence of monobasic adjacent groups. As a result even for the same type of the sites
the meanings of the dissociation constants can somehow vary depending on the state of the
adjacent site.

It’s possible to obtain some data about ΔpKa of individual sites from the data on contact
angles. To elucidate this fact we will carry out some mental experiment. Let us suppose that
there is the equal content of three types of acid-base sites at the surface. Their individual
ZPC are, for example, 5, 7 and 10 pH and the values of ΔpKa are identical. We can
calculate the part of not dissociated OH-groups of the given type of the site αi

0 using the
next formula [21]:

α
i
0 = 1 − αi

− − αi
+ =

Ki
a1[H

+
s ]

[H+
s ]2 + Ki

a1K
i
a2 + Ki

a1[H
+
s ]

. (18)

Here αi
− and αi

+ are the contents of negatively and positively charged groups. Accord-
ingly, the total content of not dissociated OH-groups will be equal to:

α0 =
α1

0 + α2
0 + α3

0

3
. (19)

The estimation of the dependences of α0 on pH for different ΔpKa showed that at low
values of ΔpKa the number of peaks corresponds to the number of the types of acid-base
sites, the positions of maxima of α0 being at pH equal to their individual ZPC. The larger
ΔpKa is, the broader the peaks of the dependences obtained become and the degree of their
mutual overlapping increases. This can lead to the junction of several peaks to one, which is
much higher than the initial peaks were. In this connection the process of identification of
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individual ZPC can be troublesome. Nevertheless, with taking into consideration the profile
of such dependence and criteria of intensity and symmetry it’s possible to suppose that the
peak observed is individual or it arises in the result of overlapping and junction of several
ones.

Let us return to contact angles. What can explain the evident existence of many ex-
tremums on the curves θ = f(pH)? It is known that the heat of hydration of proton two
times higher than that of hydroxyl group [24] and both of them are higher than the heat
of water condensation. So the hydration of the surface of solids depends, to a great extent,
on the correlation of charged and neutral (not dissociated) functional groups on the surface
because the interaction of the water molecules with not dissociated OH-groups is essentially
weaker. This should lead to the increase of contact angle.

If there are several types of acid-base sites at the surface, then, as it was discussed
higher, the dependence of the content of not dissociated OH-groups on pH should have
several maxima. Hence the maxima of the dependence of contact angle on solution pH
can correspond to the higher content of not dissociated OH-groups and therefore show the
possible position of individual ZPC of surface sites. If there are many maxima (more than
three ones) at the θ/pH dependence and these maxima are sufficiently clearly expressed then
one can draw the conclusion about rather small value of ΔpKa of surface sites (no more
than 1).

To calculate the values of pKa from the data of contact angles we should use the value of
so called adhesion tension A = σSA − σSL = σLA cos θ. We should also subtract free energy
of double electric layer from specific free energy of solid—liquid solution interface to remove
it from consideration. If to calculate electric charge of the surface from the adsorption of
potential determining ions one can estimate DEL potential Ψ, using simplified formula (Guy
theory) for the case of big potentials in the presence of indifferent electrolyte:

Ψ =
2.3rt

ziF

(
2 lg σ0 + lg

1
2εε0RT

− lg C

)
. (20)

Here C is electrolyte concentration; σ0 — surface charge, calculated from adsorption data
at every pH value. The free energy of DEL can be estimated in this case from:

GDC = −RT

F

√
8εRTC

π

(
cosh

FΨ
2RT

− 1
)

. (21)

If to suppose that specific free energy of oxide—solution interface depends on pH because
of the changing of the oxide surface—water interaction energy (as a result of the changing of
no dissociated OH-groups amount at the surface) only, then one can approximate the curve
−(A − GDC) = f(pH) by the curve of summary content of no dissociated surface sites:

α
0 =

∑
i

qiα
0
i . (22)

Here qi — the relative content of i-type of OH-groups at the surface.
The amount of sites types and their content are chosen in approximation process to re-

ceive maximal (highest possible) agreement of both curves. The result of such approximation
for the θ/pH data of yttrium iron garnet (YIG) [25] is shown at Fig. 3 [26].

The data of Fig. 2 permit to conclude that there are at least 4 types of surface sites at
YIG surface. One can see from Fig. 3, that approximation process gave both the meaning of
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Fig. 3. Yttrium iron garnet
(Y3Fe5O12):

1 — −(A − GDL) = f(pH)
dependence; 2 — the curve
of overall content of non dis-
sociated sites
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pKa1 and pKa2 for 5 surface sites and their contents. The comparison of the data on pKa of
the sites and their content obtained from electrometric titration and from θ/pH dependence
are shown in Fig. 4 [26].

It is seen that there is practically pure coincidence of the values of pKa in the range of pH
from 5 to 7.5 for both methods. As for the range of pKa > 7.5 it is difficult to make definite
conclusion about coincidence because in this case electrometric titration was not sufficiently
detailed. It is necessary take in account the possible difference of the state of the surface for
the case of plate and powder. Nevertheless it is important that the part of pKa values for
both methods coincides sufficiently well. Similar data were obtained for other oxides (Al2O3,
Fe2O3) too. This result permits to conclude that the method of electrometric titration in
the proposed here modification of data treatment as well as the method of measurement of

Fig. 4. Dependences of relative
content of surface sites
on their pKa for yttrium
iron garnet (Y3Fe5O12),
the data being obtained
from the θ(pH) measure-
ments and from electro-
metric titration
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θ = f(pH) dependence can be used to characterize the acid-base properties of solid surface
together with IR-spectroscopy and some other methods.

The data cited above show that the main factor defining existence of many extremum at
θ = f(pH) dependences for solid oxides is the influence of chemical reactions on the surface.
These reactions (dissociation of surface sites, adsorption from solution, ionic exchange) can
change the mechanical state of surface layer of the solid and therefore to change its surface
tension [27]. The discovered earlier [12] influence of the hardness of solid plate, on the
θ = f(pH) dependence for solid oxides is indirectly confirms an importance of this factor.
The θ = f(pH) dependences are characteristic of the given solid and one can consider them
as a peculiar spectrum of energetic state of its surface in the solution under consideration
(at the given pH).

The all aforesaid permits to state that contact angle measurement at solid/liquid/gas
interfaces is really a very powerful tool not only in characterizing the state of solid surfaces,
but also in getting information about all kinds of interactions between liquids and solids.
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