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Abstract: The wettability of quartz by different liquids and solutions plays a very important role in
practical applications. Hence, the wetting behaviour of ethanol (ET), rhamnolipid (RL) and Triton
X-165 (TX165) aqueous solutions with regard to the quartz surface tension was investigated. The
investigations were based on the contact angle measurements of water (W), formamide (F) and
diiodomethane (D) as well as ET, RL and TX165 solutions on the quartz surface. The obtained results
of the contact angle for W, F and D were used for the determination of quartz surface tension as
well as its components and parameters using different approaches, whereas the results obtained
for the aqueous solution of ET, RL and TX165 were considered with regard to their adsorption
at the quartz-air, quartz—solution and solution-air interfaces as well as the solution interactions
across the quartz—solution interface. The considerations of the relations between the contact angle
and adsorption of solution components at different interfaces were based on the components and
parameters of the quartz surface tension. They allow us to, among other things, establish the
mechanism of the adsorption of individual components of the solution at the interfaces and standard
Gibbs surface free energy of this adsorption.
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1. Introduction

The wettability of quartz by various types of liquids and multi-component solutions
plays an important role in many industries (for example, in petrochemistry, catalysis and
carbon geostorage), medicine (for example, a as drug carrier) and mineral processing (for
example, in flotation and flocculation processes as well as oil recovery) [1-12]. Quartz is
a bipolar solid whose surface tension results from the Lifshitz-van der Waals (LW) and
Lewis acid-base (AB) intermolecular interactions [13,14]. The wettability of quartz depends
not only on the total surface tension but also on the ratio of LW to AB components. In
turn, the LW and AB components of the quartz surface tension depend on the density
of -5iO and -SiOH groups present on its surface. The variable density of these groups
significantly influences the value of the contact angle of various liquids or solutions on the
quartz surface. It is possible that due to the packing of the -S5iO and -S5iOH groups on the
surface of the quartz, the water contact angle measured by various authors ranges from
0 to about 80 degrees [14-18].

The presence of -5iO and -SiOH groups on the quartz surface causes strong adsorption
of water molecules, as a result of which a water layer can be formed, in which, even up
to a thickness of 11-15 statistical monolayers, the properties of water molecules differ
from those in the bulk phase [19-22]. Fowkes suggested that the structure of the water
molecules in the surface layer changes with the distance from the quartz surface [19]. He
also stated that the first two monolayers of the water possess the most ordered struc-
ture. This structure is compared to ice [21]. In turn, on the basis of theoretical considera-
tions, Yang et al. [23] stated that on the quartz surface, the adsorbed film of water forms
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an ordered two-dimensional, quadrangular and octagonal H-bond network, in which the
four water molecules are joined by a strong hydrogen bond and quadrangles are joined to
each other by a weak H-bond. This strongly ordered water monolayer on the quartz surface
changes its wettability considerably, and the contact angle is much higher than expected.

Different packing of the -S5iO and -SiOH groups on the quartz surface and formation of
a water film with a strictly ordered structure often make it difficult to interpret the influence
of various types of water additives on the quartz wettability. This is particularly difficult in
studies of the wetting properties of aqueous solutions of surfactants or biosurfactants as
well as additives to these solutions such as ethanol. Recently, there has been a significant
increase in interest in biosurfactants. This interest is due to the growing use of biosurfactants
in practice [24,25]. Among the biosurfactants, anionic rhamnolipid (RL) occupies a very
important position because of its large adsorption activity at the water-air interface and
aggregation activity in the aqueous environment as well due to a number of biological
activities [26-35]. Unfortunately, due to the high cost of RL, its practical use as a single
compound is limited. Nevertheless, our recent research proved that there is a chance to
use RL in practice as an additive to a classic synthetic surfactant such as Triton X-165
(TX165) [36], which is neutral, non-toxic and compatible with ionic surfactants [37].

To obtain better adsorption and wetting properties of surfactants or biosurfactants,
short-chain alcohols are very often added. In order to predict the adsorption and wet-
ting properties of mixtures of a classic surfactant with a biosurfactant in the presence of
alcohol, it is necessary to get to know these properties for the individual components of
a possible mixture.

Taking into account the above-mentioned facts, it seems interesting from both practical
and theoretical points of view to investigate the wetting properties of quartz by the aqueous
solutions of ethanol (ET), RL and TX165. Although studies have been carried out on the
wettability of quartz by aqueous solutions of various surfactants [38,39], in the literature,
it is difficult to find papers that present the analysis of the quartz wetting process based
on the components and parameters of the quartz surface tension and their changes under
the influence of adsorption of classical surfactants, biosurfactants and alcohols at different
interfaces. In the study of quartz wettability, the relationship between its surface tension
and wettability is important due to the diversity of quartz structures at the quartz-air
interface. The knowledge of the surface tension of quartz and its components resulting
from different types of intermolecular interactions can be helpful not only in explaining the
process of surfactant adsorption at the quartz-solution interface but also in predicting the
wettability of quartz by solutions of various types of surfactant mixtures based on the wet-
ting properties of aqueous solutions of individual components in this mixture. Therefore,
the aim of our paper was firstly to determine the quartz surface tension from the contact
angle of such model liquids as water (W), formamide (F) and diiodomethane (D) using
different approaches and next to establish the wettability of quartz by aqueous solutions
of ET, RL and TX165 with regard to the quartz surface tension and its components and
parameters. The relationship between the adsorption of ET, RL and TX165 at different inter-
faces as well as components and parameters of surface tension of quartz was considered
thermodynamically based on the contact angle of ET, RL and TX165 aqueous solution.

2. Materials and Methods
2.1. Materials

For the contact angle measurements in the quartz-liquid (solution) drop-air system,
quartz (Q), water (W), formamide (F), diiodomethane (D) and the solution, including water,
ethanol (ET), rhamnolipid (RL) and Triton X-165 (TX165), were used. Doubly distilled
and deionized (Destamat Bil8E) water used to measure the contact angle and to prepare
solutions showed a resistance equal to 18.2 x 10° Q-m. The purity of formamide and
diiodomethane (purchased from Sigma-Aldrich, St. Louis, MO, USA) used for contact
angle measurements was higher than 99.5% and 99.0%, respectively, whereas, Triton X-165
((p-(1,1,3,3-tetramethylbutyl)-phenoxypolyoxyethylene glycol) (purity greater than 99%)
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and R-95 Rhamnolipid (95%) used for solution preparation were purchased from Fluka
and Sigma-Aldrich (St. Louis, MO, USA), respectively. The F, D, TX165 and RL were
used for studies without further purification. However, 98% pure ethanol bought from
POCH, Gliwice, Poland, was used for solution preparation after purification via the method
described by Vogel [40].

Quartz plates for contact angle measurements were obtained from Conductance,
Poland. These plates were cleaned with soapy water, washed in distilled water many times
and placed in an ultrasonic bath for 20 min. This procedure was repeated twice for each
plate. After washing, the plates were dried and placed in the desiccator with molecular
sieves. More details were given earlier [17].

For contact angle measurements, the aqueous solution of ET in the whole range of
its concentration was prepared. The concentration of RL in the aqueous solution was in
a range from 0 to 40 mg/dm?, and TX165 concentration varied from 0 to 4 x 10~2 mole/dm?3.

2.2. Methods

The advancing contact angles of water, formamide, diilodomethane as well as the
aqueous solutions of ET, RL and TX165 on the quartz surface (8) were measured at 293 K
using the sessile drop method. The measurements of the contact angle were made, applying
the DSA30 measuring system (Kriiss, Hamburg, Germany). This system includes, among
others, a thermostatic chamber. The apparatus chamber was saturated with vapour of a
given liquid or solution for which the contact angle was measured, placing a cell filled with
a given liquid or solution a few hours earlier. In the case of formamide and diiodomethane,
the water vapour was first removed from the apparatus chamber using the molecular sieves
and, next, the vessel filled with the measured liquid was introduced to the chamber for
24 h before the contact angle measurements. More details dealing with the advancing
contact angle measurements are reported in the literature [41]. For all liquids and solutions,
20 drops of 7 uL were used for contact angle measurements on the quartz surface. The
standard deviation of the contact angle values depended on type of liquid or solutions but,
in any case, it did not exceed 2°.

3. Results and Discussion
3.1. Quartz Surface Tension

The wettability of the solids by different kinds of liquids or solutions, the measure of
which is, among others, the contact angle (8) on the solid surface, depends on the liquid or
solution surface tension (yry), the solid surface tension (ysy) and the solid-liquid (solution)
interface tension (ysy ) as well as the type of forces contributing to this tension. In turn, ygp,
is a function of y1y and ygy. The dependence between 6, vy, Ysv and ygp can be expressed
by the Young equation, having the form [42,43]:

Ysv — Ysi, = YLvcos 6, 1)

Equation (1) shows that in order to determine the effect of the surface-active substances
on the wettability of a solid, its surface tension should be known. In the case of quartz, it is
difficult to use the literature data onits surface tension because, as mentioned above, many
parameters affect this value. For this reason, the surface tension of quartz plates used to
study the effect of ET, RL and TX165 wettability was determined. For the determination
of ygy and its Lifshitz-van der Waals (LW) and acid-base (AB) components as well as the
electron-acceptor (+) and electron-donor (—) parameters of AB component, the contact
angles of W (Bw), F () and D (6p) on the quartz surface were measured. Water, formamide
and diiodomethane are applied as model liquids for the surface tension determination of
many solids [13].

The main problem in using Young’s equation (Equation (1)) to determine the surface
tension of solids is the dependence of the solid-liquid interface tension on the surface
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tension of the solid and liquid. Most approaches dealing with this dependence are based
on the equation proposed by Girifalco and Good [44], which has the form:

YsL = YsL = Ysv + Yiv — 2¢1/YsvYLv, ()

where ¢ is the parameter of the interactions across the interface.
Neumann et al. [45—47] assumed that the ¢ parameter is a linear function of the
solid-liquid interface tension and proposed the following equation for ygy determination:

cos0 41 Ysv )
= /5Y — - 3
5 \/;exp{ B(yv —vsv) } 3)
where S is a constant.

In contrast to Neumann et al. [45-47], Owens and Wendt [48] as well as van Oss et al.
proved that the parameter ¢ depends on the kind of intermolecular interactions [13,49-52].
In consequence, Owens and Wendt obtained the following expression [48]:

Yv(cos0 +1) =2 < \/ Yﬁv'\/gv + 4/ 'Yﬁngv) ’ 4)

where indices d and n refer to the dispersion and non-dispersion components of liquid and
solid surface tension.

On the other hand, van Oss et al. [13,49-52] derived an equation, which has the
following form:

Yiv(cos®+1) =2 (Wgy,%y + \/vang + \/vaygrv >/ (%)

In fact, the dispersion component in the Owens and Wendt approach differs from
the LW component of the solid surface tension in the van Oss et al. equation only by the
definition [53].

Equations (3)—(5) were used for quartz surface tension determination from 6w, O
and Op. It appeared that the ygy values of quartz calculated from the Neumann et al.
equation [45-47] increase with the increasing surface tension of liquids taken for calcula-
tions (Figure 1).

It should be mentioned that with the decreasing surface tension in the order W, F,
D the LW component of this tension increases. In the case of diilodomethane, its surface
tension results only from LW intermolecular interactions [13,53]. Thus, it follows for D
from Equations (4) and (5) that:

Yiv(cos 0 +1) = 2/ viy vy, =2y, ©)

The values of ygv or ylg\"}’ calculated from Equation (6) based on 6p are close to
those of ygy determined from the Neumann equation (Equation (3)) (Figure 1). This fact
suggests that not total surface tension of liquids used for the contact angle measurements
on the quartz surface but its components resulting from different kinds of intermolecular
interactions decide about the value of contact angle, which is also related rather to the
components of quartz surface tension than to its total value. On the other hand, it is possible
that the value of B in Equation (3) for quartz (Q) is not proper for all kinds of liquids or
the properties of the water-specific layer on the quartz surface under a drop are different
for each studied liquid. It is possible to obtain some information about the water layer
properties from the calculations of the components and parameters of the quartz surface
tension based on Equations (4) and (5) as well as from the ¢ parameter calculated using
the following expression:

;C;SYGL” =9, %
SVYLV
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For the calculation of components and parameters of the quartz surface tension from
Equations (4) and (5), the values of Vﬁv and v{y as well as yliy, ylfv, Y1y for water,
formamide and diiodomethane, obtained only based on the contact angle of these liquids
on the PTFE and PMMA surface, were used [41].
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Figure 1. The values of ygy (curves 1 and 2 as well as lines 3-5), yls‘y (line 6), ygv (line 6), ygy, (lines 7
and 8), yé\]}} (line 9), yg'v (line 10) and gy, (line 11) for quartz. Curves 1 and 2 are ygy values calculated
from Equation (3) based on the contact angle for W, F and D against their surface tension and LW
component of this tension, respectively. Lines 3 and 4 are ygy values calculated from Equation (4)
based on the contact angle of W and D as well as F and D, respectively. Line 5 is the value of ygy
calculated from Equation (5) based on the contact angle of W, F and D. Line 6 are the values of
yls“y and ygv calculated from Equations (4) and (5), respectively. Lines 7 and 8 are the v, values
calculated from Equation (4) based on the contact angle W and D as well as F and D respectively.

Line 9 is the yg\l? value calculated based on Equation (5) (yé\l? =2 ygrvygv). Line 10 is ygrv value

calculated from Equation (5) and line 11 is ygy, calculated from the same equation.

From the calculations based on Equation (4), it results that the quartz surface tension
and dispersion and non-dispersion components obtained from 6y and 6p are comparable
to those obtained from 6 and 6p (Figure 1). However, the ygy values calculated from
Equation (4) are lower than those calculated from Equation (5), which are close to the
Ysy values determined from the Neumann et al. equation [45-47] (Figure 1). In turn, the
¢ values calculated from Equation (7) using ysy ones obtained from Equation (5), which
are higher than 1 for water and formamide, can suggest that the water layer on the Q
surface is partially dissolved under the water and formamide drops. Nevertheless, it
seems that the Q surface tension and its components and parameters calculated from the
van Oss et al. [49-52] equation are the most appropriate to interpret the change in quartz
wetting under the influence of ET, RL and TX165 and their mixture.

3.2. Wettability of Quartz by the Aqueous Solution of Ethanol, Rhamnolipid and Triton X-165

Some researchers suggest that in the case of liquids or aqueous solutions with a surface
tension equal to that of a given solid, the contact angle is equal to zero [13,45-47,49-52].
Unfortunately, only in the case of an aqueous ET solution, its complete spreading is
observed, but at a surface tension much lower than the quartz surface tension (Figure 2a).
The minimum of the surface tension of aqueous solution of RL and TX165 [54,55] is lower
than the Q surface tension, but 0 is considerably higher than zero (Figure 2b).
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Figure 2. A plot of the contact angle (6) for the aqueous solution of ethanol ((a), curve 1), rhamno-
lipid ((b), curve 2) and Triton X-165 ((b), curve 3) on the quartz surface vs. the logarithm of their
concentration (log C).

Therefore, the following question arises: what is the reason for this? From the Young-
Dupre equation, it results that [42,43]:
W,

cosf = -1+ , (8)
YLv

where W, is the adhesion work of liquid or solution to the solid surface.

However, only in the case of the aqueous solution of ET is there linear dependence
between the cosine of the contact angle and the reciprocal of its surface tension in the range
of ET concentration, in which the contact angle on the quartz surface is higher than zero
(Figure 3).
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Figure 3. A plot of the cosine of the contact angle (cos8) for the aqueous solution of ethanol
(curve 1), rhamnolipid (curve 2) and Triton X-165 (curve 3) vs. the reciprocal of their solution surface
; 1
tension (W)
Unfortunately, Equation (8) is not satisfied because the slope of the linear relationship
is not equal to W, of the aqueous ET solution to the quartz surface. For the ET aqueous

solution, the relationship between cos 6 and qu satisfies the expression:

cosezk+li, )
Yiv

where k # —1 and [ # W,.
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The changes in cos 0 as a function of % suggest that there is a different mechanism
of the ET, RL and TX165 adsorption at interfaces including quartz. The LW and AB
components of ET surface tension are considerably lower than these components of water
surface tension. It seems that ET molecules are adsorbed on Q covered by a water layer
surface in the whole range of its concentration. It is possible that at a high ET concentrations,
only an ice-like layer of water is not destroyed, but the adsorbed water molecules are
removed by the ET ones. In the case of RL and TX165, the mechanism of their adsorption at
the interfaces including a quartz/water layer surface is more complicated that in the case of
ET adsorption. According to van Oss and Constanzo [56], the surface tension of a surfactant
depends on the molecule orientation towards the air phase. If the molecules of surfactants
are oriented by the hydrophobic group towards air, then the surfactant tension is treated as
the tail surface tension, and if the hydrophilic group of surfactant molecules is oriented
towards the water phase, then the surface tension is called the head surface tension. The tail
surface tension of RL and TX165 is the same and close to the LW component of ET surface
tension but lower than LW of water surface tension determined from 6yy on hydrophobic
surfaces [41]. On the other hand, the head surface tension of RL and TX165 is higher than
the tail surface tension and lower than that of water [51]. Although the surface tension of
RL and TX165 tails is similar to the ET surface tension, the hydrophobic interactions of
surfactant molecules with the quartz/water layer surface are much greater than that of ET
due to the much larger contact area [38]. It should be remembered that RL is an anionic
surfactant, and there may be repulsive electrostatic interactions between the RL molecules
and the quartz/water layer surface. However, in the case of TX165, the hydrophilic group
of its molecules is strongly hydrated, and it is possible that H3O* ions are strongly bound
to the oxyethylene groups in the TX165 molecule and, thus, attractive interactions between
the TX165 molecules and the quartz surface may occur [42]. The above facts indicate that
the adsorption mechanism of RL and TX165 on the quartz surface covered with a layer of
water is different, which is reflected in the differences in the relationship between cos 6 and
# (Figure 3).

These differences for the ET, RL and TX165 solutions can also result from the change
in the surface tension of the quartz after deposition of a solution drop on its surface as a
function of the concentration of ET, RL and TX165. The confirmation of this suggestion
can be the values of the quartz surface tension calculated from the Neumann et al. [45-47]
equation (Equation (3)) based on the contact angle of aqueous solutions of ET, RL and
TX165 (Figure 4a,b).

50
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Figure 4. A plot of the quartz surface tension (ygy) calculated from the Neumann equation
(Equation (3)) based on the contact angle of aqueous solution of ethanol ((a), curve 1), rhamno-
lipid ((b), curve 2) and Triton X-165 ((b), curve 3) vs. the logarithm of their concentration (log C) as
well as the value of quartz surface tension calculated from the van Oss et al. equation (Equation (5))
based on the contact angle for water, dilodomethane and formamide (line 4).
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The calculated ygy values decrease as a function of solution concentration (C). It is
interesting that the complete spreading of ET aqueous solution takes place when the surface
tension of the solution is close to that of quartz calculated from Equation (3). In the case
of the aqueous solution of RL and TX165, the values of ygy calculated from Equation (3)
are lower than the minimal surface tension of these solutions and, probably for this reason,
complete spreading of quartz by the solution of RL and TX165 is not observed (Figure 2b).
The ygy values calculated from Equation (3) based on the contact angle of aqueous solution
of ET, RL and TX165 on the Q surface suggest that behind the solution drop settled on
quartz, the layer of a given solute is formed, which decreases the quartz surface tension.
The surface tension of the head and tail of RL and TX165 is lower than that of quartz [38].
Thus, the adhesion work of ET, RL and TX165 is greater than their cohesion work, as
opposed to water. Hence, the ET, RL and TX165 molecules have a greater ability to migrate
along the quartz surface than water molecules, whose work of adhesion to quartz is smaller
than that of cohesion. In the case of ET, there is a possibility of adsorption of its vapours
behind a solution drop deposited on the quartz surface.

The possibility of formation of an ET, RL or TX165 layer behind a drop of their aqueous
solutions deposited on quartz is confirmed by the values of the work of adhesion of these
solutions to the quartz surface calculated from the Young-Dupre ((ypy(cos6 +1) = W,)

and the van Oss et al. equations (2 (\/ YR V&Y + \/ YivYsy + \/ YivYey ) = Wa) [49-52]
(Figure Sla—). For the calculation of W,, the measured values of the contact angle of
aqueous solution of ET, RL and TX165 as well as the components and parameters of
solution surface tension taken from the literature [54,55,57] were used. There is a difference
between the values of W, calculated from the Young-Dupre and van Oss et al. equations.
Probably, this difference corresponds to the pressure of the layer formed by the ET, RL or
TX165 on the quartz surface (1 = AW,). It is interesting that there is linear dependence
between the W, obtained from the Young-Dupre equation and y;y of aqueous solution of
ET or TX165 but not for solution of RL (Figure S1d). In the case of W, calculated from the
van Oss et al. [49-52] equation, its changes are not linear for solutions of surfactants and ET
but can be described by one function. If we assume that the changes in the quartz surface
tension calculated from the Neumann et al. equation (Equation (3)) [45—47] are caused by
the formation of the ET or RL or TX165 layer on the quartz surface, then the pressure of
this layer should be equal to the difference between the quartz surface tension calculated
from the contact angles for water and solution at the given concentration (7 = Avygy).
It appeared that the pressure of the surfactants and ET layer on the quartz surface ()
determined by the two mentioned ways are similar (Figure 5a,b).

Moreover, this pressure is close to half the difference between the surface tension of
water (yw) and the solution (W) (Figure S1d). The presence of a layer of surfactants
and ET on the quartz surface behind the deposited drop of their solution is also confirmed
by the values of the parameter of intermolecular interactions across the quartz-solution in-
terface calculated both on the basis of the contact angle and the components and parameters
of the quartz surface tension (Figure S2a,b).

The calculation of ¢ based on Equation (7), in which the contact angles of aqueous
solutions of ET, RL and TX165 were used, as well as the constant value of ygy equal to
47.7 mN/m and the variable values of ygy obtained from the Neumann et al. [45-47]
equation (Figure S2a,b).

The other method of ¢ calculation was based on the equation resulting from the
equations of van Oss et al. [49-52] and Girifalco and Good [44], which has the form:

(VYRR + rivsy + vy ) B 1)
N —
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Figure 5. A plot of the film pressure (7) for aqueous solution of ethanol ((a), curves 1, 1’ and 1”),
rhamnolipid ((b), curve s 2, 2" and 2”) and Triton X-165 ((b), curves 3, 3’ and 3”) vs. the logarithm of
their concentration (log C). Curves 1, 2 and 3—m = Aygy, curves 1/, 2/ and 3'—m = AW, curves 17,
2" and 3""—m = YWY,

It appeared that the values of ¢ calculated from Equation (7) at the constant ygy
decrease as a function of ET or surfactant concentration (Figure S2a,b). Because the values
of contact angle also decrease as a function of ET and surfactant concentration, it seems that
the ¢ values determined in such a way are not real. On the other hand, the ¢ values increase
as a function of ET, RL or TX165 concentration if, for its calculation from Equation (7), the
variable values of ygy obtained from Equation (3) are used. These values are close to those
obtained from Equation (10). This fact confirms the conclusion drawn above that the layer
of ET, RL or TX165 is formed behind the solution-settled drop on the quartz surface, which
influences the value of contact angle. Probably for this reason, the complete spreading of
the aqueous solution of RL and TX165 is not observed, although the surface tension of the
solution is lower than the quartz surface tension. On the other hand, in the case of the ET
solution, its complete spreading over the quartz surface occurs at the solution concentration
which corresponds to its surface tension equal to or lower than the surface tension of the
quartz covered with the ET layer. Hence, the so-called critical surface tension of quartz
wetting (yc) is not equal to its surface tension but to the surface tension of quartz/layer
of a surface-active substance. In such cases, the wetting properties of ET, RL and TX165
depend on the surface tension of ET, RL and TX 165 aqueous solution and its components
and parameters as well as the surface tension of quartz covered by these substance layers.
The y1y and ygy are only independent parameters influencing 6 because ys; depends on
these parameters. As follows from Figure 6, the wetting properties of ET, RL and TX165 are
the same at a low concentration of their solution (large surface tension). However, with a
decrease in the solution surface tension, differences in the wetting properties of ET, RL and
TX165 are observed. At the same values of yry (Figure 6a) and ysy (Figure 6b), the greatest
0 is observed for RL and the smallest for TX165. This indicates that at a given surface
tension of aqueous solution, the wetting properties of TX165 are the best but those for RL
are the worst. This is probably associated with repulsive interactions between the electron-
donor parameters of RL and TX165 head surface tension and the electron-donor parameter
of quartz surface tension as well as with repulsive electrostatic interactions between the
RL molecules and quartz surface. However, the contact angle at a given surface tension
of ethanol solution is higher than that for TX165 solution at the same surface tension,
although the electron-donor parameter of ET surface tension is considerably smaller than
this parameter of the head of TX165 surface tension. Because the surface tension of the
TX165 tail is close to ET, this effect results probably from attractive electrostatic interactions
between the head of TX165 strongly hydrated by H;O" ions with the negatively charged
quartz surface. It is interesting that the ratio of ygy to yry is almost the same for the aqueous
solution of ET, RL and TX165. Moreover, the changes in 0 as a function of zs" for RL and
TX165 can be described by the linear equation in the whole range of their concentration
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in the solution (Figure 6c). However, in the case of ET solution, the linear dependence
between 0 and % exists in the range of ET concentration at which the LW component
of its solution surface tension is constant and close to the LW component of water surface
tension [57]. In fact, the value of zﬂ equal to unity indicates complete wetting of the
quartz/surfactant layer by a given solution if yg; = 0. It should be emphasized that the
wettability of quartz, which, according to the concept of van Oss et al. [49-52], is treated as
a bipolar solid, by the aqueous solutions of ET, RL and TX165, is different than, for example,
for nylon 6, which is also a bipolar solid with components and surface tension parameters
not much different from those of quartz. The reason for this is probably a highly ordered
layer of water on the quartz surface, significantly changing its surface properties, which
affects the adsorption mechanism of ET, RL and TX165 molecules at the quartz-air and
quartz-solution interfaces.
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Figure 6. A plot of the contact angle (8) of aqueous solutions of ET (curve 1), RL (curve 3) and TX165
(curve 3) vs. the surface tension of solution (yy) (a), the surface tension of quartz covered by the
mixed layer (ysy) (b) and the ratio of surface tension of quartz covered by the mixed layer to the
solution surface tension (ysy /vry) (c).
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Knowledge of the wettability of the quartz surface by the aqueous solution of ET, RL
and TX165 reflected by the behaviour of their molecules at the solution-air, quartz-air and
quartz-solution interfaces can contribute to a better understanding of the wetting properties
of multicomponent surfactant mixtures containing anionic and nonionic surfactants and
ethanol as additives. This is important from a practical point of view because, in practice,
in most cases, mixtures but not individual surfactants are used.

3.3. Concentration of ET, RL and TX165 at the Quart-Air and Quartz-Solution Interfaces and the
Gibbs Standard Free Energy of Adsorption

Knowing the pressure (71) of ET, RL and TX165 layers at the quartz-air (Q-A) and
quartz-solution (Q-S) interfaces, it is possible to determine their concentration (I') at these
interfaces using, among others, the Frumkin equation, which has the form [42]:

T = —RIT™In <1 — Frgax), (11)
where I'™® is the maximum concentration, T is the temperature and R is the gas constant.

One of the problems associated with applying Equation (11) to determine the con-
centrations of ET, RL and TX165 at the Q-A and Q-S interfaces is to determine their maxi-
mum concentrations at these interfaces. Since the ET aqueous solution can be treated as
a two-component mixture, the maximum concentration of ET at these interfaces should
be equal to its concentration in the bulk phase in terms of two-dimensional concentra-
tion [42,43]. Hence, I'™® equal to 7.91 x 10~® mole/m? was taken in the calculations of T.
In the case of RL and TX165, it appeared that there was linear dependence between 7t and
log C (C is the mole concentration) in the range of the concentration close to their critical
micelle concentration (CMC) [54,55]. Thus, it was possible to determine I'™®* for RL and
TX165 at the Q-A and Q-S interfaces (Table 1).

Table 1. The contact angle of water (Byy), formamide (6f) and diiodomethane (6p) on quartz sur-
face as well as the components and parameters of quartz surface tension (ygy) determined using,
Neumann et al., van Oss et al.as well as Owens and Wendt equations.

Equation (3)
Equation (4)
D-W
Equation (4)
D-F
Equation (5)

Ysv
Equation (3)
Ysv
Equation (5)
Ysv
Equation (4)

rmax

Surface tension of quartz (ygy ) and is Lifshitz-van der Waals (ng\v/\/ ) (dispersion (ygv) and acid-base (ygy

Contact angle on the quartz surface
Ow OF %p
57.01 37.23 43.00
AB)

(non-dispersion (ygy;)) components as well as electron-acceptor (yé’v) and electron-donor (ygy) parameters of

AB
LW d AB n Ysv + —
Ysv Ysv O Ysy Ysv OI Ysy Ysv Ysy
49.30 (W) 47.90 B ) B 2
(F) 39.25 (D) -
41.53 38.07 3.46 - -
41.33 38.07 3.26
47.70 38.07 9.63 1.61 14.36
Parameter of interactions across quartz — liquid interface (¢)
Q-W Q-F Q-D
0.95404 0.99033 0.89334
0.93843 0.98826 0.98481
0.95740
1.02245 1.06392 0.95971
ET RL TX165
Q-A Qs Q-A Qs Q-A Qs
791 x 1076 791 x 1076 117 x 1076 0.55 x 107° 0.99 x 1076 053 x 107°
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For the calculation of I" at the Q-A interface, the values of 7t for ET, RL and TX165
solution obtained from the Neumann et al. [45—47] equation as well as from the difference of
W, calculated from the van Oss et al. [49-52] and Young and Dupre equations were used. It
proved that in the case of ET, its concentration at the Q-A interface is higher than at the Q-S
one. However, the concentration of ET at the S-A interface is higher than that at Q-A and Q-S.

On the isotherm of ET concentration at the Q-S interface, the maximum is observed
(Figure S3a). The adsorption isotherm of ET suggests that at the quartz-air interface
molecules of ET are rarely adsorbed on the quartz/monolayer surface compared with the
“bare” quartz surface. However, at the ET concentration approaching its mole fraction
in the bulk phase close to unity, the ethanol molecules destroy the ice-like structure of
water, and a water-ethanol layer is formed. In consequence, the ET concentration at the
quartz-solution interface decreases.

In the case of RL and TX165, their adsorption at the Q-S interface is about
twice smaller than at the Q-A one (Figure S3b). It should be added that at the Q-A and
Q-S interfaces, RL and TX165 concentration is considerably lower than at the solution-air
interface (Figure S3b). Probably, this results from the strong Lewis acid-base interactions
of water molecules with the head of RL and TX165 molecules. In the case of RL, some
repulsive electrostatic interactions between the quartz surface and head of RL may take
place. Behind the solution drop settled on the quartz surface, the interactions of RL and
TX165 at the Q-A interface can be stronger than at the Q-S one due to the lack of competitive
interactions of RL and TX165 molecules with water.

The measure of the tendency of a given substance to adsorb at any interface is the stan-
dard Gibbs free energy of adsorption (AGY, ). This energy is equal to the difference between
the standard chemical potential of a given component of the solution in the bulk phase (u*)
and in the interface region (1°). In the literature, it is possible to find various definitions
of the chemical potential for a given component of the surface layer (¢°) [43]. For an ideal
mixed adsorption layer or a non-ideal one with a small concentration of a given component,
its chemical potential can be represented, among others, by the following equation:

1 =4’ + RTIna’, (12)

where p* is the chemical potential of a given component of the mixed surface layer and
a® is the activity of a given component of the surface layer.
Because a° = x°f*, Equation (12) assumes the form:

u =10+ RTInxf° (13)

where x° is the fraction of the surface area occupied by molecules of a given compound at
the interface and £ is the activity coefficient of a given substance in the surface layer.

In turn, the chemical potential of the same component in the bulk phase (1?), according
to its asymmetric definition, can be expressed as:

u’ = u* + RTIna’, (14)
where a® = x?f? is the activity of a given component of the bulk phase (x is the mole
fraction of a given component and f? is the activity coefficient).

It is known that in the thermodynamic equilibrium state ° = u’; then:

0 0_ ,* xf?
AGys =u —p* =RTIn o (15)
Taking into account that x? = g, we obtain:
Cfb _ Angs

of = wexp RT (16)
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where w is the number of the moles of all components in solution in 1 dm?3.
If the solution in the bulk phase and in the surface layer can be treated as ideal, then:

C AGY
s wexp T;,ds, (17)

In the case of aqueous solution of RL and TX165, their C values are lower than
0.1 mole/dm? and w value can be treated as constant and equal to the number of water
moles in 1 dm?® of solution. Hence, the % can be treated as constant in the Langmuir
isotherm and Szyszkowski equations [42].

However, in the aqueous solution of ET, which should be rather treated as a mixture
of water and ET w, being the sum of ET and water moles in 1 dm? of solution is changed
as a function of ET concentration. This indicates that x% values for ET at the Q-A and Q-S
interfaces should be changed more than RL and TX165 as a function of their concentration.
To determine %, C and x°® must be known.

For the surface monolayer, x° can be determined based on the surface concentration of
a given substance and the limiting area occupied by its molecule (Ag). Ay is correlated with
the structure of a molecule of a given substance as well as its orientation at the interface.
In the case of ET, it is easy to establish the Ay value because this value is the same at

each possible orientation of the ET molecule at the interface and is equal to 21 A2 [38].
The Ag value for RL and TX165 depends on the orientation of their molecules towards
the interface. At the perpendicular orientation of RL and TX165 molecules towards the

interface, their Ay values are equal to 60.09 and 35.70 1&2, respectively [38]. However, at the
parallel orientation of the tail of RL and TX165 molecules, this area is equal to 87.30 for RL

and 52.12 Az for TX165. Taking into account the above-mentioned A values and I, it is
possible to determine x° values using the expression:

x* = NA,, (18)

where N is the Avogadro number.

The values of % determined for ET at both Q-A and Q-S interfaces are constant only
in the range of low concentration, and there are small differences between x% values for the
Q-S and Q-A interfaces (Figure S4a). For the Q-A interface and ET at its concentration from
C = 1.07 mole/dm?3 to pure ET, almost linear dependence between % and C takes place,
and it does not depend on the method of ET layer pressure determination (see above). In
the case of Q-S interface at the ET concentration range higher than its critical aggregation
concentration [57], there is a deviation from the linear dependence between % and C. This
confirms the suggestion that the adsorption behaviour of ET at the Q-S interface in a large
concentration range is different from that at the Q-A interface. As mentioned above, the
values of w depend on C of ET and, thus, from a thermodynamic point of view, it should be
more interesting to show changes in the i—i ratio than % one as a function of C (Figure S4b).

This proved that the changes in i—i are different from % as a function of C, as expected. In

the range of ET concentration from zero to the concentration at which the maximum of

its Gibbs surface excess concentration takes place [38,57], the values of i—f for the Q-A and
Q-S interfaces are the same and are slightly changed (Figure S4b). On the basis of the data
presented in Figure S4a,b, it can be stated that only in a very low concentration range of ET

approaching zero, at the first approximation, x% and ’;—f are a little higher than the constant
and directly associated with the standard Gibbs free energy of adsorption. As a matter of

b
fact, in the whole range of ET concentration, this energy is related to ’;—f % To show the

b
changes in % as a function of C for ET, it was assumed that for the lowest concentration

b
of ET &

F= 1. The values of {[—i determined in such a way are presented in Figure S4c.
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The changes in J;—Z: as a function of concentration for both Q-A and Q-S interfaces can be
successfully described by the exponential function of the second order.

The changes in x—cs for RL and TX165 as a function of log C are small in the range of RL
as well as TX165 concentration lower than their CMC (Figure S5a). These changes do not

depend on the type of the interface. To confirm the suggestion resulting from Figure S5a,

b b
the ;—s values were determined in a similar way to the case of ET. For RL, the Jff—s values are
equal to unity in its concentration range, corresponding to the RL unsaturated monolayer
at the water-air interface and practically the same for the Q-A and Q-S interfaces as they do

not depend on the limiting area of RL molecules (perpendicular and parallel orientations)

b
taken for x° determination (Figure S5b). However, the % values for TX165 are constant

b
only in its very low concentration range in the bulk phase. In fact, similar changes in a for

the Q-S and Q-A interfaces of a given surfactant as a function of its concentration in the

bulk phase do not indicate the same adsorption tendency at these interfaces. However, the
b
J;—s values equal to unity suggest that in a concentration range of the aqueous solution, the

monolayer at the interfaces behaves as an ideal one. For this concentration range, the values
of standard Gibb free energy (AGY,,) calculated based on the % values can be treated as
real ones (Figure S6a,b). It is difficult to establish, for ET, which values of AGg 45 Calculated
from Equation (17) are real. It is possible to state that these values are similar for the Q-A
and Q-S interfaces and a little different than at the water-air interface [57]. In the case of RL,
the absolute values of AG;J 4 for Q-S interface are lower than for the Q-A one, and both are
lower than that at the water-air interface [47,55] (Figure S6b). This fact suggests that there
are repulsive electrostatic interactions between the quartz surface and RL molecules, which
are more evident at the Q-A interface. The AGg 45 values for TX165 for the Q-A interface are
almost the same as for the water-air one. However, absolute values of AGg 4 for the Q-A
interface are higher than that at the Q-5 one, similar to the case of RL. This indicates that for
both RL and TX165, the tendency of their molecules to adsorb at the Q-A interface is greater
than that of the Q-S interface. Probably, this results from smaller interactions between the
surfactant molecules and air than between water ones. Therefore, the penetration of RL
and TX165 molecules from the solution drop settled on the quartz surface causes a larger
decrease in free energy of the quartz solution drop-air system than adsorption of these
molecules at the quartz-water interface.

4. Conclusions

The results obtained from the measurements and their thermodynamic interpretation
allow us to draw many interesting conclusions.

The surface tension of quartz obtained from the contact angle of water, formamide
and diiodomethane using different approaches to the interface tension suggests that for
the studies of quartz wettability in relation to its surface tension, it must be taken into
account that this tension depends on the type of quartz surface and the presence of the
water layer on its surface. This tension can also be different, depending on the approach
used for its determination.

The contact angle of the aqueous solution of ET, RL and TX165 is different at the same
surface tension of the solution, indicating the best wetting properties of TX165 and the
worst of RL.

There are practically no differences in the contact angle at the same value of the ratio
of quartz surface tension to the solution one between the aqueous solution of ET, RL and
TX165. Moreover, the dependence between the contact angle for the aqueous solution of
RL and TX165 on quartz and the ratio of quartz surface tension to the solution one is linear
in the whole range of concentration of RL and TX165 in the solution. However, for ET at its
high concentration in solution, there is deviation from the linear dependence between the
contact angle and the ratio of quartz surface tension to the solution surface tension.
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Contrary to the opinion of some researchers, complete wetting of quartz with water
solutions of active surface substances does not take place at the solution tension equal to the
surface tension of the quartz. The reason for this is that some components of the solution
move faster on the quartz surface than the solution itself in the process of its spreading. In
this case, complete wetting of the quartz surface occurs when the surface tension of the
solution is equal to the tension of the quartz covered with a layer of a given component of
the solution. For this reason, only the ET solution spreads completely over the surface of
the crystal at its given concentration. However, complete wetting of quartz by the RL and
TX165 solutions was not observed, despite the fact that their minimum surface tension was
lower than the surface tension of quartz.

The ET adsorption at the quartz-air and quartz-solution interfaces is comparable
to the adsorption at the air-solution interface and lower in the case of RL and TX165.
However, the adsorption of RL and TX165 at the quartz-air interface is higher than at the
quartz-solution one.

The ratio of mole fraction of ET in the bulk phase to the fraction of surface area occu-
pied by its molecule is changed as a function of ET concentration in the bulk phase. In the
case of RL and TX165, this ratio is constant in the low concentration range, corresponding
to the unsaturated monolayer of this surfactant at the solution-air interface. This takes
place for both the quartz-air and quartz-solution interfaces.

The greater tendency to adsorb RL and TX165 is confirmed by the standard Gibbs free
energy of adsorption. In the case of ET, this energy at the quartz-air and the quartz-solution
interfaces is comparable and close to the energy of adsorption at the solution-air interface.

Knowledge of the wetting properties of the quartz surface by the aqueous solution
of ET, RL and TX165 reflected by the behaviour of their molecules at the solution-air,
quartz-air and quartz-solution interfaces can contribute to a better understanding of the
wetting properties of multicomponent surfactant mixtures containing anionic and nonionic
surfactants and ethanol as additives. The obtained results can be helpful for determining the
synergistic effect in the process of quartz wetting by the aqueous solutions of a mixture of
surfactants with the addition of short-chain alcohols. Thus, they can be helpful in selecting
the appropriate composition of the aqueous solutions of a mixture of surfactants and
additives that will provide the most favourable wetting process in practice. For example,
the results obtained may be helpful in determining the most favourable conditions for
creating protective coatings on optical fibre cables.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ colloids7040071/s1. Figure S1: A plot of the adhesion work (W)

of the aqueous solution of ET, RL, TX165 and the film pressure (77) vs. the logarithm of their
concentration (logC) as well as adhesion work (W,) of solution vs. its surface tension (yry).
Figure S2: A plot of the ¢ parameter for the aqueous solution of ET, RL and TX165 vs. the log-
arithm of their concentration (log C). Figure S3: A plot of the surface concentration (T') calculated
from the Frumkin equation for the aqueous solution of ET, RL and TX165 vs. the logarithm of their

b b .
%, % and /;—q for the aqueous solution of

ET vs. its concentration (Cgr). Figure S5: A plot of the values of % and f;—f for RL and TX165 vs.
the logarithm of their concentration (log C). Figure S6: A plot of the Gibbs standard free energy of
adsorption (Angs) calculated from Equation (17) for ET vs. its concentration (Cgr) as well as for RL
and TX165 vs. the logarithm of their concentration (log C).

concentration (log C). Figure S4: A plot of the values of
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