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Abstract: The measurements of advancing contact angle of water, glycerol, formamide, ethylene
glycol, diiodomethane, a-bromonaphthalene, 1,2,3-tribromopropane and aqueous solution of n-octyl-
B-D-glucopyranoside (OGP) on unoxidized and oxidized synthetic chalcocite at the temperatures
equal to 293, 303 and 313 K were made. Using the obtained contact angle values of the pure liquids the
components and parameters of the unoxidized and oxidized synthetic chalcocite surface tension were
calculated. For this calculation, different methods based on the Young equation were applied. It
follows that the surface tension of both forms of chalcocite does not practically depend on the
temperature in the range from 293 to 313 K. Taking into account the calculated values of components
and parameters of unoxidized and oxidized chalcocite surface tension their wettability by the aqueous
solution of n-octyl-p-D-glucopyranoside was considered. It appeared that wettability of the
unoxidized chalcocite by aqueous solution of OGP can be predicted on the basis of the chalcocite
surface tension components and parameters.
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1. Introduction

Surface tension of a solid influences on many processes occurring at the solid-gas and solid-liquid
interfaces. Among these processes wetting plays a very important role in both industrial and daily life.
According to the Young equation (Adamson and Gast, 1997) wetting of the solid expressed by the
contact angle depends on the surface tension of solid and liquid as well as that of the solid-liquid
interface tension. To show the effect of solid surface tension on the value of contact angle of a given
liquid on its surface, the relationship between the solid-liquid interface tension and surface tension of
liquid and solid must be known. In the literature, there are many approaches to the solid-liquid as
well as liquid-liquid interface tensions (Good and Girilaco, 1960; Fowkes, 1964; Owens and Wendt,
1969; Wu, 1970; van Oss et al., 1987; 1988; van Oss and Good, 1989; Li and Neumann, 1992; Kwok and
Neumann, 1999; 2000; Kloubek, 1992; van Oss, 1994;). All these approaches can be divided into two
groups. The first, proposed by Fowkes (1964), next developed by Owens-Wendt (1969) and modified
by van Oss et al. (van Oss, 1994; van Oss and Good, 1989; van Oss et al., 1987; 1988) assumes that the
solid-liquid or liquid-liquid interface tension depends on the components of solid and liquid surface
tension resulting from different kinds of intermolecular interactions. The second one neglects the
contribution of the kind of intermolecular interactions to the surface tension of solid and liquid and
proves that the solid-liquid interface tension depends only on the total values of surface tension of the
phases being in the contact (Li and Neumann, 1992; Kwok and Neumann, 1999; 2000). In the literature,
there are many papers in which these two types of approaches to the interface tension are applied for
determination of the solid surface tension from the contact angle measurements (van Oss, 1994).
However, in the case of the first type of approaches the main problem for their applications to
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determine the components and parameters of the solid surface tension from the measurements of
contact angle of model liquids is connected with the values of the components and parameters of their
surface tension. It is known that the components and parameters of liquid surface tension can be
determined by two ways. The first way is based on the measurements of the liquid-liquid interface
tension and the other one on the contact angle of the reference solids. In many cases the components
and parameters are determined in the mixed first and second ways (Rudawska et al., 2016). In our
previous studies, it was shown that the components and parameters of the model liquids determined
only from the contact angle measurements on the reference apolar and monopolar solids are more
useful for determination of solid surface properties that those obtained from the liquid-liquid interface
tension. However, the studies dealing with this problem were limited to some polymers and quartz.
From the practical point of view, it is interesting to show the usefulness of the components and
parameters of mineral surface tension determined based on the contact angle measurements of the
model liquids whose surface tension components and parameters were determined only from the
contact angle measured in the reference systems. The surface tension components and parameters of
the mineral can be useful for prediction of mineral wetting which is important for its separation from
impurities by froth flotation. To change wetting of the useful mineral which is separated by froth
flotation, the so-called collector is used. In the case of the sulfide minerals the xantates were used as a
collector (Leja, 1982; Roger, 1962). However, it is interesting to know the influence of the sugar
surfactant on the hydrophobic-hydrophilic balance of the sulfide mineral and whether it is possible to
predict its wetting properties from the components and parameters of the sulfide mineral surface
tension. Thus, the aim of our studies was to determine the components and parameters of the
synthetic chalcocite surface tension using different methods based on the contact angle measurements
and choose the most useful method for prediction of chalcocite wetting by aqueous solution of n-
octyl-B-D-glucopyranoside. For these studies the oxidized and unoxidized chalcocite was applied.

2. Experimental
2.1 Materials

Water (W), formamide (F), glycerol (G), ethylene glycol (E), diodomethane (D), a-bromo-naphthalene
(B), 1,2,3-tribromopropane (T) and aqueous solution of n-octyl-p-D-glucopyranoside (OGP) were used
for the contact angle measurements on the unoxidized and oxidized chalcocite.

Formamide (299.5%), glycerol (299.5%), ethylene glycol (99.8%), diiodomethane (>99%),
a-bromonaphthalene (97%), 1,2,3-tribromopropane (97%) and n-octyl-p-D-glucopyranoside (> 98%)
were bought from Sigma-Aldrich. Water was doubly distilled and deionized (Destamat Bil8E). Its
resistance was equal to 18.2 Q. The surface tension of the liquids at 293+£0.1K was tested using the
Wilhelmy plate and the du Notiy ring method. That at 303 and 313K was calculated on the basis of the
temperature coefficient taken from the literature (Poradnik fizykochemiczny, 1997). Synthetic -
chalcocite supplied by the AGH University of Science and Technology, Cracow (Poland) was used as a
substitute for the sulfide mineral copper to measure the contact angle. The chalcocite specimens were
cut into plates which were polished with of a series of emery papers (Carborundum grit from 400 to
00). Polishing was performed slowly, by hand, to avoid local overheating and oxidization. Final
polishing was done under water until reflecting surfaces were obtained. Next, only very smooth plates
were chosen and washed several times in doubly distilled and deionized water and placed in an
ultrasonic bath for 15 min. Afterwards some of the plates were dried at room temperature and placed
in a desiccator filled with a molecular sieve mixture (4 A and 5 A). The other plates were oxidized by
immersing them in the 3% hydrogen peroxide solution for 60 min. After being oxidized the plates
were washed several times in doubly distilled and deionized water and dried at room temperature.

The aqueous solutions of OGP were prepared using doubly distilled and deionized water. The
purity of water was additionally controlled by the surface tension measurements before preparing the
solutions. The concentration of OGP was changed from 1x107 to 5x10-2 M.
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2.2 Methods

Measurements of the advancing contact angles for the above-mentioned liquids on unoxidized and
oxidized chalcocite were made using the sessile drop method, DSA30 measuring system (Krtiss) in a
thermostated chamber at 293, 303 and 313 K but for the aqueous solution of surfactant only at 293 K.
The apparatus chamber was saturated with vapour of the given liquid for which the contact angle was
measured placing a cell filled with it a few hours before the measurements. In the case of the organic
liquids the water vapour was removed from the apparatus chamber by means of the molecular sieves
and then the vessel filled with the measured liquid was introduced into the chamber for a few hours
before the contact angle measurements. The contact angle for the given liquid was measured for at
least 30 drops and good reproducibility was found. The standard deviation for each set of values was
less than 2°. The size of the liquid drop was chosen on the basis of our earlier considerations and it
was different for each liquid used.

3. Results and discussion
3.1 Components and parameters of chalcocite surface tension

The contact angle is the parameter of wetting process which depends on the difference between the
work of adhesion of a given liquid to the solid surface and its cohesion work. Thus, the work of
spreading liquid over the solid surface (IVs) can be expressed by equation (Adamson and Gast, 1997):

Ws =¥s = VL~ Vsw 1)
where ys is the surface tension of solid, y is the surface tension of liquid and ys; is the solid-liquid
interface tension.

As follows from Eq. (1) knowing the surface tension of solid and liquid as well as the solid-liquid
interface tension it is possible to predict tendency to wet a given solid by the proper liquid or solution.
This is very important in the flotation process. The problem is that only the surface tension of liquid or
solution can be measured directly. For determination of the solid surface tension there are only few
direct methods for specific solids but they cannot be applied for the minerals separated by froth
flotation. In the literature, it is possible to find many indirect methods for solid surface tension
determination, among them, those based on the contact angle measurements are the most frequently
applied. The contact angle (8) depends on the surface tension of solid and liquid and the solid-liquid
interface tension. This dependence results from the Young equation which has the form (Adamson
and Gast, 1997):

¥s = ¥s. = Y1, 0s 6. 2
Determination of solid surface tension on the basis of Eq. (2) requires knowledge of the
relationship between the solid-liquid interface tension and the surface tension of solid and liquid. In
the literature, there are many different methods to solve the Young equation (Adamson and Gast,
1997). However, among them those proposed by Owens-Wendt (Owens and Wendt, 1969), van Oss et
al. (van Oss et al., 1987; 1988; van Oss and Good, 1989; van Oss, 1994) and Neumann et al. (Li and
Neumann, 1992; Kwok and Neumann, 1999; 2000) are the most frequently applied. Owens-Wendt
based on the Fowkes” concept suggested that the solid-liquid or liquid-liquid interface tensions can be
expressed by the following equation (Owens and Wendt, 1969):

Yiz =v1+ V2 — 2JviveE -2 [vEyy, ®3)

where y1, 12 are the surface tension of phases 1 and 2, the superscripts d and p refer to the dispersion
and polar components of phases 1 or 2 surface tension, respectively.
Owens-Wendt connecting Egs. (2) and (3) obtained (Owens and Wendt, 1969):

yi(cosf +1) =2 P/L v =2 vvs @)

According to Fowkes if the liquid and/or solid surface tension results from the dispersion
intermolecular interactions, then Eq. (4) assumes the form (Fowkes, 1964):
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y.(cos® +1) =2 /J/Ldysfi- (5)

Van Oss et al. (van Oss, 1994; van Oss and Good, 1989; van Oss et al., 1987; 1988) claimed that the
induced dipole-induced dipole, dipole-dipole and induced dipole-dipole interactions constitute an
inseparate kind of intermolecular interactions called the Lifshitz-van der Waals one (LW) by them. On
the other hand, they suggested that contribution of dipole-dipole and induced dipole-dipole
intermolecular interactions to the Lifshitz-van der Waals ones in the condensed phases was lower than
3% (van Oss, 1994). In turn, van Oss et al. (van Oss, 1994; van Oss and Good, 1989; van Oss et al., 1987;
1988) treated the polar component as the Lewis acid-base one (AB) which was a function of electron-
acceptor (+) and electron-donor (-) parameters. Thus, van Oss et al. (van Oss, 1994; van Oss and Good,
1989; van Oss et al., 1987; 1988) have proposed the following equation for the liquid-liquid or solid-
liquid interface tension:

vi2 =11+ = 2" - 2yvy - 2Ynys (©)
Its introduction to Eq. (2) gives:
yi(cos® + 1) = 2Jy"yi" + 2y s + 2Vv v )

If the surface tension of solid and/or liquid results from only Lifshitz-van der Waals interactions, then
Eq. (7) has the form (van Oss, 1994):

yi(cos 8 + 1) = 2y "ys". ®)
It should be emphasized that Egs. (5) and (8) differ only by definition and that the all above

presented equations can be applied if behind and under the liquid drop settled on the solid surface a
film changing the solid surface tension is not formed and chemical reactions do not take place.

Table 1. The average values of the Lifshitz-van der Waals (v ) and Lewis acid-base (y{i¥) components of the
water (W), glycerol (G), formamide (F), ethylene glycol (E), diiodomethane (D), a-bromonaphthalene (B) and
1,2,3-tribromopropane (T) surface tension (y.,) components as well as electron-acceptor (y;,) and electron-donor
(viv) parameters of the acid-base component (y4?) at the temperature equal to 293, 303 and 313 K taken from
literature (Zdziennicka et al., 2017c)

Liquid Temperature Yiv v ViV Yiv Yiv
293 72.8 26.85 45.95 22.975 22.975
Water 303 71.286 26.85 44436 22.218 22.218
313 69.772 26.85 42.922 21.461 21.461
293 64.00 34.00 30.00 9.43 23.87
Glycerol 303 63.40 34.00 29.40 8.88 2434
313 62.80 34.00 28.80 8.48 24.46
293 58.00 39.00 19.00 3.67 24.61
Formamide 303 57.16 39.00 18.16 3.37 2444
313 56.32 39.00 17.32 2.91 25.78
293 48.00 29.00 19.00 4.7 19.2
Ethylene glycol 303 47.11 29.00 18.11 3.92 2091
313 46.22 29.00 17.22 3.45 21.49
293 50.80 50.80 0.00 0.00 0.00
Diiodomethane 303 49.424 49.424 0.00 0.00 0.00
313 48.048 48.048 0.00 0.00 0.00
293 4440 4440 0.00 0.00 0.00
a-Bromonaphthalene 303 43.421 43.421 0.00 0.00 0.00
313 42442 42442 0.00 0.00 0.00
293 45.40 49.70 0.00 0.00 0.00
1,2,3-Tribromopropane 303 44133 44133 0.00 0.00 0.00

313 42.866 42.866 0.00 0.00 0.00
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Table 2. The values of the contact angle of water (6), glycerol (0c), formamide (0F), ethylene glycol (6g),

diiodomethane (0p), a-bromonaphthalene (0g) and 1,2,3-tribromopropane (6r) on the unoxidized and oxidized

chalcocite surface at the temperature equal to 293, 303 and 313 K

Type of

chalcocite Temperature Ow c Or Ok fp Os Ot
293 80.2 66.9 54.8 47.7 464 36.2 38.1
unoxidized 303 78.6 66.1 53.6 452 44.0 34.0 35.1
313 77.0 65.4 524 434 414 31.6 32.0
293 40.0 27.0 5.0 0.0 37.3 23.0 26.0
oxidized 303 37.6 25.8 0.0 0.0 34.5 19.6 21.9
313 35.0 244 0.0 0.0 313 152 16.8

Table 3. The average values of the Lifshitz-van der Waals (y&") and Lewis acid-base (y£?) components of the

unoxidized and oxidized chalcocite surface tension (ys) components as well as electron-acceptor (y¢) and

electron-donor (y5) parameters of the acid-base component at the temperature equal to 293 K calculated from

Eq. (7)
Liquids _ Linoxidized_chalcociieB _ ?xidized c_halcociteAB
Vs Vs Vs Vs Vs Vs Vs Vs Vs Vs
W-G-F 49.1 0.03 2.23 -0.55 48.56 34.70 6.25 20.65 22.71 57.41
W-G-E 64.11 2.45 3.23 5.63 58.48 - - - - -
W-F-E 15.07 16.82 0.35 4.83 19.90 - - - -
G-F-E 246.5 144.76 14.74 92.38 154.12 - - - - -
W-G-D 36.26 1.40 1.43 2.83 39.08 40.94 3.23 22.07 16.88 57.82
W-E-D 36.26 1.37 1.46 2.83 39.08 40.94 3.25 22.01 16.92 57.86
W-E-D 36.26 1.35 1.48 2.82 39.08 40.94 0.06 45.38 -3.27 37.68
G-F-D 36.26 1.35 1.51 2.85 39.11 40.94 3.26 21.92 16.92 57.86
G-E-D 36.26 1.29 1.61 2.88 39.14 40.94 9.26 153.69  -7545  -3451
F-E-D 36.26 1.39 1.39 2.78 39.04 40.94 30.00 23.26 -52.83  -11.89
W-G-B 36.24 1.40 1.43 2.83 39.07 40.94 3.23 22.07 16.88 57.82
W-F-B 36.24 1.37 1.46 2.83 39.07 40.94 3.25 22.01 16.92 57.86
W-E-B 36.24 1.35 1.48 2.83 39.07 40.94 0.06 45.38 -3.26 37.68
G-F-B 36.24 1.35 1.51 2.86 39.10 40.94 3.26 21.92 16.92 57.86
G-E-B 36.24 1.29 1.61 2.89 39.13 40.94 9.26 153.69  -7545  -3451
F-E-B 36.24 1.40 1.39 2.78 39.03 40.94 30.00 23.26 -52.83  -11.89
W-G-T 36.24 1.40 1.43 2.83 39.07 40.92 3.23 22.07 16.90 57.82
W-E-T 36.24 1.37 1.46 2.83 39.07 40.92 3.26 22.01 16.93 57.85
W-E-T 36.24 1.35 1.51 2.86 39.10 40.92 0.06 45.38 -3.24 37.69
G-F-T 36.24 1.35 1.51 2.86 39.10 40.92 3.27 2191 16.93 57.86
G-E-T 36.24 1.35 1.48 2.83 39.07 40.92 9.25 153.68  -75.39  -3447
F-E-T 36.24 1.40 1.38 2.78 39.03 40.92 30.02 23.26 -52.86  -11.93
Average  36.25 1.36 1.47 2.83 39.08 40.93 3.25 22.00 16.91 57.85

Determination of components and parameters of the solid surface tension applying the Owens-
Wendt (Owens and Wendt, 1969) and van Oss et al. (van Oss, 1994; van Oss and Good, 1989; van Oss
et al.,, 1987; 1988) methods is possible if we know their exact values for the model liquid surface
tension. Of course, these components and parameters depend on the temperature and they should be
known to establish wetting properties at different temperatures which is very important from a
practical point of view. In the previous papers (Zdziennicka et al., 2017a, b) it was proved that the
components and parameters of model liquids determined only on the basis of the contact angle
obtained on the model solids were more useful for prediction of wetting process in some systems.
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Therefore, the values of components and parameters of model liquids determined only in such a way
(Table 1) were used for calculation of the components and parameters of the unoxidized and oxidized
chalcocite from the contact angle measurements (Table 2).

Contrary to Owens-Wendt (Owens and Wendt, 1969) and van Oss et al. (van Oss, 1994; van Oss
and Good, 1989; van Oss et al., 1987, 1988) Neumann et al. (Li and Neumann, 1992, Kwok and
Neumann, 1999; 2000) suggested that the value of the contact angle of a given liquid on the solid
surface depends only on the total surface tension of liquid and solid and contribution of different
kinds of intermolecular interactions to the surface tension is insignificant. They proposed the
following equation for calculation of the solid surface tension:

ettt = [exl-por - 197 )

where f§ is the constant which does not depend on the kind of solid and is assumed to be equal to
0.000115 (m2/mJ)2.

Table 4. The average values of the Lifshitz-van der Waals (y&") and Lewis acid-base (y£?) components of the
unoxidized and oxidized chalcocite surface tension (ys) components as well as electron-acceptor (y¢) and
electron-donor (yg) parameters of the acid-base component at the temperature equal to 303 K calculated from

Eq. (7)
Liquid Unoxidized chalcocite Oxidized chalcocite
iquids — —
vs" vs ¥s vé® ¥s vs" Vs ¥s véP Vs
W-G-F 36.99 1.07 1.79 2.76 39.75 1843 20.68 18.37 38.98 57.41

W-G-E 34.89 1.59 1.70 3.28 38.18
W-F-E 35.78 1.37 1.72 3.07 38.84
G-F-E 35.67 1.40 1.69 3.08 38.75

W-G-D 36.53 1.17 1.77 2.88 3941 41.11 3.16 22.35 16.8 57.91
W-F-D 36.53 1.17 1.77 2.88 3941 41.11 2.77 2341 16.12 57.23
W-E-D 36.53 1.19 1.75 2.88 3941 41.11 0.01 43.81 -1.52 39.60
G-F-D 36.53 1.18 1.76 2.88 394 41.11 2.55 25.27 16.04 57.16
G-E-D 36.53 1.21 1.69 2.86 39.39 41.11 4.04 12093  -44.21 -3.1
F-E-D 36.53 1.12 1.96 2.96 39.49 41.11 60.01 133.13  -178.8  -137.7
W-G-B 36.31 1.22 1.76 2.93 39.25 40.94 3.22 22.32 16.95 57.89
W-F-B 36.31 1.23 1.75 2.93 39.25 40.94 2.84 23.37 16.28 57.23
W-E-B 36.31 1.24 1.74 2.94 39.25 40.94 0.01 43.78 -1.3 39.65
G-F-B 36.31 1.23 1.74 2.93 39.24 40.94 2.61 2522 16.22 57.16
G-E-B 36.31 1.26 1.69 291 39.23 40.94 3.98 120.93  -43.87 -2.92
F-E-B 36.31 1.19 1.89 2.99 39.31 40.94 60.39 13356  -179.6  -138.6
W-G-T 36.47 1.18 1.77 2.89 39.36 41.01 3.19 22.33 16.89 57.90
W-E-T 36.47 1.19 1.76 2.89 39.37 41.01 2.81 23.39 16.22 57.23
W-E-T 36.47 1.20 1.74 2.90 39.37 41.01 0.01 43.79 -1.38 39.63
G-F-T 36.47 1.19 1.75 2.89 39.36 41.01 2.58 2524 16.15 57.16
G-E-T 36.47 1.22 1.69 2.87 39.35 41.01 4.00 12093  -43.99 -2.99
F-E-T 36.47 1.14 1.94 297 39.44 41.01 60.25 133.4 <1793 -138.3
Average  36.44 1.20 1.77 291 39.35 41.02 3.19 22.33 16.88 57.90

The calculated values of the Lifshitz-van der Waals and acid-base components and electron-
acceptor and electron-donor parameters of the unoxidized and oxidized chalcocite at the temperatures
293, 303 and 313 K calculated from Eq. (7) are presented in Tables 3 - 5, respectively. The values of the
dispersion and polar components of the unoxidized and oxidized chalcocite surface tension calculated
from Eq. (4) are presented in Tables 6 and 7 and the total surface tension calculated from Eq. (9) in
Table 8. In order to calculated components and parameters of unoxidized and oxidized chalcocite
surface tension from Egs. (4) and (7) all possible liquid systems were applied. It means that in the case
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of Eq. (4) the contact angles of different pairs of liquids were taken into account. In turn, to solve
equation (7) against the Lifshitz-van der Waals component and two parameters, the contact angle of
three different liquids was measured.

Table 5. The average values of the Lifshitz-van der Waals (y&") and Lewis acid-base (y£?) components of the
unoxidized and oxidized chalcocite surface tension (ys) components as well as electron-acceptor (y¢) and
electron-donor (y5) parameters of the acid-base component at the temperature equal to 313 K calculated from

Eq. (7)
Unoxidized chalcocite Oxidized chalcocite
ys" vs ¥s vs? Vs vs" ¥s ¥s ys? Vs
W-G-F 34.73 1.44 2.05 3.44 38.17
W-G-E 38.22 0.70 218 2.46 40.68
W-F-E 37.45 0.83 2.16 2.67 40.12
G-F-E 37.56 0.80 2.19 2.65 40.21

Liquids

W-G-D 36.79 0.96 212 2.86 39.66 41.31 3.07 22.65 16.67 57.98
W-E-D 36.79 0.96 214 2.86 39.65 41.31 227 25.04 15.07 56.38
W-E-D 36.79 0.95 215 2.86 39.65 41.31 0.03 44.68 -2.33 38.98
G-F-D 36.79 0.95 215 2.87 39.66 41.31 1.88 29.20 14.82 56.13
G-E-D 36.79 0.93 221 2.87 39.66 41.31 3.46 118.63  -40.52 0.79
F-E-D 36.79 0.99 2.00 2.81 39.6 41.31 45.34 11142  -1421  -100.8
W-G-B 36.38 1.05 211 2.98 39.36 40.97 3.18 22.61 16.97 57.94
W-E-B 36.38 1.04 212 2.98 39.36 40.97 2.37 25.00 15.40 56.37
W-E-B 36.38 1.03 214 297 39.35 40.97 0.02 44.65 -1.91 39.06
G-F-B 36.38 1.04 213 2.98 39.36 40.97 1.98 29.14 15.18 56.15
G-E-B 36.38 1.01 222 2.99 39.37 40.97 3.35 118.69  -39.88 1.09
F-E-B 36.38 1.10 1.90 2.89 39.27 40.97 4591 112.01 -1434  -1024
W-G-T 36.60 1.00 212 292 39.52 41.06 3.15 22.62 16.89 57.95
W-E-T 36.60 1.00 213 291 39.51 41.06 2.34 25.01 15.31 56.37
W-E-T 36.60 0.98 215 291 39.51 41.06 0.02 44.66 -2.01 39.04
G-F-T 36.60 0.99 214 292 39.52 41.06 1.95 29.15 15.09 56.14
G-E-T 36.60 0.97 221 293 39.53 41.06 3.38 118.67  -40.04 1.02
F-E-T 36.60 1.04 1.95 2.85 39.45 41.06 45.76 111.86  -1431  -102.0
Average  26.59 1.00 212 291 39.50 4111 3.13 22.63 16.84 57.96

The solution of Eq. (7) against yé%, y& and ys is possible on the basis of contact angle of two
groups of liquids. One is based on the contact angle values of three bipolar liquids and the other on
that of one apolar and two bipolar liquids. It appeared that for the unoxidized chalcocite at each
temperature the values of y&", y§ and y; calculated based on the contact angle of three bipolar liquids
depend on the kind of liquid and are different from those calculated from the contact angle of two
bipolar and one apolar liquids (Tables 3 - 5). In turn, the values of y&%, y¢ and ys obtained on the
basis of 8 values of two bipolar and one apolar liquids are very consistent independently of the type of
bipolar and polar liquids. It proved that the values of y¢ and yg are small and yJ is insignificantly
lower than yg. This fact suggests that on the unoxidized chalcocite surface copper and sulfur atoms
are present or some amounts of water molecules are adsorbed on the chalcocite surface. The great
discrepancies between the values of y&%, yd and ys obtained from the contact angle for the three
bipolar liquids, as mentioned earlier (Zdziennicka et al. 2017c) results from their great sensitivity to
the contact angle. In such a case the accuracy of contact angle value should be to the third decimal
point which is impossible to obtain by measurements. It is interesting that the values of dispersion
and polar components calculated from Eq. (4) using the contact angle values of one apolar and one
polar liquids are similar to those of y&" and y#® ones (Tables 3 - 7). In fact, if for calculation of y¢ and



26 Physicochem. Probl. Miner. Process., 54(1), 2018, 19-30
s the contact angles of two bipolar liquids are used, then different values of these components were
obtained (Tables 6 and 7) for the same reason as mentioned above.

Table 6. Values of the dispersion (y&) and polar ()/f ) components of the unoxidized chalcocite calculated from Eq.
(4) at temperature equal to 293, 303 and 313 K

Pair of 203 K 303 K 313K
liquid v Vs ¥s yé Vs Vs yé v ¥s
W-G 3802 247 4048 3692 28 3975 3561 325 3886
W-F 3958 217 4175 3873 245 4119 3796 272 4068
W-E 3864 235 4098 3857 248  41.06 3724 288 4012
GF 4088 176 4264 4015 196 4211 3968 208 4176
GE 3973 203 4176 4123 172 429 3958 210 4169
F-E 4188 148 4336 3913 231 4144 3978 205 4183
W-D 3626 283 39.08 3653 291 3944 3679 298 3977
GD 3626 297 393 3653 294 3947 3679 28 3967
F-D 3626 346 3972 3653 335 3987 3679 321 4001
E-D 3626  3.14 39.4 3655 319 3972 3679 304  39.83
W-B 3624 283 3907 3631 296 3927 3638 307 3945
G-B 3624 298 3922 3631 301 3932 3638 300 3939
F-B 3624 347 3971 3631 344 3976 3638 340 3978
E-B 3624 315 3939 3631 327 3959 3638 320 3958
W-T 3624 283 3907 3647 292 3939 3660 302 39.62
G-T 3624 298 3922 3647 296 3943 3660 294 3954
E-T 3624 347 3971 3647 337  39.84 3660 330  39.90
E-T 3624 315 3939 3647 321 39.69 3660 311 3971
Average 3625 311 3936 3644 313 3957 3659 310  36.69

The values of the unoxidized chalcocite surface tension calculated from the Neumann et al. (Li and
Neumann, 1992; Kwok and Neumann, 1999; 2000) equation depend on the kind of the liquids for each
the contact angle was used. However, in the case of apolar liquids the values of the total surface
tension obtained from Eq. (9) are close to y&". The lack of consistence of the results obtained from Eq.
(9) suggested on one hand that the contact angle values depend not only on the surface tension of
solid and liquid but also on the contribution of different kinds of intermolecular interactions to the
surface tension. On the other hand, f in Eq. (9), which was established on the basis of the systems
including polymers (Li and Neumann, 1992; Kwok and Neumann, 1999; 2000), is not proper for
chalcocite. It is also possible that f§ depends on the kind of the solid and liquid. Calculations of the
components and total surface tension independently of the applied method indicate that in the
temperature range from 293 to 313 they are almost constant. However, there are some discrepancies
between the parameters in this range of temperature. It may be worth emphasizing that the total
surface tension of the unoxidized chalcocite is close to that of polymethyl methacrylate (Zdziennicka
etal., 2017a).

In the case of the oxidized chalcocite the contact angle values for all studied liquids are lower than
those for the unoxidized one (Table 2) and for formamide at 293 and 313 K and ethylene glycol at each
temperature are equal to zero. Therefore, all calculations based on the contact angle equal to zero are
not real because we do not know whether in these cases the spreading coefficient is equal to zero. If it
is negative, then the Young equation is not applicable. For this reason, we do not present the results
obtained from Eq. (7) on the basis of the contact angle of three bipolar liquids but those calculated
from the contact angle of two bipolar and one apolar liquids. However, the results obtained from the
contact angle for three liquids including formamide, ethylene glycol and apolar liquid should be
treated as an example that probably for formamide and ethylene glycol the spreading coefficient (the
work of spreading) is negative. Taking into account only the values of y¢", yd and y; obtained from
the contact angle of water, glycerol and all apolar liquids it can be stated that these values are similar
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to the quartz surface tension and electron-donor parameter is close to that of water surface tension
(Tables 1 and 3 - 5). This suggest that probably the oxygen and -OH groups decide about the
magnitude of oxidized chalcocite surface tension. Similar to the unoxidized chalcocite the components
of oxidized chalcocite surface tension do not depend on the temperature in the studied range,
however, there are insignificant differences among the y¢ and ys values. In the case of the oxidized
chalcocite, there is smaller agreement between the dispersion and polar components as well as the
Lifshitz-van der Waals and acid-base components of the chalcocite surface tension. It is interesting
that the surface tension of the oxidized chalcocite calculated from Eq. (9) on the basis of the contact
angle of water and glycerol is nearly the same as those calculated from Eq. (7) based on the contact
angle of water, glycerol and apolar liquids. On the other hand, the total surface tension calculated
from Eq. (9) based on the contact angle of apolar liquid is close to y&" component (Tables 3 - 5 and 9).

Table 7. Values of the dispersion (y&) and polar (ysp ) components of the oxidized chalcocite calculated from Eq.
(4) at temperature equal to 293, 303 and 313 K

Pair of 203 K 303 K 313K
liquid yé Vs ¥s yé Vs ¥s s ¥ Vs

W-G 2717 3024 5741 2623 3138  57.62 255 3241 5791
W-F 3229 2642 5871 3098 2763 5861 2937 2916 5854
W-E 1053 4904 5957 928 5206 6134 820 5508 6328
G-F 3679 2107 5787 3487 2266  57.52 3231 2504 5734
GE 004 12707 12711 0.04 12848 12853 0.04 12978  129.82
F-E 13229 1023 14252 13722 1409 15130 13936 1748  156.84
W-D 4094 2109 6203 11 2115 6227 4131 2119 6250
GD 4094 1795 5889 411 1776 5888 4131 1761 5892
F-D 4094 1692 5786 411 1613 57.25 4131 1512 5643
E-D 4094 965 5059 4111 874 4985 4131 78 4913
W-B 4094 2109 6203 4094 2125 6219 4097 2138 6235
G-B 4094 1795 5889 4094 1788 5883 4097 1785 5882
F-B 4094 1692 57.86 4094 1629  57.23 4097 1543 5640
E-B 4094 965 5059 4094 884 4978 4097 802 4899
W-T 4092 2110 6202 4101 2121 6222 4106 2134 6239
G-T 40.92 17.96 58.88 41.01 17.84 58.84 41.06 17.79 58.84
E-T 40.92 16.94 57.86 41.01 16.23 57.24 41.06 15.35 56.41
E-T 4092 966 5059 4101 880 4981 4106 797  49.03
Average 4093 1866  59.59 4102 1952 6054 4111 1953 6064

Table 8. The values of the unoxidized and oxidized chalcocite surface tension (ys) calculated from Eq. (9) at
temperature equal to 293, 303 and 313 K

Liquid s of unoxidized chalcocite Y5 of oxidized chalcocite

293 K 303 K 313 K 293 K 303 K 313K
W 34.76 34.75 34.73 59.21 59.21 59.21
G 36.79 36.82 36.80 57.72 57.70 57.67
F 39.11 39.11 39.08 57.79 57.17 56.30
E 34.93 35.33 35.39 48.00 47.11 46.22
D 37.71 37.70 37.70 41.72 41.69 41.70
B 36.74 36.70 36.67 41.05 41.00 41.00
T 36.86 36.91 36.90 41.10 41.08 41.08
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3.2 Wettability of chalcocite by aqueous solution of OGP

As follows from Fig. 1 the shape of the isotherm of contact angle of aqueous solution of OGP on the
unoxidized chalcocite is similar to the isotherm of surface tension of this solution (Mariko et al., 2014).
However, in the case of the oxidized chalcocite the maximum on the isotherm of the contact angle of
OGP solution is observed. The maximal value of the contact angle is higher than 90°. This means that
adsorption of OGP on the oxidized chalcocite surface causes its hydrophobization to the extent
comparable to that of ethyl xantate. If the components and parameters of the chalcocite surface tension
have important meaning in practice, then it is possible to explain the changes of the contact angle of
aqueous solutions of OGP on the unoxidized and oxidized chalcocite surfaces.
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Fig. 1. A plot of contact angle vs. the logarithm of the OGP concentration. Curves 1 (m) and 3 ( A) correspond to
the values of the measured contact angle of OGP aqueous solution on the unoxidized and oxidized chalcocite,
respectively, curve 2 (@) corresponds to the values of contact angle of OGP aqueous solution calculated from Eq.
(7) on the unoxidized chalcocite and curve 4 (V) corresponds to the values of the contact angle of OGP aqueous
solution calculated from Eq. (8) on paraffin

In the previous paper (Zdziennicka et al., 2017a) it was established that the yi" value of water
surface tension equal to 26.85 mN/m is useful for prediction of wettability of hydrophobic solids by
the aqueous solution of surfactants and their mixtures. The value equal to 26.85 mN/m is close to that
of the surface tension of many surfactants oriented by the hydrophobic part towards another phase
(Zdziennicka et al., 2017c). Thus, the changes of the surface tension of the aqueous solution of OGP as
a function of its concentration can be associated only with the decrease of the acid-base component of
this tension. If it is assumed that similar to the surface tension of water the electron-acceptor and
electron-donor parameters of the OGP solution have the same values, then it is possible to calculate
the contact angle of aqueous solution of OGP from Eq. (7) on the basis of the components and
parameters of the unoxidized chalcocite surface tension. Taking into account the average values of
véW, vd and ys as well as the surface tension of the aqueous solution of OGP the contact angle of this
solution on the unoxidized chalcocite surface was calculated from Eq. (7). There proved to be excellent
agreement between the measured and calculated values of the contact angle (Fig. 1). This agreement
indicates that the Lifshitz-van der Waals intermolecular interactions play a main role in adsorption of
OGP from the solution on the unoxidized surface of chalcocite. A quite different mechanism of OGP
molecules adsorption is found in the case of the chalcocite oxidized surface. As mentioned above the
maximum on the isotherm of the contact angle is observed. If it is assumed that on the oxidized
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chalcocite surface the OGP molecules are oriented by the hydrophilic part toward the chalcocite
surface, then the hydrophobic properties of chalcocite should be intensified. The intensification
probably occurs up to the saturation of the OGP monolayer on the oxidized chalcocite in which its
molecules are oriented by the hydrophobic part toward solution. To confirm this idea hypothetical
contact angle values of the OGP solution on paraffin surface were calculated from Eq. (8). According
to Fowkes (Fowkes, 1964) the surface tension of paraffin was assumed to result only from the Lifshitz-
van der Waals intermolecular interactions being equal to 25.5 mN/m. In fact, as mentioned above the
Lifshitz-van der Waals component of the aqueous solution of OGP was assumed to be constant in the
range of studied OGP concentration and is equal to the Lifshitz-van der Waals component of water
surface tension (26.85 mN/m). The calculated values of the contact angle of OGP solution on paraffin
approximate the maximal measured value at the OGP concentration close to the first concentration at
which its saturated monolayer at the water-air interface is formed (Marko et al., 2014). From this
concentration, the changes of hypothetical contact angle as a function of OGP concentration are
parallel to those measured ones. This fact suggests that the OGP molecules are oriented in the
saturated monolayer at the chalcocite-water interface by the hydrophobic part toward the water phase
and that a saturated monolayer is formed at the same concentration as that at the water-air interface.

The presented calculations indicate that the components and parameters of the chalcocite surface
tension calculated from the corrected by us values of components and parameters of model liquids
surface tension applied in the van Oss at al. method (van Oss, 1994; van Oss and Good, 1989; van Oss
et al., 1987; 1988) allow to predict the contact angle of surfactant solution on the unoxidized chalcocite
surface and to explain the mechanism of adsorption of the surfactants on the oxidized chalcocite
surface.

4. Conclusions

From our studies, the following conclusions can be drawn:

1. Unoxidized chalcocite has hydrophobic while oxidized one hydrophilic character.

2. The van Oss et al. method of the calculation of the component and parameters of the solid
surface tension provides better information about surface properties than the others.

3. The surface tension components and parameters of unoxidized and oxidized chalcocite
surface tension are almost constant in the temperature range from 293 to 313 K.

4. The surface tension values of both forms of chalcocite calculated from the Neumann et al.
equation depend on the type of liquid for which the contact angle was measured.

5. For the unoxidized chalcocite the van Oss et al. and Owens-Wendt methods give practically
the same results.

6. The contact angle of aqueous solutions of OGP on the unoxidized chalcocite can be predicted
based on the basis of the components and parameters of the chalcocite surface tension, the
surface tension of OGP solution and the Lifshitz-van der Waals component of water surface
tension was equal to 26.85 mN/m.

The OGP hydrophobizes the oxidized surface of chalcocite to the extent comparable to that of ethyl
xantate.

References

ADAMSON, A.-W., GAST, A.P., 1997. Physical Chemistry of Surfaces. sixth ed., Wiley-Interscience, New York.

FOWKES, F.M., 1964. Attractive forces at interfaces. Ind. Eng. Chem., 56, 40-52.

GOOD, R.J., GIRILACO, L.A., 1960. A theory for estimation of surface and interfacial energies. II. estimation of surface
energies of solids from contact angle data. J. Phys. Chem., 64, 561-565.

KLOUBEK, J., 1992. Development of methods for surface free energy determination using contact angles of liquids on solids.
Adyv. Colloid Interface Sci., 38, 99-142.

KWOK, D.Y., NEUMANN, A.W., 1999. Contact angle measurement and contact angle interpretation. Adv. Colloid
Interface Sci., 81, 167-249.

KWOK, D.Y., NEUMANN, A.W, 2000. Contact angle interpretation in terms of solid surface tension. Colloids Surf. A,
161, 31-48.



30 Physicochem. Probl. Miner. Process., 54(1), 2018, 19-30

LEJA, J., 1982. Surface Chemistry of froth flotation. Plenum, New York, pp. 489-517.
LI D.,, NEUMANN, AW, 1992. Equation of state for interfacial tensions of solid-liquid systems. Adv. Colloid Interface
Sci., 39, 299-345.

MANKO, D., ZDZIENNICKA, A., JANCZUK, B., 2014. Thermodynamic propertiesof adsorption and micellization of n-
octyl-p-D-glucopyranoside. Colloids Surf. B, 114, 22-29.

OWENS, D.K., WENDT, R.C., 1969. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci., 13, 1741-
1747.

Poradnik Fizykochemiczny. 1974, PWN Warszawa.

ROGER, J., 1962. Froth flotation. in: FIRSTENAU, D.W. (ed.). Principles of Sulfide Mineral. 50t Anniversary
Volume. AIME, New York.

RUDAWSKA, A., DANCZAK, I, MULLER, M., VALASEK, P., 2016. The effect of sandblasting on surface properties
for adhesion, Inter. . Adhes. Adhes, 70, 176-190.

VAN OSS, C.J., 1994. Interfacial Forces in Aqueous Media. Marcel Dekker, New York.

VAN OSS, C.J.,, CHAUDHURY, M.K., GOOD, R]., 1987. Monopolar surfaces. Adv. Colloid Interface Sci., 28, 35-64.

VAN OSS, C.J., GOOD, R]J., 1989. Surface tension and the solubility of polymers and biopolymers: the role of polar and
apolar interfacial free energies. J. Macromol. Sci., 26, 1183-1203.

VAN OSS, CJ., GOOD, R.J.,, CHAUDHURY, M.K,, 1988. Additive and nonadditive surface tension components and the
interpretation of contact angles. Langmuir, 4, 884-891.

WU, S., 1970. Surface and interfacial tensions of polymer melts. II. Poly(methyl methacrylate), poly(n-butyl methacrylate),
and polystyrene. J. Phys Chem., 74, 632-638.

ZDZIENNICKA, A., SZYMCZYK, K., KRAWCZYK, J., JANCZUK, B., 2017a. Some remarks on the solid surface
tension determination from contact angle measurements. Appl. Surf. Sci., 405, 88-101.

ZDZIENNICKA, A., SZYMCZYK, K., KRAWCZYK, J., JANCZUK, B, 2017b. Components and parameters of
solid/surfactant layer surface tension. Colloids Surf. A, 522, 461-469.

ZDZIENNICKA. A., KRAWCZYK. J., SZYMCZYK, K., ]ANCZUK, B., 2017c. Components and parameters of liquids
and some polymers surface tension at different temperature. Colloids Surf. A, 529, 864-875.



