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The influence of mixture anionic and
non-ionic surfactants on the surface free
energy of cassiterite
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The measurements of the contact angle were made for water, glycerol, formamide, diiodomethane
and bromoform on a cassiterite surface covered with a mixed film of SDS and TX-100 formed by
adsorption from solution of SDS and TX-100 at different molar fraction at a constant

concentration equal to 2 x 10~ * M. Using the contact angles the dispersion and non-dispersion or
Lifshitz—van-der-Waals and acid—base components of the surface free energy of cassiterite

covered with a mixed film of SDS and TX-100 were evaluated. These components were compared
to those for a “bare” cassiterite surface. Also, the electron-acceptor and electron-donor parts of
the acid—base components were determined. On the basis of the measurements and calculations
synergetic effects were found in the wettability and surface free energy of cassiterite when it was

covered with the mixed film.

1. Introduction

Surfactants are usually applied from mixtures of two
or more surface-active substances. Therefore, the in-
fluence of the interactions between the surface-active
substances on the physico-chemical properties of such
compositions, including the adsorption behaviour, is
not only of fundamental importance, but it is also of
practical interest for the application of surfactants.

There has been much research interest in the inter-
action between the ionic and non-ionic surfactants
used in flotation as well as in their influence on flota-
tion.

Fuerstenau and Yamada [ 1] have demonstrated the
favourable effects on the flotation of corundum of
adding non-ionic substances to the sodium dodecyl
sulphate solutions. On the other hand, Leja and
Schulman [2] have suggested that some additional
reagents can improve the flotation process if they
can interact with the collector molecules at the
solid—liquid interface.

Recent work has shown that the use of mixtures of
surfactants provides advantageous synergetic effects
[3] and significantly reduces the precipitation in flota-
tion systems [4]. A synergetic effect is caused by the
mutual promotion of the coadsorption of anionic and
non-ionic surfactants on the mineral surface [5].

A knowledge of the surface free energy is very useful
in understanding the interfacial phenomena involved
in flotation processes, particularly the mechanisms of
air-bubble adhesion to mineral particle and particle
aggregation. However, as a result of the adsorption of
surfactants the surface free energy of the mineral cha-
nges.

Since it is not possible to measure directly the sur-
face free energy of a solid, there are, at present, many
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indirect methods of measurement based on the heat of
immersion [6], the adsorption [7], the zeta potential
[8] and contact-angle measurements [7, 9-15].

The method based on contact-angle measurements
in solid—liquid-drop-air systems for proper liquids are
the most popular [7, 9-15]. There are many different
approaches to the evaluation of the surface free energy
of a solid from the contact-angle data [7,9-15].
Among these, the geometric mean [7,9, 16, 17] and the
approaches of van Oss et al. [13-15] give the most
complete information about energetic properties of
surfaces.

Thus, by means of contact-angle measurements, the
surface free energy of cassiterite covered with a mixed
film of sodium dodecyl sulphate and Triton X-100
(and its components: dispersion, non-dispersion or
Lifshitz—van-der-Waals and acid—base) have been cal-
culated.

2. Experimental procedure

2.1. Materials

The following liquids were used for contact-angle
measurements: water doubly distilled and deionized
(W), anhydrous glycerol (G, with a purity of greater
than 99.5%, from Merck), formamide (F, with a purity
of greater than 99%, from Merck), diiodomethane (D,
with a purity of greater than 99%, from Merck) and
bromoform (B, with a purity of greater than 99%,
from Aldrich).

The cassiterite plates were obtained from min-
eralogical specimens of cassiterite from Bolivia
(Huanuni Mine), they were treated in four different
ways before the measurements, as described in [18].
Plates denoted as I were washed several times in
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doubly distilled and deionized water, cleaned in an
ultrasonic bath for 15 min, and dried at room temper-
ature before measurements. The second and third
groups of plates (IT and IT1, respectively) were boiled in
HNO; 60% for some minutes, washed several times in
doubly distilled water, cleaned in an ultrasonic bath
for 30 min and dried at room temperature (plates II)
or at 110°C (plates III) for 1 h. The fourth group of
plates, denoted IV, were boiled in HCI (1 : 1) for some
minutes and washed and dried as plates II.

For adsorption sodium dodecyl sulphate (SDS,
with a purity of 99%, from Merck) and Triton X-100
(TX-100, with a purity of 98%, from Fluka) were used
without further purification.

2.2. Measurements

Mixed aqueous solutions of SDS and TX-100 were
made at 2 x 10™* m and with different molar fractions,
x, of TX-100 (from O to 1). The pH of the solutions was
not controlled.

The cassiterite plates were kept in the mixed aque-
ous solutions, at each molar fraction, for 24 h. This
time was sufficient to ensure the maximum adsorption
of SDS and TX-100 onto the cassiterite surface at
a given molar fraction.

After equilibration, the plates were dried at room
temperature for a long time and, before the measure-
ments, dried at 50 °C for 30 min.

All measurements of the advancing contact angle
were made at 20 + 1 °C by the sessile-drop method
[19] using a camera-computer system described else-
where [18]. For a given system, at least 30 measure-
ments were made, and the accuracy was within + 2°.

3. Results
The values of the contact angle for water, Oy, glycerol,
0g, formamide, O, diiodomethane, 8, and bromo-
form, Oy, on the four cassiterite plates after equilibra-
tion with the mixed solution of SDS and TX-100 are
shown in Figs 1 to 5, respectively, as a function of the
molar fraction of TX-100 in solution.

It appears from Figs 1 to 5 that the contact-angle
values for all the liquids and plates studied increased
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Figure 1 The contact angle for water on cassiterite covered with
an SDS + TX-100 mixed film versus the molar fraction, x, of
TX-100 in solution.
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Figure 2 The contact angle for glycerol on cassiterite covered with
an SDS + TX-100 mixed film versus the molar fraction, x, of TX-
100 in solution.
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Figure 3 The contact angle for formamide on cassiterite covered
with an SDS + TX-100 mixed film versus the molar fraction, x, of
TX-100 in solution.
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Figure 4 The _contact angle for diiodomethane on cassiterite
covered with an SDS + TX-100 mixed film versus the molar frac-
tion, x, of TX-100 in solution.

slightly in the TX-100 molar fraction range 0-0.6 and
then they decreased up to a molar fraction equal to 1.

For diiodomethane (Fig. 4) the relationship of the
contact-angle as a function of the molar fraction of
TX-100 in solution can be divided into two straight
linear parts corresponding to the ranges of the TX-100
molar fraction mentioned above.

Also, from Figs 1 to 5 it can be seen that the way of
preparing plates before adsorption influences the con-
tact angle for the five liquids used for studies. In the
case of diiodomethane and bromoform (Figs 4 and 5)
the contact angles measured on plate I are very differ-
ent than for the other plates. For a given plate, the
lowest value of the contact angle at each molar
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Figure 5 The contact angle for bromoform on cassiterite covered
with an SDS + TX-100 mixed film versus the molar fraction, x, of
TX-100 in solution.

fraction are observed for bromoform and the highest,
with some exceptions for water. It is worth noting that
the important difference in the behaviour of plate
I from the other plates for the contact angle for
diiodomethane and bromoform (Figs 4 and 5).

4. Calculations
On the basis of the contact-angle values it is possible
to determine the components of the solid surface free
energy.

Fowkes suggests that the surface free energy of
a solid and a liquid can be divided into the following

parts [7]

vo= v E Ay (1)
where d,1,p and h denote the dispersion, induced
dipole—dipole, dipole—dipole and hydrogen-bond in-
termolecular interactions, respectively.

From a practical point of view, it is possible to
calculate two components — dispersion, y¢ and non-
dispersion, y*. The non-dispersion component is sum
of the y!, yP and y® parts. Thus

y = v+ (2)
Expressing by Young’s equation the solid-liquid in-
terfacial free energy as a function of the geometric

mean of the dispersion [7] and non-dispersion
{16, 171 interactions we can write

yo(cos O + 1) + Tley, = 2[y§yf1'?
+ 2570 3

where S and L denote solid and liquid, respectively, 0
is the contact angle, and ITle; is the spreading film
pressure.

van Oss et al. [13—15] claim that it is impossible to
determine only the v¢ components for polar solids or
polar liquids but it is possible to determine the
Lifshitz—van-der-Waals component (y-%¥). Thus, the
v*¥ component fulfils the equation {13-15]

o= oyt P )

However, the v" component can be treated as the

acid—base component, y*®. Thus

v o=yt (5)
yAB can be expressed [13-15] as
PP =207y ) (6)

where v and v~ are the electron—acceptor and elec-
tron—donor parts of the y*8 component.

Using the van Oss et al. [13-15] approach to the
solid-liquid interfacial free energy in the Young’s
equation, we can obtain [13-15]

yi(cos Oy + 1) + Iey = 2(y5™ yEW)12
+20v8 YoM+ 20ys i
(N

If the Tle, value is known it is possible to determine
the v¢ and v2 components from Equation 3 or v§™,
v& and yg from Equation 7. It is commonly assumed
that the ITe, value is equal to zero for contact angles
higher than zero. In our calculation we have also
assumed that ITe; = 0.

The contact angle for the cassiterite plates has been
measured for five liquids, whose v§, v%, vi%, v1 and
v are known (Tables I and II) from the literature
[7, 15, 20, 21]. In Figs 6 to 9 the average values of v§,
v2 and vg are plotted. They are evaluated from Equa-
tion 3 using water and one apolar organic liquid
{dilodomethane or bromoform), the system denoted
system (a), or using two organic liquids (one polar and
one apolar) the system denoted as system (b). Also, the
average values of vV, vs and yg evaluated from
Equation 7, value of the y4® evaluated from Equa-
tion 6, and the value of y5 evaluated from the liquid
systems WGD, WGB, WFD and WFB are plotted for
each cassiterite plate in Figs 10 to 13. These systems of
liquids were chosen, to safeguard the minimum error
in the calculations according to [18].

From Fig. 6, it appears that for cassiterite plates
which are not treated by any acids (plates I) before
adsorption of the mixture of SDS and TX-100, the
dispersion component of the surface free energy does
not depend on the molar fraction of TX-100 in the
solution. The y¢ values obtained from the contact
angle for two organic liquids are slightly higher than
those from the systems involving water. The non-
dispersion component and the total surface free en-
ergy depend on the TX-100 molar fraction. The yg and
vs values tended to a minimum when the molar frac-
tion increased from 0 to 0.6 and then they increased in

TABLE I Values of the dispersion, y{, and non-dispersion, y{,
components of the liquid surface tension, v,., taken from the litera-
ture [7, 15, 20]

Liquid ve ye Yo Reference
(mNm~™!) mNm™!) (mNm™?)

Water 21.8 51 72.8 [ 7]

Glycerol 34 30 64 [15]

Formamide 39 19 58 [15]

Diiodomethane 5042 0.38 50.8 [20]

Bromoform 40.55 0.95 41.5 [20]
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TABLE II Values of the Lifshitz—van-der-Waals, y'iw, electron acceptor, yf , and electron donor, Y, » components of the liquid surface

tension, vy, taken from the literature [15, 21]

Liquids y£¥ (mNm~") i mNm™ ) yL (mNm™Y) yo(mNm™1) Reference
Water 21.8 25.5 25.5 72.8 [15]
Glycerol 34 3.92 57.4 64 [15]
Formamide 39 2.28 39.6 58 [153
Diiodomethane 50.8 0.72 0 50.8 [21]
Bromoform 41.5 1.72 0 41.5 [21]
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Figure 6 The average value of the non-dispersion component, v3,
the dispersion component, y¢, and the total, yg, surface free energy
of cassiterite plate I covered with an SDS + TX-100 mixed film
versus the molar fraction, x, of TX-100 in solution, for liquid
systems (a) and (b).

the molar-fraction range 0.6-1. The v§(b) values were
considerably lower than those of y§(a). Also, the ys(a)
values were higher than those of yg(b); however, the
biggest differences were observed at low and high
molar fractions of TX-100. For cassiterite plates which
were treated by HNO; or HCl acids before adsorption
of the mixture of surfactants (Figs 7 to 9) v&, y2 and
vs decreased in the molar-fraction range for TX-100 of
0-0.6 to the minimum and then increased in the range
0.6—1. The changes of the value of y§ with the molar
fraction of TX-100 were considerably smaller than for
vs and v;. For all cases, the y§(a) values were slightly
lower than the values of y&(b), but values of y2(a) and
vs(a) were considerably higher than those of v§(b)
and y4(b), respectively. The differences between yg(a)
and y2(b) or ys(a) and y4(b) were more important at
the lowest and highest molar fractions of TX-100 than
at x = 0.5.
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Figure 7 The average value of the non-dispersion component, v§,
the dispersion component, v¢, and the total, ys, surface free energy
of cassiterite plate II covered with an SDS + TX-100 mixed film
versus the molar fraction, x, of TX-100 in solution, for liquid system
(a) and (b).

From Figs 10 to 13 it can be seen that for the four
kind of plates y§¥ and v4 changed only slightly with
x, but yg , Y88 and y¢ showed a strong dependence on
the TX-100 molar fraction. In each case the minimum
value appeared at x = 0.6, and the yg values were
much lower than those of vg .

Comparing y§ to vi% and 72 to v&® from Figs 6 to
13 it can be seen that the ys(a) and yg(b) values were
a few mJ m~2 higher than those of y§¥, but the y2(a)
values were higher and those of v§(b) were lower than
the values of y£®. However the v4 values obtained on
the basis of the contact-angle measurements of the two
organic-liquid system, using the geometric mean ap-
proach [7, 16, 17], are close in many cases to those
obtained from the contact angle of three liquids, in-
cluding water, on the basis of the van Oss et al
[13-15] approach.
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Figure 8 The average value of the non-dispersion component, ¢,
the dispersion component, y¢, and the total, vs, surface free energy
of cassiterite plate III covered with an SDS + TX-100 mixed film
versus the molar fraction, x, of TX-100 in solution, for liquid
systems (a) and (b).
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Figure 9 The average value of the non-dispersion component, ¥g,
the dispersion component, y4, and the total, vs, surface free energy
of cassiterite plate IV covered with an SDS + TX-100 mixed film
versus the molar fraction, x, of TX-100 in solution, for liquid
systems (a) and (b). ‘
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Figure 10 The average value of the Lifshitz—van-der-Waals com-
ponent, y5¥, the electron-acceptor part, y¢, and the electron-donor
part, yg , of the acid—base component, y4®, and the total, vs, surface
free energy of cassiterite plate I covered with an SDS + TX-100
mixed film versus the molar fraction, x, of TX-100 in solution.
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Figure 11 The average value of the Lifshitz—van-der-Waals com-
ponent, 5%, the electron-acceptor part, yq , and the electron-donor
part, yg , of the acid—base component, Y4, and the total, ys, surface
free energy of cassiterite plate II covered with an SDS + TX-100
mixed film versus the molar fraction, x, of TX-100 in solution.
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Figure 12 The average value of the Lifshitz—van-der-Waals com-
ponent, Y5V, the electron-acceptor part, y4 , and the electron-donor
part, vs , of the acid—base component, Y48, and the total, y, surface
free energy of cassiterite plate III covered with an SDS + TX-100
mixed film versus the molar fraction, x, of TX-100 in solution.
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Figure 13 The average value of the Lifshitz—van-der-Waals com-
ponent, 5V, the electron-acceptor part, v¢ , and the electron-donor
part, y5 , of the acid—base component, y£®, and the total, yg, surface
free energy of cassiterite plate IV covered with an SIS + TX-100
mixed film versus the molar fraction, x, of TX-100 in solution.
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5. Discussion
The surface of cassiterite not treated by any acid or
alkali and well dried is poorly wetted by polar liquids
and its surface free energy results mainly from disper-
sion intermolecular interactions [ 18]. Under the influ-
ence of acids and alkalis, hydrated OH groups were
formed on the cassiterite surface [18], they can be
dissociated in different ways depending on the pH of
the solution in contact with the cassiterite surface.

The pH of the solution of the mixture of anionic and
non-ionic surfactants (SDS + TX-100) was not con-
trolled; it ranged from 5.85 to 6, which is slightly lower
than the isoelectric point of charge for cassiterite
(pH = 6.5) [22]. Therefore, when cassiterite was in
contact with such a mixed solution there were only
slightly more positive than negative charges on the
cassiterite surface. For cassiterite plates I it is possible
that the adsorption of SDS and TX-100 molecules
takes place mainly as a result of the attractive inter-
facial free energy, and it is expected that the electros-
tatic contribution to the free energy plays only a small
role in this case. This is confirmed both by the contact
angles Figs 1 to 5, plate I and the components of the
surface free energy of cassiterite covered with a film of
only SDS or only TX-100 (x = 0 or x = 1) (Figs 6 and
10). The values of the contact angle for polar liquids
on the cassiterite/SDS or TX-100 film surface were
considerably lower and the values of y§ or y4® (Figs 1
to 3 plate I and Figs 6 and 10) were higher than those
for “bare” cassiterite [18] (Tables I1T to V, i).

Since the surface free energy of cassiterite piate
I results mainly from dispersion intermolecular inter-
actions, the interaction between the hydrocarbon
chain of SDS or TX-100 should be favourable and the
polar “heads” of SDS or TX-100 can be directed

TABLE III Values of the contact angle for water, 0y, glycerol,
8¢, formamide, 8¢, diiodomethane, 6, and bromoform, 85, on the
cassiterite surface taken from [18]

Plate of Ow 0 O Op Og
cassiterite degrees degrees degrees degrees degrees

Not treated by acids 72 55 44 41 14
and dried at room

temperature (i)

Treated by HNO; 0 14 0 39 0
60 % acid and dried

at room temper-

ature (ii)

TABLE IV Values of the dispersion, yg, and nondispersion, vg,
components of the cassiterite surface free energy, ys taken from [18]

Plate of cassiterite vs v2 Y5
mMIm~%) (@MIm %) (mJm?)

Not treated by acids and 3649 741 43.90

dried at room temper-

ature (i)

Treated by HNO; 60% 33.65 40.98 74.63

and dried at room
temperature (ii)




TABLE V Values of the Lifshitz—van-der-Waals, ygw, electron
acceptor, ys* , and electron-donor, Y - components of the cassiterite
surface free energy, vs, taken from [18]

Plate of vV 1 Vs ve® s

cassiterite (mIm™?) mIm %) mMIm~?) (mym™?) (mIm~2)

Not treated by 3543 1.97 6.39 7.10 4253
acids and dried

at room

temperature (i)

Treated by 30.12 503 50.38 31.84 61.96
HNO;60% and

dried at room

temperature (i)

outwards from the cassiterite surface and then hy-
drated, which leads to an increase in the wettability of
polar liquids and in the contribution of polar inter-
molecular interactions to the surface free energy of
cassiterite plates T covered with SDS or TX-100 film,
in comparison to “bare” cassiterite plate (not treated
by any acids).

The hydration of cassiterite plate I/SDS or the TX-
100 film surface was confirmed by the important di-
vergences among the v%, v and v4® values deter-
mined on the basis of the contact angles for the sys-
tems of liquids involving water (system (a)) and those
only involving only organic hquids (system (b)). This
problem was discussed in more detail in our previous
paper [18]. It is worth noting that the molecules of
polar liquids such as water, glycerol and formamide
interact with the hydrated surface in a different way to
the apolar molecules (diiodomethane and bromo-
form).

The molecules of polar liquids, and also water mole-
cules, of course, can penetrate into a hydrated film, but
the molecules of apolar liquids cannot. Therefore, the
equilibrium state of the system cassiterite plate I/SDS
or TX-100 film-polar-liquid drop—air is described by
a different energetic state of the cassiterite under the
polar-liquid drop than in the system cassiterite/SDS
or TX-100—apolar liquid drop-air under the apolar
liquid drop. Also, the assumption that Ile, =0 is
uncertain.

The presence of a mixed film of SDS and TX-100 on
the surface of cassiterite plates I causes an increase in
the contact angles for polar and apolar liquids (Figs 1
to 5, plate I) and a decrease in the values of y§ or
v5® compared to the values for cassiterite plate I/SDS
or TX-100 film surface. This can be related to a change
of the orientation of the TX-100 as well as the SDS
molecules on the cassiterite-plate-1 surface; this ori-
entation leads to a decrease in the degree of hydration
of the mixed film on surface, and also to a decrease in
the polar-intermolecular-interaction contribution to
the surface free energy, in comparison to single SDS or
single TX-100 films.

In the case of cassiterite surfaces which were treated
by HNO; or HCI acids before adsorption {plates II,
III and IV), there is an increase in the contact angle for
polar liquids (Figs 1 to 3, plates IT-1V) and a decrease
in the contribution of polar intermolecular interac-
tions (Figs 7 to 9 and 11 to 13) in comparison to

surfaces treated by acids but without SDS or TX-100
film (Tables III to V, i) [18]. On the surface of cas-
siterite plates II, III and 1V, the OH groups were
present before SDS or TX-100 adsorption; and, des-
pite the dispersion interactions, the polar intermolecu-
lar interactions between SDS or TX-100 molecules
and the cassiterite surface play an important role, as
a result of which the hydrated heads of SDS or TX-100
are probably directed towards the cassiterite surface
bonded to the OH groups, and then there is a decrease
in the wettability of the cassiterite/SDS or TX-100 film
surface in comparison to the “bare” hydrated cas-
siterite surface [18]. Also, the non-dispersion or
acid—base components of the cassiterite/SDS or TX-
100 film surface free energy are lower than for “bare”
cassiterite.

When the surface of cassiterite plates II-IV were
coated by a mixed SDS + TX-100 film, a further de-
crease in the wettability and polar components of the
cassiterite surface free energy took place. This syner-
getic effect was probably caused by the mutual promo-
tion of coadsorption of SDS and TX-100 molecules on
the cassiterite surface and by the consequently higher
bonding of OH groups by these molecules. In this
case, in contrast to cassiterite plate I, there is not
a reversing of the orientation of the heads of SDS and
TX-100 molecules. On the basis of above mentioned
studies it can be stated that, from the flotation point of
view, the use of mixed solutions of anionic and non-
ionic surfactants can cause a synergetic effect in the
process of adhesion of air bubbles to the mineral
surface and an increase in the stability of the min-
eral--air—bubble aggregate due to the decrease in the
contribution of the polar interactions to the mineral
surface free energy.
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