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The Relationship between the Wettability 
and Aggregation of Ultrafine Minerals in 
Met hanol-Water Mixtures 
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Park Komenskt3ho 19, 043 84 KoSice, Czechoslovakia 

(Received December 3, 1990; in $rial ,. rebruary 4, 1992) 

A thermodynamic expression for describing the relationship between the wettability and aggregation of 
fine minerals has been derived using the critical adhesion tension concept. The approach has been 
confirmed qualitatively by measurements of the above phenomena on magnesite and dolomite fines 
hydrophobized by sodium oleate in methanol-water mixtures. The role of interfacial interactions ex- 
pressed through ysL has been documented. 

KEY WORDS wettability; aggregation; sedimentation; colloids; interfacial tension; contact angle. 

INTRODUCTION 

Aggregation of colloids in non-aqueous media is rare in comparison with that in 
aqueous media where great progress has been made. However, the aggregation of 
non-aqueous disperse systems also plays an important role in various fields. The 
colloid stability in aqueous media has been predicted by the DLVO theory that 
considers at least two components of interparticle interaction, i.e. the van der Waals 
(vdW) and the electrostatic (E) contribution, respectively.'Y2 At the same time, the 
DLVO theory is used in the case of non-polar liquid media.3 

On the other hand, the recent progress in sophisticated techniques of direct 
measurements of surface forces4 has revealed a third type of surface interaction that 
operates at short distances between hydrophilic or hydrophobic surfaces.' These 
polar or structural ( S )  forces reflect changes in a liquid structure due to interfacial 
intercctions.6 Consequently, it should be useful to evaluate these forces via interfa- 
cial energetics as their interfacial origin is apparent. In fact, at short separations, 
say less than 5 to 10 nm, the total interaction energy between hydrophobic or hydro- 
philic objects in aqueous solutions is governed by polar surface forces. 

So the surface thermodynamics conception seems to be justified, concerning the 
modelling of contact or close contact surface forces, mainly if surfactants, that 
sharply change the interfacial energetics and simultaneously complicate the DLVO 
approach, are present in disperse systems. 
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20 JIRi SKVARLA AND STANISLAV KME?: 

The thermodynamic approach to the problem of colloid stability based on the 
Young equation was published by Shchukin et al.’ These authors have shown that 
there exists a correlation between the wettability and aggregation of methylated 
quartz particles in different liquids. 

The aim of this paper is to verify the above correlation for systems of semisoluble 
minerals (magnesite and dolomite) in varying methanol-water mixtures, in the pres- 
ence of a surfactant (sodium oleate), that, as known, dramatically influences the 
surfaces of these minerals. 

Representation of the Wettability Data 

A quantitative measure of wettability of a solid against a liquid is the contact angle 
of wetting. Most of contact angle methods are based on the Young’s equation: 

Ysv = YSL + YLV cos 8 
where ysv and yLv are surface tensions of the solid and the liquid respectively in 
equilibrium with the saturated vapor of the liquid, ysL is the interfacial tension 
between the solid and the liquid, and 8 is the equilibrium contact angle of the given 
liquid on the given surface. Eq. (1) can be rewritten in the form: 

(1) 

yS = ySL + yLV cos 8 + ne (2) 
where ys is the surface tension of the solid in vacuum and ne is the so-called 
spreading pressure, being equal to the decrease of surface tension of the solid due 
to vapor adsorption, i.e. I T ~ = Y ~ - Y ~ ~ .  It is generally accepted that if the contact 
angle is larger than 10” the spreading pressure can be safely neglected* so that 
ys=ysv and it is possible to write the Young equation (1) or (2) in terms of the true 
or intrinstic solid surface tension ys. In other words, ne may be neglected for solids 
of low surface energy when YSV<YLV. 

The use of contact angle data in connection with the Young equation is a delicate 
matter. It is evident that only two of the four variables can be readily measured, 
that is, the liquid surface tension and the contact angle. Even with the omission of 
the spreading pressure term, the equation cannot be solved for the surface free 
energy of the solid or its interfacial free energy separately. Then, if we do not 
consider the Neumann’s concept, as will be seen below, Eq. (1) can be solved for 
the difference ysv - ysL, called the adhesion tension. 

The contact angle, 8, versus surface tension, yLv, data are usually represented in 
two different ways. One way is to plot cos 8 against yLv; the so-called critical surface 
tension conception, CST. The critical surface tension of wetting yc is determined by 
extrapolation to cos 8 = 1 of a straight line plot of the said variables. It is mathemati- 
cally defined as yLv at 8 = 0 and its meaning can be understood by substituting the 
above definition in the Young equation (2):9 

Y E  = Ys - YgL - IT: (3) 
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WETTABILITY AND AGGREGATION 21 

where yZL and 7 ~ 2  are ysL and 7 ~ ,  at cos 0 = 1. Thus, the critical surface tension is 
smaller than or equal to the true solid surface tension. In physical terms, a liquid 
with a surface tension below this value will wet the solid whereas a liquid with a 
greater surface tension will not. 

An alternative, more preferable way of representing the wettability data is 
through the above mentioned adhesion tension ysv - ysL = cos 0 yLv versus yLv; the 
so-called critical adhesion tension concept, CAT. In this case, the linear behaviour 
of the relationship can be expressed as follows: 

YLVCOS 0 = P YLV + (1 - P ) Y c  (4) 
so that, as in the case of the CST concept, the wettability of a surface may be 
characterized by two parameters, i .e. yc and (3. For the slope value, P, combining 
the Young's and the Gibbs' equation" one obtains: 

where rsv, rSL and rLv are the relative adsorption densities of a solute from the 
liquid at the three interfaces. A diagram showing the adhesion tension lines for 
three limiting values of the surface wettability is presented in Figure 1 together with 

L \ 1 

~ ~~ 

FIGURE 1 
for an entirely hydrophobic, indifferent, and hydrophilic (p= - 1 ,  0, and + 1, respectively) surface. 

Critical adhesion tension (CAT) diagram with hypothetical adhesion tension (AT) lines 
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corresponding parameters from Eq. (4) and Eq. (9) (see below). By this diagram, 
the hydrophobic (or more strictly, lyophobic) region is limited by p = - 1 and 0 
while the hydrophilic domain lies between p = O  and + 1. So, negative slopes p are 
characteristic of nonpolarity while positive slopes characterize polarity of solids. 

Relation of Aggregation to Wettability 

According to the surface thermodynamics approach of colloidal interactions, as 
mentioned at the beginning, the interaction energy between surfaces immersed in 
a liquid is:" 

AGSLS = - 2 YSL . 

AGSLS = 2 (YLV cos 0 - Ys + re) 

AGsLs = 2 (yLv cos e - yC - ?gL + A ~ )  

(6) 

(7) 

(8) 

In combination with Eq. (2), Eq. (6) can be expressed as: 

In conjunction with Eq. (3), Eq. (7) can be modified as follows: 

where AT =we  - T:. 

As we can see, Eqs. (7) and (8) relate aggregation of colloids, AGSLS, with their 
wetting in the given liquid. For low energy surfaces wetted by test liquids of low 
surface energy, ygL and AT are close to zero and ys can be replaced by yc. It is 
obvious that AGSU should depend on the adhesion tension (denoted AT) minus yc. 

For entirely hydrophobic solids, as follows from Figure 1 characterized by p = - 1, 
AT, as well as AGSLS, is negative when yLv>2yc and yLv>yc, respectively. On the 
contrary, for hydrophilic solids with p = + 1 ,  AGSU and AT are positive when 
yLv>yc, in principle. The above considerations concerning AGSU become under- 
stood when combining Eq. (7) or  Eq. (8) with Eq. (4): 

AGSLS = 2P(YLV - Yc) (9) 
Finally, when p = 0, AT = yc and AGSU = 0. 

Adhesion between surfaces and thermodynamically favoured aggregation of 
colloids requiring AGsu<O to be satisfied, is then conditioned by their partial or  
full hydrophobicity. In this case, decreasing the difference yLv - yC weakens the 
mentioned attachments since AGSLS becomes less negative. On the other hand, 
when the solids are hydrophilic, the attractive effect is not thermodynamically feas- 
ible as AGsL,>O, in general. In all cases, when yLv=yc, AGSLS=O. Of course, all 
these considerations are possible only if the spreading pressure and yZL are negli- 
gible. 

EXPERIMENTAL 

Materials 

The experiments were performed with fine particles of magnesite and dolomite from 
KoSice-Bankov, Czechoslovakia. The minerals had been finely ground to minus 40 
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WETTABILITY AND AGGREGATION 23 

TABLE I 
Particle size distribution of mineral samples used 

Size range Magnesite Dolomite 
( w )  (%) (%I 
0-2 21.50 21.20 
2-4 13.25 16.10 
4-10 39.09 30.40 

10-15 11.46 11.45 
15-20 1.99 7.17 
20-30 6.20 4.95 
+ 30 6.51 8.73 

( w )  7.96 8.79 
mean size 

pm in a porcelain mill. The size of the prepared minerals are tabulated in Table I 
as determined by the sedimentation analysis. 

Suspending Liquid Mixtures 

Aqueous methanol solutions of various surface tensions were employed as the 
wetting and aggregation media. Both of these liquids were chosen because of their 
hydrogen bonding character. Moreover, the methanol-water mixtures cover a wide 
range of yLv. The surface tension of the methanol solutions is shown in Figure 2 as a 
function of mole fraction of methanol nCH30H. The line was drawn using the equation 
derived by Connors and Wright. l 2  

YLV 
mN.m 

70 
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\ 
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0 0,2 0.4 0.6 0.8 1 
"CH~OH 

FIGURE 2 Surface tension of methanol (m)-water (w) mixtures as a function of mole fraction of 
methanol; a=0.899, b=0.777, y,=72.8 mN.m-', and y,=21.2 mN.m-'. 
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24 JIRI SKVARLA AND STANISLAV KMET 

Wettability (Contact Angle) Measurements 

The contact angles of drops of methanol-water solution were measured on pressed 
discs of powdered, hydrophobized carbonates. These discs were prepared as fol- 
lows: the suspensions of magnesite and dolomite were mixed in the presence of the 
hydrophobizing agent-sodium oleate (NaOl). After this the disperse phase was 
separated by filtration, dried at room temperature and homogenized. Finally, the 
dried powders were pressed in the form of an IR disc at a pressure of 400 MPa. 

Aggregation (Sedimentation) Tests 

The degree of aggregation of the fine carbonates was determined from the rate of 
sedimentation. The specially-adapted apparatus had enabled the recording of the 
time changes of optical density of the suspensions by means of a sensitive photo- 
electric cell. The resultant voltage changes were taken arbitrarily after a lapse of 
ten minutes (Ul0). The samples for the aggregation determinations were prepared 
in the same way as those used in the wettability measurements, except without 
pressing. Typical recorder traces are depicted in Figure 3. 

1 -  

FIGURE 3 Typical sedimentation records for a stable (a) and an aggregated (b) suspension. Ulo is a 
related voltage change taken after ten minutes. 
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WETTABILITY AND AGGREGATION 25 

RESULTS AND DISCUSSION 

Adhesion Tension Measurements 

The adhesion tension diagrams for magnesite and dolomite hydrophobized to 
various degrees of hydrophobicity, established by methanol solutions, are shown 
in Figure 4 and Figure 5 ,  respectively. From these figures it can be seen that the 
hydrophobicity of the carbonates was markedly affected by an increase in the addi- 
tive concentration of NaOl. The conversion from a hydrophilic to a hydrophobic 
character (p = 0) of the carbonates was observed at M NaOl. The linear behav- 
iour of the AT lines, as indicated by Eq. (4), can be observed for strongly hydro- 
phobic surfaces treated with 2.5 X M NaOl. It may be noted that the slope 
values, p, are close to - 1, with the water contact angle roughly 105", as those for 
fully hydrophobic polymers such as paraffin and Teflon. The simplest explanation 
for the linear A T  lines is an equal adsorption of the solute at the S/L and L/V 
interfaces (rSL = rLv and Ysv = 0; see Eq. (5 ) )  in the course of measuring with vary- 
ing methanol-water mixtures, which fact would justify us in proposing and using the 
CAT conception, at least in this case. The diagrams show that the yc value is about 
27-28 mN/m for both the carbonates hydrophobized at 2.5 x M NaOl. For 
comparison, the published p and yc values of various mineral specimens are summa- 
rized in Table 11. 

NaOl absent 

60 0 2.5~10'~M 

1 A 0 7.5~10-5M lO'4M NaOl / 
c 
E 40 
i 
E 
3 20 
\ 
8 

V 

0 
R 

-20 

dolomite 
1 I I 

20 40 60 TLV 
rnN.m-1 

FIGURE 4 Adhesion tension diagrams for hydrophobized dolomite. 
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FIGURE 5 Adhesion tension diagrams for hydrophobized magnesite. 

TABLE I1 
Comparison of the wetting parameters for inherently hydrophobic (a) and hydrophobized (b) 

mineral surfaces obtained using aqueous solutions of methanol (data from Kelebek"') 

Sample P y,/mN.m- ' 
(a) 

sulphur I11 
sulphur I (crystal face) 
graphite I1 
molybdenite I (crystal face) 
talc I1 
sulphur I1 (disc) 
coal 
stibnite I1 
molybdenite I1 (disc) 
talc 111 (disc) 
stibnite 111 

alkyl group of chemisorbed xanthate on galena 
(b) 

methyl 
ethyl 

butyl 
pentyl 
hexyl 
decyl 

sodium oleate (this study) 

ProPYl 

magnesite and dolomite with 2.5 x M 

- 0.77 
- 0.48 
-0.47 
- 0.43 
-0.20 

0.05 
0.31 
0.33 
0.34 
0.50 
0.71 

0.3 
0.1 

-0.1 
-0.3 
-0.5 
- 0.6 
-0.8 

- 1.0 

31.5 
26.9 
33.4 
29.2 
29.0 
33.0 
35.5 
32.5 
41.7 
35.5 
39.5 

36.5 
32.8 
32.6 
31.4 
30.8 
27.0 
26.1 

27-28 
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WETTABILITY AND AGGREGATION 27 

At moderate concentrations of NaOl, i.e. below M NaOl, the predicted 
linear AT lines have not been confirmed. This must be connected with an irregular 
variation of ysL, for example, due to a dissolution of the hydrophobic coating by 
concentrated methanol solutions. There might be other reasons associated with the 
measurement of contact angles on compacted powders. Capillary penetration could, 
for example, be a factor. 

Aggregation Tests 

The aggregation behaviour of magnesite and dolomite fines evaluated by Ulo is 
shown as a function of surface tension of the methanol-water mixtures in Figure 6 
for entirely hydrophobic, and in Figure 7 for moderately hydrophobic, particles. 
For more detailed information the corresponding contact angles are shown as well. 

Over a certain surface tension range the aggregation drastically decreases for the 
entirely hydrophobic carbonates. The aggregationlnonaggregation transitions are 
directly related to the nonwettable/wettable transitions. Both these transitions 
may be characterized by yc of the carbonates determined from AT lines (Fig. 4 and 
Fig. 5 ) .  

AGsLs Implications 

When a hydrophobicity appears, AT<?, and AGSLS becomes negative and aggrega- 
tion is possible. As our intention is to show the correlation between aggregation 

- “I0 
mV 

2 

I 

I00 
8 

deg. 
- 
80 

60 

40 

20 

0 

FIGURE 6 
tension of the aqueous methanol solutions. 

Sedimentation (U,”) of maximally hydrophobized carbonates as a function of surface 
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FIGURE 7 Sedimentation (U,O) of moderately hydrophobized carbonates as a function of surface 
tension of the aqueous methanol solutions. 

and wettability of the carbonates, Figure 8 demonstrates the relationship. Within 
the framework of the theory (see Eq. (7)), we have plotted Ulo against A G S L S =  

2(yLv cos 8 - yc). Since this relation has been constructed for the maximally hydro- 
phobized carbonates with p =  - 1, Eq. (9) yields AGSLS=2(yc-yLV). From the 
figure we can see the aggregation of these suspensions really corresponds to its 
thermodynamically favourable condition, i. e. AGsLs<O for higher surface tensions 
of the methanol-water mixtures. The calculated AGSLS = 0, predicting no degree of 
aggregation, has also been confirmed experimentally when Ulo-O for yLv = yc. 

Of course, this dependence is not linear as expected because the Ulo parameter 
is not a direct measure of AGs,. Since the surfaces carrying the adsorbed oleate 
molecules that are responsible for their moderate hydrophobicity do not obey Eq. 
(4), due to some irregularities as mentioned above, the correlation between Ulo and 
AGsU was not satisfactory. 

Related Approaches 

In order to explain the effect of aggregation of fine polymer and coal particles in 
various binary liquid mixtures Vargha-Butler ef al. I3- l5  evolved a conception of 
suspension stability based on Eq. (6). They suggest, in accord with our concept, that 
aggregation between particles of the same kind embedded in a liquid is governed by 
the free energy of cohesion AGSLS.  Nevertheless, they have also combined Eq. (6) 
with the explicit Neumann’s relationship for ysL: 
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- "I0 
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-80 -40 0 
A%LS 
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FIGURE 8 Correlation between sedimentation (U,") and calculated AGSLS (Eq. (7)) parameters for 
the maximally hydrophobized carbonates. 

From the equation it is apparent that AGSLS, in contrast to our own approach, is 
always negative implying that there will always be an attraction between like parti- 
cles suspended in a liquid. This conclusion results from the fact that the numerator 
in Eq. (10) is positive in principle, regardless of whether ysv>yLv or ysv<yLv. In 
other words, such a concept does not allow one to consider negative interfacial 
tensions ysL as predicted by Eq. (6) for a repulsive interaction between hydrophilic 
surfaces. However, in the limiting case AGSLS = 0 when ysv = yLv, which assumption 
is congruent with that pointed out earlier. As a result, in a sedimentation volume 
experiment these authors observed an extremum in the sedimentation volume at 
YLV = YSV, varying YLV. 

CONCLUSION 

This study shows that: 

1. The expression for describing the relationship between the wettability and 
aggregation of fine minerals was confirmed partially. This expression assumes 
the interfacial tension ysL, reflecting interfacial interactions, to be the major 
driving force for both these phenomena. 

2. In order to confirm the presented approach there is a need to perform experi- 
ments on more definable systems. Especially, precise contact angle measure- 
ments are needed. 
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