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CHAPTER 7

SUMMARY AND CONCLUSIONS

The important findings of this study can be summarized as follows:

1) Surface force measurements relevant to flotation were conducted for the first time for

a sulfide mineral system.  An atomic force microscope (AFM) was used to measure

the surface forces between a cleaved covellite (CuS) plate and a hydrophobic glass

sphere (θ=109o) in xanthate solutions.  The latter may simulate the behavior of air

bubbles in flotation.  The force measurements were conducted in 10-3 M KEX

solutions.  Xanthate adsorption was controlled by controlling the potential applied to

the covellite electrode.  The measured forces cannot be fitted to the classical DLVO

theory due to the large hydrophobic forces created by the adsorption of xanthate.  A

power law, which is of the same form as the one used for the van der Waals force,

was used to represent the measured hydrophobic force.  Its force parameter K132,

which represents the interaction of covellite 1 and glass sphere 2 in aqueous solution

3, changes sharply with the electrochemical potential of the covellite electrode.  The

values of K132 obtained are 1.5×10-18, 4×10-18, 4×10-17 and 7×10-18 J at open circuit,

145, 445 and 595 mV (SHE), respectively.  The results of the force measurements

were supported by the cyclic voltammetry experiments conducted using a covellite

electrode in 10-3 M KEX solutions.  The results suggest that xanthate begins to

chemisorb on covellite at -270 mV (SHE). Additional xanthate adsorb above 250 mV

(SHE) in the form of copper ethyl xanthate and/or dixanthogen.  The potential at

which the hydrophobic force constant reaches a maximum corresponds to the

optimum potential for the flotation of covellite reported in the literature.

2) An atomic force microscope (AFM) was used to measure the surface forces between

a polished sphalerite plate and a hydrophobic glass sphere (θ=109o).  The force

measurements were conducted between copper-activated sphalerite and the

hydrophobic glass sphere in 10-3 M KEX solution as a function of pH.  At pH 9.2 the

measured forces cannot be fitted to the DLVO theory due to the presence of a long-
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range hydrophobic force.  The hydrophobic force could be fitted to a power law using

K132=3.0×10-18.  At pH 6.8, the force curves obtained with copper-activated sphalerite

in 10-3 M KEX solutions can be fitted to the DLVO theory.  There are no evidences

for hydrophobic force, which provides an explanation for the difficulty in floating

sphalerite at neutral pH.  At pH 4.6, the force curves obtained with copper-activated

sphalerite in 10-3 M KEX solutions showed the presence of hydrophobic forces that

can be fitted with K132=1.2×10-18 J.  Long-range hydrophobic forces were also

observed with copper-activated sphalerite at pH 4.6 in the absence of xanthate.  The

hydrophobic forces observed in the absence of collector may be due to the elemental

sulfur formed as a result of oxidation at acidic pH.

3) Force measurements were conducted between a polished hornblende plate and a

hydrophobic glass sphere in xanthate solutions to study the mechanism of inadvertent

activation of rock minerals.  The results show the presence of long range hydrophobic

forces only when the hornblende was activated by heavy metal ions such as Cu2+ or

Ni2+.   It was also found that this additional attractive force was observed only at

certain pH values of activation.  When the hornblende was conditioned at low pHs by

Cu2+ and Ni2+, the force data could be fitted to the DLVO theory. XPS studies

conducted on the hornblende surface showed that the activation of hornblende

occurred only at the same pH ranges where hydrophobic forces were observed.

Consideration of the species distribution diagrams suggest that the activation occurs

only at pH values equal and above the precipitation pH of the activating cation.

4) Force measurements were conducted: (i) between silanated silica surfaces (of varying

hydrophobicities) in Nanopure water, and (ii) between fully-silanated silica surfaces

(water contact angle=109o) in water-ethanol mixtures. The results of the force

measurements were compared with acid-base components of surface free energy

obtained using the Van Oss, Chaudhary and Good thermodynamic approach.  The

results suggest that as the acid-base components of the surface free energy (γS
AB) of

the solid surface decrease, θa increases, and so does the magnitude of the hydrophobic

force (K).  In fact, the strongest hydrophobic force (K=2×10-16 J) observed in the
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present work is between silanated silica surfaces whose γS
AB value is approximately

equal to zero.  However, when the K values obtained in ethanol/water mixtures were

plotted as functions of θa, it was observed that in the range 60o< θa<90o, the K values

were orders of magnitude higher than those obtained for case (i).  It has been argued

that the fully-silanated silica surfaces in case (ii) form domains of well-ordered

hydrocarbon chains of the surfactant molecules. Water molecules may adsorb on the

ordered domain of hydrocarbon tails, with unidirectional orientation.  This will create

large dipoles, whose dipole moments being proportional to the domain sizes. The

large dipoles may correlate with those on opposing surface to give rise to long-range

attractive forces.  The mechanism suggested here may also provide an explanation as

to why certain very hydrophobic surfaces such as Teflon and polystyrene do not

exhibit a long range attractive force.  These surfaces do not present well-ordered

hydrocarbon chains to the aqueous phase.

5) A mathematical model was developed for the correlation of the large dipoles formed

on opposing surfaces coated with surfactant molecules in aqueous media.  The model

is based on the premise that the attraction between the correlating dipoles may be the

origin of the hydrophobic forces measured in experiment.     An expression for the

hydrophobic force has been derived explicitly in terms of the dipole moment, the

domain size and the separation distance between the two interacting surfaces.  The

model was used to fit the hydrophobic forces measured as a function of the separation

distance between silanated silica surfaces by using the dipole moment as an

adjustable parameter and using the values of the domain sizes reported in the

literature.  The results show that the hydrophobic forces measured at contact angles

below approximately 90o can be adequately described by the model.  For surfaces

exhibiting higher contact angles, the measured hydrophobic forces can be fitted to the

model only at large separation distances.  As shorter separation distances, it is

necessary to include another mechanism, i.e., cavitation, to adequately fit the

measured hydrophobic forces.  It appears, therefore, that hydrophobic forces originate

from the attraction between the large dipoles correlating with each other, but at
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contact angles above 90o attraction due to cavitation also contributes significantly to

the hydrophobic force.


