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CHAPTER 4

Studies of the Mechanism of Rock Mineral Flotation at Clarabelle Mill

 

 
4.1 INTRODUCTION

 

 At the Clarabelle mill, significant amounts of rock minerals float inadvertently

during nickel and copper sulfide flotation, causing poor concentrate grades.  It is known

that the rock minerals that report to the concentrates are amphiboles and phyllosilicates.

However, the latter are found only on concentrates obtained by processing highly

altered ores.  The amphiboles, which occur as both primary and secondary minerals in

the Sudbury basin ores are double-chain ionosilicates containing hydroxyl (-OH)

groups.  The chemical composition of amphiboles may be represented by a general

formula [1]:

 A0-1B2C5T8O22(OH,F)2,

 where:

 A = Na+ or K+,

 B = Ca2+, Mn2+, Fe2+, Mg2+, or Li+,

 C = Mn2+, Fe2+, Mg2+, Fe3+, Al3+, or Ti4+, and

 T = Si4+ or Al3+.

 

 The amphiboles found in Sudbury basin include hornblende, hastinsite, zoisite,

actinolite, and tremolite.

 

 In order to identify the causes for the rock mineral flotation, fundamental studies

were undertaken at the Center for Coal and Mineral Processing (CCMP).  During the

first year of this investigation [2], the surface chemistry of an amphibole (hornblende)

was studied under conditions simulating the flotation process.  Three major findings
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were made.  First, heavy metal cations such as Cu2+, present in the mill water can

adsorb on the surface of hornblende.  Second, thiol collectors adsorb on hornblende, but

only after the mineral has been contacted with a solution containing the heavy metal

ions.  Third, the mineral contacted with the heavy metal ions and then subsequently

with xanthate renders the mineral surface hydrophobic, which may be the cause for the

rock mineral flotation.

 

 Thus, the first year of the investigation conducted at CCMP showed that the

rock mineral flotation is caused by the so-called inadvertent activation, which is a

generic phenomenon that has been recognized to be the major source of the difficulty in

achieving high degree of selectivity in many flotation processes.  For example, earlier

work done at CCMP showed that the pyrrhotite is inadvertently activated by the heavy

metal ions (i.e., Cu2+, Ni2+ and Ag+) present in the plant water at INCO [3].  As another

example, the work conducted at CCMP on behalf Cominco Limited showed that the

zinc loss to lead concentrate at the Red Dog mine is largely due to the inadvertent

activation of sphalerite by the Pb2+ ions present at the lead flotation circuit [4].

Although only a relatively small fraction of the mineral in question (e.g., rock mineral,

pyhrrotite, or sphalerite) may be inadvertently activated and floated, it can seriously

reduce the selectivity of the flotation process and make it difficult to market the

product.

 

 In general, one of the major driving forces for the activation mechanism is the

difference in the solubility product (pK).  The fact that copper sulfide is more insoluble

than zinc sulfide is the basis for activating sphalerite by Cu2+ ions [5].  (The pK=24.5

for ZnS, while pK=36.0 for CuS.)  The copper activation of pyhrrotite and lead

activation of sphalerite can also be explained likewise.  The copper activation of

hornblende was given the same explanation [2].  It was suggested that some of the

divalent cations in the mineral, e.g., B and C of the generic formula for amphiboles

given above may be substituted by the Cu2+ ions in solution.  The driving force for this
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substitution reaction would be the solubility difference.  For example, the pK values of

Ca(OH)2 and Ni(OH)2 are 5.33 and 16.14, respectively, while that of Cu(OH)2 is 18.8

[6].

 

 It is the objective of the present investigation to study the mechanism of the

inadvertent activation of rock minerals by measuring the surface forces relevant to

bubble-particle interactions.  All force measurements will be conducted using an atomic

force microscope (AFM).  Hornblende has been chosen as the representative rock

mineral present in nickel ore treated at the Clarabelle concentrator.  Force

measurements will be conducted using a polished hornblende plate and a hydrophobic

glass sphere.  The hydrophobic glass sphere may simulate the behavior of air bubbles in

flotation [7-9].

 

 Surface forces measured using the AFM are routinely analyzed using the DLVO

theory [10,11]:

 

 de FFF += ,  [1]

 

 in which Fd is the London-van der Waals dispersion force and Fe is the ion-electrostatic

force.  The magnitude of the former is represented by the Hamaker constant (A), while

that of the latter is represented by the double-layer potential (ψ).  It is well known,

however, that the DLVO theory is applicable only to those colloidal particles which are

weakly hydrophobic [12].  For strongly hydrophobic surfaces, it is necessary to extend

the theory by including the contributions from the hydrophobic forces (Fh):

 

 hde FFFF ++= [2]
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 which is referred to as extended DLVO theory.  The additional attractive force term can

be conveniently described by a power law [13-14]:

 

 26H
KR

Fh −= , [3]

 

 in which R is the radius of curvature of the spherical (or cylindrical) object used for

direct force measurement, H is the closest distance separating the two surfaces, and K is

a constant.  Eq. [3] is of the same form as the one commonly used for the dispersion

force.  This allows K to be directly compared with the Hamaker constant (A).

 

 The results of the force measurements will be supported by other experimental

techniques such as contact angle measurement and x-ray photo-electron spectroscopy

(XPS).  The effect of both Ni2+ and Cu2+ ions on the inadvertent activation phenomena

as a function of pH will be studied.  It is hoped that the results will suggest a simple

solution to the problem of inadvertent activation.

 

 
4.2 EXPERIMENTAL

4.2 a Materials

 Hornblende (Ca2(Mg,Fe)5(OH)2(Al,Si)8O22) was chosen as the representative

rock mineral.  Specimen grade hornblende was obtained from Wards Scientific, and

wet-polished polished for surface force measurements.  Glass spheres were obtained

from Duke Scientific, hydrophobized by octadecyltrichlorosilane (OTS), and used for

the force measurements.  The OTS was obtained from Aldrich Chemical Company at

95% purity and used without further purification.  The glass spheres, as received, were

reacted with OTS in HPLC grade cyclohexane, which was obtained from Aldrich

Chemical Company.  Flinn, et al. [15] described the process of hydrophobizing glass
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spheres in detail.  The cyclohexane was dried overnight over 3-12 mesh Davidson 3-A

molecular sieves before use.

 All experiments were conducted using conductivity water produced from a

Barnstead Nanopure II water purification system. The pH of the solutions were adjusted

by adding aliquots of reagent grade NaOH and/or HCl solutions.  The KEX used in the

present work was obtained by dissolving an industrial-grade reagent in acetone and

recrystallyzing it in ether.

 

4.2 b Apparatus and Procedure

Polishing

The hornblende specimens were polished in a method as suggested by Drelich et

al [17].  Each hornblende specimen was polished first on 600 grit silicon carbide paper

and, then, on 3-micron Buehler silicon carbide paper.  The final polishing was done on

Buehler polishing cloth using an aluminum oxide (30 nm) suspension.  The polished

surfaces were then cleaned by placing in an ultrasonic bath for five minutes after which

they were rinsed in ethanol and dried by blowing nitrogen.  The AFM images of the

polished hornblende samples showed a maximum peak to valley roughness of 10 nm

over a scan area of 400×400 nm2.

Force Measurement

Surface force measurements were conducted using a Digital Instruments

Nanoscope III atomic force microscope (AFM) that was equipped with a standard liquid

cell.  For each experiment, a hydrophobized glass sphere was glued to the end of an

AFM cantilever spring by means of Epon-R Resin 1004F from Shell Chemicals

Company.  When the measurements were conducted in Nanopure water, standard

triangular silicon nitride (Si3N4) cantilevers (0.1≤ k ≤0.32 N/m) were used.  To measure
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strong attractive forces, rectangular TESP cantilevers (25≤ k ≤35 N/m) were used.  They

were calibrated using the technique described by Senden and Ducker [17].

Surface Analysis

The hornblende samples treated under different conditions were subjected to

XPS analysis.  A Perkin-Elmer ESCA PHI 5400 spectrometer was used.  Before each

experiment, a hornblende specimen was wet-polished, washed with ethyl alcohol, and

rinsed with de-ionized water.  The polished sample was immersed in a solution

containing the desired heavy metal ions of known concentration for 24 hours.  After the

activation, the hornblende sample was rinsed with deionized water and dried by

blowing nitrogen gas on the sample surface before the XPS analysis.

Contact Angle Measurements

 

 The sessile drop technique was used to measure the equilibrium contact angles

of water on the polished hornblende surfaces.  The measurements were conducted on

metal ion activated hornblende samples both in the presence and absence of 10-3 M

KEX.

 The contact angle of the hydrophobized glass sphere was determined by

conducting the measurement on a glass plate that had been hydrophobized in the same

OTS solution as that used for the glass sphere.  The sessile drop technique was used for

the measurement.

 The sessile drop technique was also used to measure the contact angle of

methylene iodide on a polished hornblende surface.  The result was used to calculate the

Hamaker constant of the mineral [18,19].

 

 
4.3 RESULTS
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 Figure 4.1 shows the results of the surface force measurements conducted

between a polished hornblende plate and a hydrophobized glass sphere in Nanopure

water.  Before each experiment, the polished hornblende was rinsed with ethanol and

dried using nitrogen gas.  The water contact angle (θ) of the polished hornblende plate,

as measured by the sessile drop technique, was 24o (Table 4.1).  In Figure 4.1, the

measured forces (F), normalized by the radius of the sphere (R), are plotted versus the

separation distance (H).  The solid line in Figure 4.1 represents a DLVO fit (constant

charge model [21]) to the data using the following parameters: ψ1=-60 mV, ψ2=-60 mV

and κ-1=42.4 nm, where ψ1 is the surface potential of hornblende, ψ2 the surface

potential of the hydrophobic glass sphere and κ-1 is the Debye length.  The contribution

from the London van der Waals force (Fd) was calculated using A132=0.90×10-20 J.

Note that the force data presented in Figure 4.1 are for the interaction between

two dissimilar surfaces, i.e., two surfaces interacting with unequal but constant charge

densities.  This means that the data cannot be fitted to the theory assuming that there

exists only one set of unique double layer potential values [21-23].  Therefore, to avoid

any ambiguity, the surface potential of at least one of the surface should be known a

priori before the data can be meaningfully fitted to the DLVO theory [21-23].  In the

present case the surface potential of the OTS-coated glass surface was determined as

follows: Force measurements were conducted between hydrophilic silica/silica surfaces

for a given pH in 10-3 M KEX solution.  The force data were fitted to the DLVO theory

to obtain the values of the surface potential.  The surface potential values for the OTS-

coated glass sphere were assumed to be the same as that obtained from force

measurements of hydrophilic silica, for a given experimental condition.  This is a well-

justified assumption since silanation is not known to change the surface potential of

silica [24].  Note that the OTS coated surfaces were not directly used since the

interaction results in strong net hydrophobic forces that cannot be fitted to the DLVO

theory [13,14].  In the rest of this communication, for a given experimental condition,

the procedure outlined above has been adopted to determine the surface potential of the
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OTS-coated glass sphere.

It needs to be pointed out that the London van der Waals force (Fd) was

calculated using A132 (Hamaker constant) = 0.90×10-20 J.  Here, the value of A132

represents the van der Waals interaction between the hornblende plate 1 and the glass

sphere 2 in an aqueous medium 3.  Its value was determined using the combining law

[25]:

[4]

where A131 is the Hamaker constant for the interaction between two hornblende surfaces

in an aqueous medium and A232 is the same between two glass surfaces.  The value of

A131 was obtained from the methylene iodide contact angle (12o) determined in the

present work, while the value of A232(=0.8×10-20 J) was taken from the literature [26].

 

 An interesting observation from Figure 4.1 is that although the force data are

well described by the DLVO theory at large separations, there exists an extraneous

repulsive force at short separation distance (H<3 nm) which cannot be accounted for by

the DLVO theory.  It is believed that the surface roughness associated with the

interacting surfaces effectively reduces the dispersion forces well below the sensitivity

of the AFM, so that no jump into primary contact is observed [27,28].  At longer

separation distances, however, the force data can be fitted to the DLVO theory.

 

 Figure 4.2 shows the results of direct force measurements conducted between a

polished hornblende surface and a hydrophobic glass sphere in 10-3 M KEX solution.

The solid line in Figure 4.3 shows a DLVO fit to the force data.  The force data could

be fitted to the DLVO theory (constant charge model) using the following parameters:

ψ1=−60 mV, ψ2=−50 mV, κ-1=8.8 nm and A132 = 0.90×10-20 J.  Note that the value of

κ−1 obtained in the 10-3 M KEX solution is substantially lower than in Nanopure water.

232131132 .AAA =
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This observation can be attributed to the double-layer compression in the high

electrolyte (xanthate) solution.  As shown, the force data deviate from the DLVO theory

only at short separation distances (H<3 nm).  As noted earlier, this deviation is

attributed to the surface roughness of the polished hornblende surface.  At longer

separation distances, however, the forces can be fitted to the DLVO theory.  The

absence of any additional attractive force suggests that the surface of the hornblende

remains hydrophilic even after the addition of 10-3 M KEX.  This is also supported by

the results of the contact angle measurements.  As shown in Table 4.1, the water contact

angle did not increase in the presence of 10-3 M KEX.  Therefore, it can be safely

concluded that the inadvertent flotation of rock minerals is not due to the adsorption of

xanthate on the hornblende surface.

 

 Figure 4.3 shows two force curves obtained for the interaction between a

polished hornblende and a hydrophobic glass sphere (θ=109o) in a 10-3 M KEX

solution.  The upper force curve shows the results obtained with hornblende activated

for 24 hours in a 10-3 M CuSO4 solution at pH 3.0.  The force data obtained at short

separation distances cannot be fitted to the DLVO theory most probably due to the

surface roughness.  At distances greater than approximately 3 nm, however, the data can

be fitted to the DLVO theory using the following parameters: ψ1=−50 mV, ψ2=−30 mV,

κ-1=9.8 nm and A132=0.90×10-20 J.  There is no need to use the extended DLVO theory,

which incorporates a hydrophobic force term.  Furthermore, the contact angle remains

the same (θ=24o) as in Nanopure water (see Table 4.1).  It may be concluded, therefore,

that the hornblende surface is hydrophilic at pH 3.0, which in turn suggests that the Cu2+

ions do not activate the mineral at this pH.  It is not likely that the lack of

hydrophobicity is due to the decomposition of xanthate ions, which are known to be

unstable in acidic solutions [29,30].  Since the measurements were conducted

immediately after the injection of a fresh xanthate solution, substantial amount of the

xanthate ions would still be in solution at the time of force measurements.  The fact that

the Debye length (κ-1) is only 9.8 nm also indicates that the solution was of high ionic
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strength (due to the presence of the xanthate ions).  Furthermore, the XPS data show

that Cu2+ ions do not adsorb on hornblende, as will be shown later.

 

 The lower force curve in Figure 4.3 shows the results obtained with a

hornblende specimen that had been activated in a 10-3 M CuSO4 solution for 24 hours at

pH 5.6 before contacting a 10-3 M KEX solution.  The measured forces were net-

attractive, indicating the presence of hydrophobic force not considered in the DLVO

theory.  Therefore, the data have been fitted to the extended DLVO theory (Eq. [2],

which incorporates a hydrophobic force term (Eq. [3]).  The force parameters used for

the fit include the following: ψ1=−50 mV, ψ2=−30 mV, κ-1=9.8 nm, A132=0.90×10-20 J

and K132=9×10-19 J.  Note that the hydrophobic force constant is 100-times larger than

the Hamaker constant representing the magnitude of the dispersion force.  The presence

of hydrophobic force was also evidenced by the increase in water contact angle from

24o in Nanopure water to 42o in the presence of Cu2+ ions.

 

 From the value of K132 (=9×10-19 J) obtained from the force measurement, one

can use the combining law [14,31]:

 

  [5]

 

 to calculate the hydrophobic force constant (K131) for the symmetric interactions

between two hornblende surfaces to be 0.41×10-20 J.

 

 Figure 4.4a shows the results of the force measurements conducted in a 10-3 M

KEX solution after activating hornblende in a 10-3 M CuSO4 solution at pH 9.2 for 24

hours.  The force data obtained at H> 3 nm have been fitted to the extended DLVO

theory (solid line) with ψ1=-70mV, ψ2=-60 mV, κ-1=9.5 nm, A132=0.90×10-20 J, and

K132=2.0×10-20 J, while those obtained at longer distances deviate from the theory.  Also

shown are the curves representing the electrostatic (Fe), dispersion (Fd) and

232131132 KKK ×=
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hydrophobic (Fh) forces, which constitute the extended DLVO theory (Eq. [3]).  Of the

two attractive force components, Fh is much stronger than Fd.  However, the

hydrophobic force is not strong enough to sufficiently reduce the force barrier (which is

represented by the height of the extended DLVO force curve) to obtain net-attractive

force curve.  Therefore, the rock mineral flotation would be less favorable at pH 9.2

than at pH 5.6.

 

 It should be noted here that the value of ψ1 (=-70 mV) that was used to fit the

force data shown in Figure 4.4a was obtained from the force curve (Figure 4.4b)

obtained for the interaction of hornblende and hydrophilic silica glass sphere in 10-3 M

KEX at pH 9.2.  The hornblende was activated in a 10-3 M CuSO4 solution at pH 9.2

prior to force measurements.  The force data obtained at H>3 nm have been fitted to the

DLVO theory with ψ1=-70 mV, ψ2=-60 mV, κ-1=9.5 nm, and A132=0.90×10-20 J, while

the data obtained at shorter distances deviate from the theory due to surface roughness.

Figure 4.5 shows the effect of pH on the activation of hornblende by Ni2+ ions.

The upper force curve was obtained in a 10-3 M KEX solution after activating the

mineral in a 10-3 M NiSO4 solution for 24 hours at pH 5.6.  The solid line represents a

DLVO fit of the data with ψ1=−62 mV, ψ2=−50 mV, κ-1 =9.5 nm, and A132=0.90×10-20

J.  As shown, the force data deviate from the theory at short separation distances (H<3

nm), most probably due to the roughness of the hornblende surface.  At longer

separation distances, however, the data can be fitted to the classical DLVO theory,

indicating that there is no hydrophobic force.  This finding plus the fact that the water

contact angle was only 24o (Table 4.2) suggest that hornblende is not activated at pH

5.6.

 

 The lower force curve of Figure 4.5 represents the results obtained in a 10-3 M

KEX solution after activating a hornblende in a 10-3 M NiSO4 solution for 24 hours at

pH 7.0.  A net attractive force curve was obtained, indicating the presence of
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hydrophobic force not considered in the DLVO theory.  Therefore, the experimental

data have been fitted to the extended DLVO theory with the following

parameters: ψ1=−62 mV, ψ2=−50 mV, κ-1=9.1 nm, A132=0.90×10-20 J, and K132=8×10-19

J.  Note that the hydrophobic force constant (K132) for the asymmetric interaction is 89-

times stronger than the corresponding Hamaker constant (A132).  The appearance of the

hydrophobic force is also evidenced by the increase in water contact angle from 24o to

40o.  These results show that hornblende is strongly activated by Ni2+ ions at pH 7.0.

Using the combining law, one obtains the value of the symmetric hydrophobic force

constant (K131) to be 0.32×10-20 J from the value of K132 determined from the force

curve.

 

 Figure 4.6a shows the results of the AFM force measurements conducted in a

10-3 M KEX solution at pH 9.2.  The hornblende had been activated in a 10-3 M NiSO4

solution at pH 9.2 for 24 hours.  The solid line represents an extended DLVO fit with

ψ1=−70 mV, ψ2=−60 mV, κ-1=9.5 nm, A132=0.90×10-20 J, and K132=1.5×10-19 J.  The

data obtained at H<3 nm deviate from the theory due to the surface roughness.  Also

shown in Figure 4.6a are the Fe, Fd and Fh components of the extended DLVO theory

(Eq. [3]).  Although Fh is much stronger than Fd, it is not strong enough to counter-

balance Fe and give a net-attractive force curve.  Due to the presence of the energy

barrier, it would be more difficult to float hornblende at pH 9.2 than at pH 7.0.  This

observation suggests that hornblende is not as readily activated by the Ni2+ ions at pH

9.2 as at pH 7.0.  The water contact angle of the hornblende specimen was only 35o

(Table 4.2), which is consistent with the appearance of the relatively weak hydrophobic

force.  The value of ψ1 (=−70 mV) used to fit the data shown in Figure 4.6a have been

obtained form the force data (Figure 4.6b) obtained for the interaction of nickel

activated hornblende and a hydrophilic glass sphere in 10-3 M KEX at pH 9.2.

 

 Figure 4.7 shows the wide-scan XPS spectra of a polished hornblende surface,

which was conditioned in Nanopure water for 24 hours in the absence of heavy metal
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ions.  It shows the presence of magnesium (51.5 eV) and calcium (346.5 eV) on the

surface, which is consistent with the chemical formula of the hornblende

(Ca2(Mg,Fe)5(OH)2(Al,Si)8O22).

 

 Figure 4.8 shows the wide-scan XPS spectra for the hornblende sample

conditioned in 10-3 M CuSO4 solution at pH 3.0 for 24 hours.  It is not significantly

different from that of unactivated hornblende shown in Figure 4.7, indicating that the

Cu2+ ions do not adsorb on hornblende in the acidic pH.  Figure 4.9a shows the wide-

scan XPS spectra obtained for a hornblende sample conditioned at pH 5.6.  The copper

concentration and the activation time were the same as those employed at pH 3.0.  It

shows two copper peaks at 933 and 953 eV.  Figure 4.9b shows a narrow scan in this

region, which shows the Cu2p3/2 and Cu2p1/2 spectra at 933.6 and 953.6 eV, respectively.

The shoulder near 945 eV is characteristic of copper oxide/hydroxide.  The XPS data

shown in this section clearly show that hornblende is activated by copper at pH 5.6 but

not at 3.0.  These results are consistent with the conclusions of the AFM force

measurements.

 

 Figure 4.10a shows the wide-scan XPS spectra of a hornblende specimen

conditioned in a 10-3 M CuSO4 solution for 24 hours at pH 9.2.  It shows two copper

peaks at 853 and 871 eV.  A narrow-scan in this region (Figure 4.10b) shows the Cu2p3/2

and Cu2p1/2  spectra characteristic of copper oxide/hydroxide.  Comparison of the spectra

obtained at pH 5.6 and 9.2 show that the amount of copper adsorbed on hornblende is

significantly less at the higher pH.  This finding is consistent with those made with the

AFM force measurements

 

 Figure 4.11 shows the wide-scan spectra of the hornblende sample that was

conditioned in a 10-3 M NiSO4 solution at pH 5.6 for 24 hours.  The spectra are the

same as those obtained with unactivated hornblende (Figure 4.7), indicating that nickel

does not activate hornblende at this pH.  Figure 4.12a shows the spectra of a hornblende
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specimen conditioned in the same solution at pH 7.0 for 24 hours.  It shows two peaks

at 853 eV and 871 eV, which are characteristic of the adsorbed nickel ions.  A narrow-

scan in this region (Figure 4.12b) shows Ni2p3/2 and Ni2p1/2  spectra at 853.3 eV and

871.7 eV, respectively.  The shoulder in the vicinity of 858 eV indicates that the

adsorbed species are in the form of hydroxide/oxide.  These results show that

hornblende is strongly activated by nickel ions at pH 7.0.

 

 Figure 4.13a shows the wide-scan XPS spectra of a hornblende specimen

conditioned in a 10-3 M NiSO4 solution for 24 hours at pH 9.2.  It shows two nickel

peaks at 853 and 871 eV.  A narrow-scan in this region (Figure 4.13b) shows the Ni2p3/2

and Ni2p1/2  spectra characteristic of nickel oxide/hydroxide.  Comparison of the spectra

obtained at pH 7.0 and 9.2 show that the amount of nickel adsorbed on hornblende is

significantly less at the higher pH.  This finding is consistent with those made with the

AFM force measurements.

 

 
4.4 DISCUSSION

 In the present work, surface force measurements were conducted between a

hydrophobic glass sphere (whose contact angle is 109o) and polished hornblende plates

using an AFM.  The hydrophobic glass sphere represents an air bubble used in flotation,

and the hornblende represents the rock mineral present in the Clarabelle flotation

circuit.  The results of the force measurements may, thus, provide the fundamental

information relevant to: i) the bubble-particle interactions occurring during flotation in

general, and ii) the problems associated with the rock mineral flotation.

 

 One of the most important conclusions obtained from the AFM force

measurements was that hornblende becomes hydrophobic in the presence of xanthate.

However, the hydrophobization was observed only after the mineral had been activated
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by the heavy metal ions (i.e., Cu2+ and Ni2+ ions) tested in the present work.  It may be

logical, therefore, to speculate that the heavy metal ions adsorb on the hornblende

surface and react with the xanthate ions present in solution, thereby rendering the

surface hydrophobic.  Thus, the process of heavy metal ion adsorption may be

considered as an activation process, which is similar to the copper activation of

sphalerite.

 

 Hornblende (Ca2(Mg,Fe)5(OH)2(Al,Si)8O22) may be considered to be a complex

oxide/hydroxide.  One of its more soluble components may be the oxy-hydroxides of

calcium, magnesium and iron.  It is possible that the cations of these more soluble

oxyhydroxides are substituted (or activated) by the heavy metal cations present in the

flotation pulp.  Simplistic activation mechanisms may be written as follows:

 

 Ca(OH)2(s) + Cu2+
(aq) = Cu(OH)2(s) + Ca2+

(aq)  (∆Go=-80.2 kJ/mole)  [6]

 

 Mg(OH)2(s) + Cu2+
(aq) = Cu(OH)2 + Mg2+

(aq) (∆Go =-46.6 kJ/mole) [7]

 

 Fe(OH)2(s) + Cu2+
(aq) = Cu(OH)2(s)  + Fe2+

(aq) (∆Go =-17.5 kJ/mole)  [8]

 

 Likewise, one can write possible activation mechanisms for Ni2+ ions as follows:

 

 Ca(OH)2(s) + Ni2+
(aq) = Ni(OH)2(s) + Ca2+

(aq) (∆Go =-61.7 kJ/mole) [9]

 

 Mg(OH)2(s) + Ni2+
(aq) = Ni(OH)2(s) + Mg2+

(aq) (∆Go =-28.1 kJ/mole) [10]

 

 Fe(OH)2(s) + Ni2+
(aq) = Ni(OH)2(s) + Fe2+

(aq) (∆Go =-1.03 kJ/mole) [11]

 

 The ∆Go values have been calculated based on the thermodynamic data taken from

reference (6).  Since the data are not for surface compounds, the changes in the standard



 

99

free energies associated with the actual activation mechanisms may be considerably

different.  One can see, nevertheless, that the proposed activation mechanisms are

thermodynamically possible.  The free energy data suggest that of the two heavy metal

ions studied in the present investigation, Cu2+ ions are more potent activators than Ni2+

ions.  They also suggest that for a given heavy metal ion activator, the order of the

cations of the more soluble oxyhydroxides that are displaced would be:

Ca2+>Mg2+>Fe2+.

 

 All three experimental techniques employed in the present work, i.e., AFM force

measurements, contact angle measurements, and XPS analysis, showed that the

activation mechanism is pH-dependent.  Figures 4.14 and 4.15 summarize the results of

the surface force and contact angle measurements.  In the presence of 10-3 M CuSO4

(Figure 4.14), both the contact angle (θ) and asymmetric hydrophobic force constant

(K132) reaches maxima at pH 5.6.  In the presence of 10-3 M Ni(SO)4 (Figure 4.15), the

maxima occur at pH 7.0.

 

 The species distribution diagrams given in Figures 4.16 and 4.17 may be useful

for explaining the results given in Figures 4.14 and 4.15.  The diagrams have been

constructed based on the thermodynamic data taken from reference (6).  Note that the

two activation products, i.e., Cu(OH)2 and Ni(OH)2, are unstable in acidic pHs.

Therefore, reactions [6]-[11] should not proceed to the right, i.e., no activation.

According to the distribution diagrams, Cu(OH)2 and Ni(OH)2 become stable at pHs

above 6.1 and 7.3, respectively.  One may, thus, expect the copper and nickel activation

to be possible above these critical pH values.  Note, however, that the concentrations of

the two activating species (i.e., Cu2+ and Ni2+) decrease with increasing pH, which

should make it difficult to activate hornblende with increasing pH.  Thus, the activation

of this rock mineral should be most favored at or near the critical pHs.

 

 The experimental results given in Figures 4.14 and 4.15 are consistent with the
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implications of the distribution diagrams.  The values of K132 are zero at pH 3.0 and 5.6

in the presence of 10-3 M Cu2+ and Ni2+ ions, respectively.  At these pHs, it is not

possible to form the activation products, i.e., Cu(OH)2 and Ni(OH)2, as they are

unstable.  The most stable species are Cu2+ and Ni2+ ions, which means that these two

ionic species prefer to stay in solution, rather than forming activation products.  As the

pH approaches the critical pHs (i.e., 6.1 and 7.3 for copper and nickel activation

systems, respectively), both K132 and θ reaches maxima.  At these pHs, the activation

products are stable and the concentrations of the two activating species (i.e., Cu2+ and

Ni2+ ions) reach maxima.  As the pH increases further, the concentration of the two

activating species decrease, causing a decrease in both K132 and θ.

The proposed mechanisms discussed in the foregoing paragraphs suggest

possible solutions to the problems of the rock mineral flotation.  One obvious solution

would be to use a simple pH control.  By keeping the pH in the acidic or alkaline

region, it would be possible to totally avoid activation or minimize it.  It is difficult to

conduct sulfide flotation in acidic circuits due to the instability of xanthates and poor

selectivity.  Flotation in highly alkaline circuits may be more practicable.  A pH control

with lime would be particularly useful, because high concentrations of Ca2+ ions in

solution should shift reactions [6] and [9] to the left, thereby preventing activation.

4.5 SUMMARY AND CONCLUSIONS

It was found that certain rock minerals (amphiboles) float inadvertently in the

main flotation circuit of the Clarabele Mill.  It was the primary objective of the present

investigation to identify possible causes for the flotation of these rock minerals.  In the

previous year of this project, it was found that the activation of hornblende by Cu2+ ions

and subsequent adsorption of thiol collector, causes the inadvertent flotation of rock

minerals.  Direct force measurements conducted between hornblende and a hydrophobic
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glass sphere in xanthate solution showed the presence of long-range hydrophobic forces

when the hornblende was activated by copper ions.  Also, there existed an extraneous

repulsive force at short-range whose origin was unclear.

The present study was aimed at studying the problem of activation

comprehensively by using both Ni2+ and Cu2+ ions as activators.  The effect of pH on

activation of hornblende was also studied.  The objective of this study was to come up

with a simple solution to the problem of inadvertent activation.

An atomic force microscope was used to measure the interaction forces between

a polished hornblende plate and a hydrophobic glass sphere in 10-3 M KEX solutions.

The hydrophobic glass sphere may simulate an air bubble during flotation. The results

show that there exists an attractive hydrophobic force, not accounted for by the DLVO

theory, when hornblende was activated by heavy metal cations like Cu2+ and 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.  The force data was supported

by contact angle measurements.

XPS studies conducted on the hornblende surface showed that the activation of

hornblende occurred at only the same pH ranges where hydrophobic forces were

observed. Also, the surface product after activation was found to be the corresponding

metal-hydroxides of the activating cation.

The activation mechanism may involve substitution of the cations of the more

soluble oxyhydroxides (e.g., Ca(OH)2, Mg(OH)2 and Fe(OH)2) of the rock minerals by

the heavy metal ions (e.g., Cu2+ and Ni2+ ions) present in solution.  Thus, the activation

products formed on the hornblende surface may be Cu(OH)2 and Ni(OH)2.  The XPS

analysis showed indeed that the heavy metal ions found on the surface are in the form of
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oxides/hydroxides.

Thermodynamic analyses conducted in the present work suggested that of the

two heavy metal ions studied in the present work, the Cu2+ ions are more potent

activators than the Ni2+ ions.  They also suggested that for a given metal ion activator,

the cations are displaced from the surface of hornblende in the order of

Ca2+>Mg2+>Fe2+.

The proposed activation mechanism provides an explanation for the observation that

the rock mineral flotation is sensitive to pH.  That AFM force measurements did not

exhibit hydrophobic forces in acidic solutions may be attributed to the fact that both

Cu(OH)2 and Ni(OH)2 are unstable in acidic solutions.  Thus, the rock mineral

activation can occur at pHs higher than the critical pH of precipitation.  As the pH

increases further, however, the concentration of the activating species decreases.

Therefore rock mineral flotation should be most favored at the critical pH of

precipitation.

The proposed mechanism also suggests possible solutions to the rock mineral

flotation.  First, one can keep the pH below the critical pH of precipitation, so that rock

minerals are prevented from being activated.  Second, one can increase the pH as high

as possible so that the concentration of the activating species (e.g., Cu2+ and Ni2+ ions)

in solution decreases, and thereby minimize the activation process.  Third, it should be

possible to reverse the activation reaction by increasing the concentration of the cations

(i.e., Ca2+, Mg2+, and Fe2+ ions) that are displaced as part of the activation mechanism.

This can be readily achieved by using dolomitic lime, which can also meet the

requirement of the second possible solution noted above.  Finally, one can use

appropriate reagents that can remove heavy metal ions from the hornblende surface.

Diethylenetriamine (DETA) may be a possible complexing agent.
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 Table 4.1.  Effects of Copper Activation on the Contact Angle and Hydrophobic
Force Constants of Hornblende

Solution
Condition pH

Equilibrium
Contact Angle

Hydrophobic Force
Constants*

 (θ ) K132 x1019 J K131 x1020  J

Nanopure Water 5.6 24o - -
10-3 M KEX 5.6 24o - -
10-3 M Cu2+ 5.6 24o - -

10-3 M Cu2++10-3 M KEX 5.6 42o 9.0 0.41
10-3 M Cu2++10-3 M KEX 9.2 35o 2.0 0.02
10-3 M Cu2++10-3 M KEX 3.0 24o - -

*A132=0.90×10-20 J and A131=0.99×10-20 J

Table 4.2.  Effects of Nickel Activation on the Contact Angle and Hydrphobic
Force Constants of Hornblende

Solution
Condition pH

Equilibrium
Contact Angle

Hydrophobic Force
Constants*

 (θ ) K132 x1019 J K131 x1020  J

10-3 M Ni2+ 5.6 24o - -
10-3 M Ni2++10-3 M KEX 5.6 24o - -
10-3 M Ni2++10-3 M KEX 7.0 40o 8.0 0.32
10-3 M Ni2++10-3 M KEX 9.2 35o 1.5 0.01

*A132=0.90×10-20 J and A131=0.99×10-20 J
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Figure 4.1.  Results of the AFM force measurements conducted between a polished
hornblende (θ=24o) and a hydrophobic glass sphere (θ=109o) in Nanopure
water.  The solid line represents a DLVO fit to the data using the following
parameters: ψ1 for hornblende =−60 mV; ψ2 for hydrophobic glass sphere
=−60 mV, κ-1 = 42.4 nm and A132= 0.9×10-20 J.  The results show that the
force data deviate at short separation distances (H<3 nm).
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Figure 4.2.  Results of the AFM force measurements conducted between a polished
hornblende and a hydrophobic glass sphere in 10-3 M KEX solution.  The
solid line represents a DLVO fit to the data using the following parameters:
ψ1 for hornblende =−60 mV; ψ2 for hydrophobic glass sphere=−50 mV, κ-1

= 8.8 nm and A132= 0.90×10-20 J.  The decrease in the debye length is due to
the double layer compression that occurs due to the addition of xanthate.
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Figure 4.3.  Results of the AFM force measurements conducted between a polished
hornblende and a hydrophobic glass sphere (θ=109o) in 10-3 M KEX
solution when: i) ο, the hornblende was conditioned in 10-3 M CuSO4

solution for 24 hours at pH 3.0 before conducting force measurements, ii)
l, the hornblende was conditioned in 10-3 M CuSO4 solution for 24 hours
at pH 5.6 before conducting force measurements.  The force data obtained
for hornblende conditioned in copper solution at pH 3.0 can be fitted to the
DLVO theory using ψ1 (hornblende) = −50 mV, ψ2 (silica) =−30 mV, κ-1

=9.8 nm and A132 =0.9×10-20 J.  However, force measurements obtained for
hornblende conditioned in copper solution at pH 5.6 show a strong
attractive force not accounted for by the DLVO theory.  The data have been
fitted to the extended DLVO theory (Eq.3) using K132 =9×10-19 J.
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Figure 4.4a.  Results of the AFM force measurement obtained for the interaction of a
polished hornblende plate and a hydrophobic glass sphere in 10-3 M KEX
solution.  The hornblende was conditioned in 10-3 M CuSO4 solution at pH
9.2 for 24 hours before conducting force measurements.  The data have
been fitted to the extended DLVO theory using the following parameters:
ψ1 for hornblende = −70 mV, ψ2 for the glass sphere = −60 mV, κ-1= 9.5
nm, A132 = 0.90×10-20 J and K132 = 2.0×10-19 J.  The data deviate from the
DLVO theory at short separation distances (H<3 nm), possibly due to the
surface roughness of the hornblende.  The figure also shows the individual
contributions from the ion-electrostatic force (Fe), the van der Waals force
(Fd) and the hydrophobic force (Fh).
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Figure 4.4b.  Results of the AFM force measurement obtained for the interaction of a
polished hornblende plate and a hydrophilic glass sphere at pH 9.2 in 10-3

M KEX solutions.  The hornblende was conditioned in 10-3 M CuSO4

solution at pH 9.2 for 24 hours before conducting force measurements.
The data have been fitted to the DLVO theory using the following
parameters: ψ1 for hornblende = −70 mV, ψ2 for the glass sphere = −60
mV, κ-1=9.5 nm and A132 = 0.90×10-20 J.  The data deviate from the DLVO
theory at short separation distances (H<3 nm), possibly due to the surface
roughness of the hornblende.  No additional attractive force was observed.
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Figure 4.5.  Results of the AFM force measurements conducted between a polished
hornblende and a hydrophobized glass sphere in 10-3 M KEX solution
when: i)n, the hornblende was conditioned in 10-3 M NiSO4 solution for 24
hours at pH 5.6 before conducting force measurements, and ii) l, the
hornblende was conditioned in 10-3 M NiSO4 solution for 24 hours at pH
7.0 before conducting force measurements.  The force data obtained for
hornblende conditioned in copper solution at pH 3.0 can be fitted to the
DLVO theory using ψ1 (hornblende) = −62 mV, ψ2 (silica) =−50 mV, κ-1

=9.5 nm and A132 =0.9×10-20 J.  However, force measurements obtained for
hornblende conditioned in nickel solution at pH 7.0 show a strong attractive
force not accounted for by the DLVO theory.  The data have been fitted to
the extended DLVO theory (Eq.3) using K132 =8×10-19 J.
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Figure 4.6a.  Results of the AFM force measurement obtained for the interaction of a
polished hornblende plate and a hydrophobic glass sphere in 10-3 M KEX
solution.  The hornblende was conditioned in 10-3 M NiSO4 solution at pH
9.2 for 24 hours before conducting force measurements.  The data have
been fitted to the extended DLVO theory using the following parameters:
ψ1 for hornblende = −70 mV, ψ2 for the glass sphere = −60 mV, κ-1= 9.5
nm, A132 = 0.90×10-20 J and K132 = 1.5×10-19 J.  The data deviate from the
DLVO theory at short separation distances, possibly due to the surface
roughness of the hornblende.  The figure also shows the individual
contributions from the ion-electrostatic force (Fe), the van der Waals force
(Fd) and the hydrophobic force (Fh).
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Figure 4.6b.  Results of the AFM force measurement obtained for the interaction of a
polished hornblende plate and a hydrophilic glass sphere at pH 9.2 in 10-3
M KEX solutions.  The hornblende was conditioned in 10-3 M NiSO4

solution at pH 9.2 for 24 hours before conducting force measurements.
The data have been fitted to the DLVO theory using the following
parameters: ψ1 for hornblende = −70 mV, ψ2 for the glass sphere = −60
mV, κ-1= 9.5 nm and A132 = 0.90×10-20 J.  The data deviate from the
DLVO theory at short separation distances, possibly due to the surface
roughness of the hornblende.  No additional attractive force was observed.
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Figure 4.7. XPS spectra (wide-scan) obtained for a freshly polished hornblende sample
that was equilibrated in Nanopure water for 24 hours.
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Figure 4.8. XPS spectra (wide-scan) obtained for a hornblende sample conditioned in
10-3 M CuSO4 solution for 24 hours at pH 3.0.

1000 800 600 400 200 0
0

1

2

3

4

5

6

7

In
te

ns
ity

 (R
el

at
iv

e 
U

ni
ts

)

Binding Energy (eV)



 

116

Figure 4.9a.  XPS spectra (wide scan) obtained for a hornblende sample conditioned in
10-3 M CuSO4 solution for 24 hours at pH 5.6.
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Figure 4.9b.  XPS spectra (narrow scan) obtained for a hornblende sample conditioned
in 10-3 M CuSO4 solution for 24 hours at pH 5.6.
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Figure 4.10a.  XPS spectra (wide-scan) obtained for a hornblende sample conditioned
in 10-3 M CuSO4 solution for 24 hours at pH 9.2.
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Figure 4.10b.  XPS spectra (wide-scan) obtained for a hornblende sample conditioned
in 10-3 M CuSO4 solution for 24 hours at pH 5.6.
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Figure 4.11.  XPS spectra (wide-scan) obtained for a hornblende sample conditioned in
10-3 M NiSO4 solution for 24 hours at pH 5.6.
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Figure 4.12a.  XPS spectra (wide-scan) obtained for hornblende sample conditioned in
10-3 M NISO4 solution for 24 hours at pH 7.0.



 

122

890 880 870 860 850 840
2.5

3.0

3.5

4.0

4.5
2p3/2

2p1/2

In
te

ns
ity

 (R
el

at
iv

e 
U

ni
ts

)

Binding Energy (eV)

Figure 4.12b.  XPS spectra (narrow-scan) obtained for a hornblende sample
conditioned in 10-3 M NiSO4 solution for 24 hours at pH 7.0.
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Figure 4.13a.  XPS spectra (wide-scan) obtained for a hornblende sample conditioned
in 10-3 M NiSO4 solution for 24 hours at pH 9.2.
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Figure 4.13b.  XPS spectra (narrow-scan) obtained for a hornblende sample
conditioned in 10-3 M NiSO4 solution for 24 hours at pH 9.2.
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Figure 4.14.  Effect of pH on the hydrophobic force constant (K132) for the interaction
between hornblende and hydrophobic glass sphere (θ=109o) in 10-3 M
KEX solutions.  The hornblende plate had been treated in 10-3 M CuSO4

solutions prior to the force measurements.  Also shown are the water
contact angles (θ) of the hornblende plates activated at different pHs.
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Figure 4.15. Effect of pH on the hydrophobic force constant (K132) for the interaction
between hornblende and hydrophobic glass sphere (θ=109o) in 10-3 M KEX
solutions.  The hornblende plate had been treated in 10-3 M NiSO4 solutions
prior to the force measurements.  Also shown are the water contact angles
(θ) of the hornblende plates activated at different pHs.
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 Figure 4.16.  Logarithmic concentration diagram for 10-3 M Cu2+.
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Figure 4.17.  Logarithmic concentration diagram for 10-3 M Ni2+.
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