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Abstract

Bubble-particle interactions are ubiquitous and crucial to mineral flotation. The bubble-particle
attachment process is mainly governed by three surface forces: van der Waals (vdW), electrical
double-layer (EDL), and hydrophobic (HB) forces. Atomic Force Microscopy (AFM) has become
the most prominent technique to measure the surface forces due to its versatility and pico-Newton
resolution. By anchoring a micron-sized oil droplet or bubble onto a tipless AFM cantilever, the
so-called AFM bubble probe allows for accurate force measurement involving deformable bodies.
In this study, a number of force measurements were performed with the advantage of the AFM
bubble probe technique to understand the surface forces in mineral flotation. The interaction
mechanisms were underpinned by the well-established Stokes-Reynolds-Young-Laplace (SRYL)
model.

Molybdenite (MoSy) is a mineral that has drawn great interest because of its potential appli-
cation in various fields. To facilitate the flotation of molybdenite, the mineral pulp is commonly
treated with nonpolar oil additives to promote hydrophobicity and to form an oil bridge between
ultrafine molybdenite particles for agglomeration. In this study, dodecane was chosen as a model
oil to investigate the flotation mechanisms of molybdenite with nonpolar oil. The interaction
forces between a micrometer-sized dodecane droplet and the molybdenite basal plane in vari-
ous electrolyte solutions were directly measured by the atomic force microscope droplet probe
technique. The effects of added salts, ionic strength, and solution pH on interaction forces were
evaluated by considering van der Waals, electrical double-layer (EDL), and hydrophobic forces.
The experimentally measured force curves were found to agree well with the Reynolds lubrication
model and the augmented Young-Laplace equation. The results show that the competition between
repulsive EDL forces and attractive hydrophobic forces was directly responsible for oil-molybdenite
attachment behavior. High pH and low salinity (<24 mM NacCl) led to strong repulsive EDL forces,
which stabilized the interaction and prevented the attachment of oil to molybdenite. Both low
pH and high salinity facilitated the attachment of oil to molybdenite through the depression of

EDL force, allowing attractive hydrophobic force to dominate. The hydrophobic attraction was
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ABSTRACT

quantified with an exponential decay length of 1.0 + 0.1 nm. Furthermore, calcium ions decreased
the magnitude of the surface potentials of both oil and molybdenite more than that seen with the
same ionic strength of sodium ions, suggesting the suppressed EDL repulsion. This study provides
quantitative information about the surface forces between oil and the molybdenite basal plane and
an improved understanding of the fundamental interaction mechanisms governing molybdenite
recovery by mineral flotation.

The wettability and surface potential of millerite (NiS) under pH 4 and pH 12 were investigated.
Experimental data suggested that elemental sulfur and/or polysulfde (52~) formed under acidic
condition (pH 4) rendered the millerite surface hydrophobic and favored the bubble-millerite attach-
ment, where HB force dominated the interaction. In contrast, hydrophilic Ni(OH)2 formed under
pH 12, acted as a passivation layer, and caused the millerite surface to become less hydrophobic.
Thus repulsive EDL force inhibited the bubble-millerite attachment.

The influence of oxidation using HyO; solution on pentlandite was studied in borax buffer
solution. The additive of HoO, did not alter the hydrophilicity but increased the surface roughness
by introducing nanoscale asperities onto pentlandite. Combined with PIBX treatment, pentlandite
showed chemical heterogeneity and partial hydrophobicity but still allowed for bubble attachment.
When pentlandite underwent direct xanthate treatment, it showed less chemical heterogeneity
and stronger hydrophobicity, and micron-sized bubble attachment could readily be induced as
desired. The characteristic lengths of HB forces were found to be 0.9 £ 0.1 nm and 1.2+ 0.1 nm
for H,O,-PIBX treated pentlandite, and PIBX treated pentlandite, respectively. In addition, the
chemical properties of pentlandite was well-characterized at nanoscale by adhesion force map.

This study provides quantitative information about the surface forces between oil/bubble and
mineral surfaces and an improved understanding of the fundamental interaction mechanisms in

mineral flotation.
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Chapter 1

Introduction

1.1 Background and motivations

Mineral flotation is a process that separates valuable minerals from gangue mineral based
on the differences in the hydrophobicity of mineral particles. The centerpiece of this
process is capturing hydrophobic particles by rising bubbles and leaving the hydrophilic
particles suspended in the pulp. The bubble-particle interactions can be resolved into three
sub-processes: collision, attachment, and detachment. Thus, the final capture outcome is

the consequences of these three sub-processes:[1]
E=E.xE; xE;s (1.1)

where E is the capture efficiency, E, is the collision efficiency, E, is the attachment efficiency,
and E; is the stability efficiency of the bubble-particle aggregate.

Each sub-process is governed by different factors. First, the degree of mobility of the
bubble surface and the inertial forces playing on the particles from hydrodynamics in

the flotation cell conjointly control the collision efficiencies. Second, when bubble and



1.1. BACKGROUND AND MOTIVATIONS

mineral particles are brought in proximity (below a few hundred nanometer), surface
chemistry, surface roughness, water chemistry, and colloidal forces are the main factors
that influence the attachment efficiency. Lastly, shear forces and hydrodynamic forces may
drag air bubbles away from the mineral particles where only capillary forces hold the
bubble-particles aggregates together.[2, 3] Since this introduction focuses on the attach-
ment efficiency, comprehensive literature reviews pertaining to collision and detachment
efficiencies are summarized in detail elsewhere.[4-6]

To improve the bubble-particle attachment process, many additives are used to en-
hance the hydrophobicity of valuable minerals which further increase the attractive forces
between bubble and mineral particles. Hydrocarbon oils such as kerosene and diesel oil
encourage the agglomerates of molybdenite particles and thus promote the flotation. Simi-
larly, thiol-type collectors like xanthates can adsorb on sulfide minerals by chemisorption
and render them hydrophobic. As for the surface forces for bubbe-particle attachment,
van der Waals (vdW), electrical double-layer (EDL), and hydrophobic (HB) forces are
the main roles that come into play at nanometer separation. Ideally, the hydrophobic
force between air bubble and hydrophobic particles will dominate the colloidal force
and induce the attachment. However, the repulsive electrical double layer forces arising
from the electrolyte in process water may overcome the attractive hydrophobic forces
and reduce attachment efficiency. It is also reported that high saline water prevented the
xanthate adsorption onto mineral due to competitive adsorption thereby decreasing the
hydrophobicity of the mineral particles.[7] Another major challenge for sulfide mineral is
oxidation.[8-12] Diversity of oxidation products results in different surface chemistry and
thus distinct flotation recovery. Oxidation of galena (PbS) allows for collectless flotation

of galena,[13] whereas the natural hydrophobicity of molybdenite (Mo0S;) can be altered



1.2. APPROACHES TO UNDERSTAND THE BUBBLE-PARTICLE ATTACHMENT

because of the soluble oxidation products.[14]

1.2 Approaches to understand the bubble-particle attachment

The bubble-particle attachment can be further divided into several steps: (1) the water
film between air bubble and particle becomes thinning until the so-called critical film
thickness (the minimum film thickness before rupture), (2) the water film ruptures and
Three Phase Contact Line (TPCL) forms, (3) TPCL expands until forming a stable wetting
perimeter.[15] To understand each step, various experimental approaches have been
developed. During early 1930s, Sven-Nilsson [16] introduced the concept of induction
time, which is the time required for step one. In 2003, Gu et al. [17] refined the setup
for induction time measurement. A speaker drum was utilized to control the approach
velocity and displacement of bubble. A CCD camera along with a real-time analysis
system accurately controlled the bubble size and produced the results at a resolution
of 0.1 ms. Similarly, by recording and analyzing the bubble-mineral interaction images,
High-Speed Video Microscopy (HSVM) was able to determine the liquid film drainage
rates and contact angles of a 1-mm diameter air bubble on sphalerite and pyrite.[18] These
macroscopic approaches offer direct observations of bubble deformation behavior yet
quantitative understanding of surface force is absent.

The experimental techniques developed for precise characterization of bubble-particle
attachment fall into two categories: film drainage observation and force measurement,
where hydrodynamic information can be extracted from the optical interference fringes
in film drainage profile and surface force variation can be well characterized from force
measurement. Generally, a monochromatic interferometry equipped with a high-speed

camera allows for the observation of thin film, and Atomic Force Microscopy (AFM)
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facilitates the force measurement between various surfaces or interfaces at nanometer
resolution. Force measurement involving deformable interfaces will be discussed here.
In 1994, Ducker et al. [19] first studied bubble-surface interaction by approaching a
micron-sized silica sphere toward an air bubble immobilized on the bottom. An attractive
force between the hydrophobic silica sphere and air bubble that the classic Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory could not predict was observed. During early
2000s, Dagastine et al. [20] fabricated a tipless AFM cantilever with a gold patch on the
end. After the cantilever being hydrophobized by thiol solution, an air bubble with radius
of 50 ~ 60 um can be readily anchored and functioned as the probe. The theoretical model
established by Chan et al. [21], the Stokes-Reynolds-Young-Laplace (SRYL) model, made
the quantitative analysis for bubble-surface interaction possible.[22] The advantage of this
methodology lies in the precise measurement of hydrophobic force. Thus, it has been
effectively employed for bubble-mineral interactions.[23, 24] The merit of this approach has
also been recognized when including other deformable objects: bubble-bubble, drop-drop,
and bubble-drop.[25-31] Significant effort has been delicated to develop novel methods to
measure both film profile and force simultaneously. Recently, Atomic Force Microscopy
combined with reflection interference contrast microscopy (AFM-RICM) has produced

some promising results.[32]

1.3 Objectives and scope of the Thesis

The ability of AFM droplet/bubble probe technique has been extended to precise interac-
tion force measurement between oil droplet/bubble and mineral surfaces. The schematic
illustration of droplet probe is depicted in Figure 1.1. This technique is especially demand-

ing, since roughness on the surfaces of interest may mislead the attachment results. Hereb
g g y Yy



1.4. STRUCTURE OF THE THESIS

a series of AFM experiments were initiated on three minerals: molybdenite (where basal

planes are molecularly smooth), millerite (RMS roughness of the cleaved surface is 2.4 nm),

and pentlandite (RMS roughness of the hand-polished sample is 1.6 nm ). Fundamental

investigation on the surface forces and interaction mechanisms is highly required and

beneficial to the original knowledge in mineral flotation. Accordingly, the objectives of

present study fall into six points:

1.

1.4

To investigate the interaction mechanisms for the interaction between oil droplet and

molybdenite basal plane in aqueous solutions.

To quantitatively clarify the main driving forces involved in the oil-molybdenite

interaction with varying pH, salt concentration, and Ca*" ions.

To predict the favorable conditions for the oil droplet attachment to molybdenite.

. To determine the wettability and surface potential of millerite at different pH.

To study the effect of oxidation induced by H,O, on bubble-pentlandite interaction

at pH 9.3.

To examine the topography and chemical properties of pentlandite after H,O,-PIBX

and PIBX conditioning.

Structure of the thesis

Chapter 1 provides an overview of the background information, problem statement,

and the objectives of the thesis. Chapter 2 investigates the interacion forces between a

micrometer-sized dodecane droplet and the molybdenite basal plane in various electrolyte

solutions by the atomic force microscope droplet probe technique. A version of this chapter

5
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Figure 1.1: Schematic representation of the AFM droplet probe technique
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has been published as: Liyuan Feng, Rogerio Manica, James S. Grundy, and Qingxia Liu,
Unraveling Interaction Mechanisms between Molybdenite and a Dodecane Oil Droplet
Using Atomic Force Microscopy. Langmuir 2019, 35, 18, 6024-6031. Chapter 3 illustrates
the effect of pH on the surface potential and wettability of millerite in 10 mM KCl solution.
Chapter 4 discusses the impact of oxidation induced by H,O, on bubble-pentlandite
interaction at pH 9.3. In Chapter 5, the conclusions of this thesis and recommendations for

future work are presented.



Chapter 2

Unraveling Interaction Mechanisms
between Molybdenite and a
Dodecane Oil Droplet Using Atomic

Force Microscopy



2.1. INTRODUCTION

2.1 Introduction

In recent years, molybdenite (MoS;) has emerged as a promising material for a wide
range of applications due to its semiconducting electric properties. The molybdenite
mineral is composed of a multitude of stacked MoS, monolayers, which can be separated
to yield thin sheets. The exposed flat surfaces are known as the basal plane of the mineral
and are accepted as molecularly smooth.[24] Molybdenite is extracted from natural ores
by froth flotation.[33] The primary objective of froth flotation is the selective capture of
valuable mineral particles by bubbles. Surface forces contributing to mineral capture by
bubbles, including van der Waals (vdW), electrical double layer (EDL), hydrophobic (HB),
and hydration forces, are influenced by many physicochemical factors, such as water
chemistry, surface wettability, and surface roughness. When hydrodynamic forces are
sufficient to bring a particle very close to a bubble and overcome any repulsive surface
forces, the water film between the bubble and particle ruptures and bubble-particle capture
occurs.[33] To increase the extent of mineral recovery by flotation, an oily collector is
added to the mineral pulp before the introduction of air bubbles. The collector adsorbs to
and coats the molybdenite surface, which enhances the attractive surface force between
the bubble molybdenite and results in an increased level of agglomeration and floc-
flotation, improving extraction efficiency.[34, 35] Due to their low surface energy and wide
availability, nonpolar oils, such as diesel oil and kerosene, are typically chosen for this
application. Although hydrophobic attraction has been confirmed by interfacial calculation
as the main driving force for the attachment of oil to molybdenite, the mechanisms of
interaction between oil and molybdenite are still not well understood.[36]

Considerable efforts have been made to understand the underlying mechanisms for the

role of nonpolar oils in mineral flotation. Liu et al. [37] studied the interfacial interactions
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between quarts particles and oil droplets on the basis of the extend Derjaguin-Landau-
Verwey-Overbeek (EDLVO) theory. After calculation of the contributions of vdW, EDL,
HB, and hydrocarbon chain association interactions, hydrophobic interaction was found
to dominate particle-oil attachment. Similar conclusions have been reached in studies
regarding flotation of various other minerals.[36, 38, 39]

To fully understand the fundamentals of the hydrophobic interaction, several studies
examined different techniques for force measurements between hydrophobic surfaces
prepared by different methods.[40-44] One of the proposed models for the hydrophobic
interaction mechanism is that water molecules rearrange themselves with surrounding
hydrophobic surfaces to favor hydrogen bonding.[45] The range of hydrophobic forces is
exhibited as an exponential decay length of 0.3-1.0 nm.[46]

A nanomechanical technique known as an atomic force microscope (AFM) droplet
probe was developed by Dagastine et al. [20]. In this method, a gold patch on a tipless
cantilever can anchor an air bubble or oil droplet, which then function as the probe tip.
In addition to directly measuring the interaction forces involving deformable interfaces,
the AFM droplet probe technique offers a few distinct advantages. Due to the smooth
surface of the droplet, reliable and reproducible results may be obtained, as compared to
the results with a sharp tip. Furthermore, with a large contact area to the test surface, the
deformable interface of the droplet probe provides very sensitive results. On the basis of
the Reynolds lubrication theory and the augmented Young-Laplace equation, a theoretical
model called the Stokes-Reynolds-Young-Laplace (SRYL) model was established.[21] The
AFM droplet probe technique coupled with the SRYL model provides many advantages in
quantitatively understanding surface forces in bubble and droplet systems, such as the

interaction between bubbles and hydrophobic surfaces,[22, 47] deformable droplets,[25, 48]
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and gas bubbles[49]. Recently, this method was shown to be a powerful tool for elucidating
the mechanisms behind enhanced oil recovery,[50] mineral flotation,[23, 24, 51] and food
emulsions.[52, 53]

The purpose of this work is to investigate the role of nonpolar oil in the flotation of
molybdenite. Dodecane, a key component of petroleum diesel, was chosen as a model oil.
For the first time, the droplet probe AFM technique was employed to directly measure the
interaction forces between a micrometer-sized dodecane droplet and a molybdenite basal
plane under different aqueous solutions in the absence of a surfactant. Experimental results
presented in this study were interpreted using the SRYL model. The effects of solution
pH, ionic strength, and added salts were evaluated by accounting for vdW, EDL, and HB
interaction forces. The findings yield fundamental insight regarding the mechanism of
oil agglomeration flotation of molybdenite and could also have broad implications for
oil agglomeration techniques for other minerals and resources, such as quarts, coal, or

hematite.

2.2 Experimental section

2.2.1 Materials and methods

Dodecane (C12Hy, anhydrous, > 99%, Sigma), ethanol(for high-performance liquid chro-
matography, Acros Organics), and 1-dodecanethiol (> 98%, Sigma) were used without
further purification. Molybdenite was provided by the Wolfram mine site (Queensland,
Australia). Sodium hydroxide (NaOH, ACS reagent grade, Fisher Scientific) and hydrochlo-
ric acid (HCl, ACS reagent grade, Fisher Scientific) were used to adjust the solution pH.
All pH measurements were taken using a Fisherbrand accumet XL 150 pH meter with

a Fisherbrand accuTupH rugged bulb pH electrode. The electrode was calibrated daily
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before use with buffer sachets (Mettler Toledo) of pH 4.01, 7.00, and 10.00. Sodium chlo-
ride (NaCl, ACS reagent grade, Fisher Scientific) and calcium chloride dihydrate (CaCly,
ACS reagent grade, Fisher Scientific) were purified via recrystallization and calcination
at 550 °C for 6 h to remove organic contaminants and used immediately. All aqueous
solutions were prepared using Milli-Q water with a resistivity of 18.2 m() - cm from a
Barnstead Nanopure system (Thermo Fisher Scientific). All glassware was cleaned by
being repeatedly rinsed with toluene, acetone, Milli-Q water, and acetone again and then
dried with high-purity nitrogen.

The dodecane/water interfacial tension was measured using the pendant drop method
with a Theta Optical Tensiometer T200 (Biolin Scientific, Stockholm, Sweden) at room
temperature. Contact angles formed by sessile drops were measured using the same
system. A glass cuvette was first filled with the target salt solution. Next, a dodecane
oil drop was formed through a custom-made upward-bent needle on a Hamilton glass
syringe. The shape of the o0il drop was recorded continuously for 1 h. For dodecane drops
in a salt solution, an interfacial tension of 45 £ 0.5 mN/m was obtained over the electrolyte

concentration range used, which indicated the absence of surface-active components.

2.2.2 Zeta potential measurement

¢ potential measurements of dodecane in different solutions were carried out using a
Zetasizer Nano ZSP (Malvern Instruments). Emulsions were obtained by sonicating a

mixture of 2 vol% dodecane in an electrolyte solution at the desired pH.

2.2.3 Force measurement

All force measurements between a dodecane droplet and the molybdenite basal plane in
aqueous solutions were taken using an MFP-3D AFM system (Asylum Research, Santa
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Barbara, CA) couple with a Carl Zeiss Axiovert 200 inverted microscope. A portless fluid
cell was used to reduce the risk of fluid leakage. A custom-made rectangular silicon
tipless AFM cantilever with a circular gold patch (65 ym in diameter) at the end was used
in this study. The cantilever was further hydrophobized by immersion in a 10 mM 1-
dodecanethiol ethanolic solution overnight. Adsorption of the 1-dodecanethiol monolayer
to the gold patch ensured that the oil droplet was immobilized at the end of the cantilever
throughout the experiment. Prior to the oil droplet being anchored, the spring constant of
the cantilever was determined by the Hutter and Bechhoefer thermal spectrum method
and found to range from 0.2 to 0.3 N/m.[54] A small piece of molybdenite and a silica
wafer were glued on a glass slide with epoxy resin and placed into the fluid cell. Prior to
AFM force measurements, molybdenite was cleaved using Scotch tape to expose a fresh
basal plane. Two mililiters of the salt solution was then slowly added to the fluid cell
followed by injection of oil droplets onto the silica wafer by a custom-made ultrasharp
pipet. The tipless AFM cantilever was wetted with the target salt solution prior to being
mounted on the cantilever holder. After the holder had been installed on the AFM head,
the AFM head was lowered slowly into the fluid cell. Then the cantilever was positioned
over an oil droplet of the desired size (50 ~ 60 ym radius) as monitored with the top-view
camera, and the cantilever was lowered carefully to pick up the oil droplet. The size of the
oil droplet was determined through the bottom window of the fluid cell using the inverted
microscope. The oil droplet probe was then brought over the molybdenite surface, and
force measurements were conducted under a trigger point of 20 nN or until oil attachment
occurred. The drive velocity was fixed at 1 ym/s to minimize hydrodynamic effects. To
confirm reproducibility, force measurements were performed at least five times for each

condition using different oil droplets at different sites on the surface. A schematic of the
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experimental setup is shown in Figure 2.1.

While the sample surface was driven toward or away from the cantilever, the deflection
and motion of the cantilever were detected and recorded as a voltage change by the
photodiode. The detector sensitivity was determined by a Linear Variable Differential
Transformer (LVDT) within the region where the voltage signal was proportional to the
displacement of the cantilever. The electrical signal was then converted to the correspond-
ing interaction forces between the oil droplet and sample surface according to Hooke’s

law.

2.2.4 Theoretical calculation

The Reynolds lubrication model and the augmented Young-Laplace equation were em-
ployed to analyze the experimental data. This approach has been widely used to calculate
the dynamic force between droplet/bubble and surfaces since it was developed.[21] The
evolution of the thin film drainage process can be described by the Stokes - Reynolds

model as

oh 1 0 30p

o " Touror (”l ar> @1)
where § is the water film thickness, r is the radial coordinate, y is the viscosity of the
aqueous solution, and p is the hydrodynamic pressure in the thin film between the oil
droplet and surface. An immobile boundary condition was assumed at both the oil-water
and oil-molybdenite interfaces.[55]

The mathematical description of the deformation of the drop caused by disjoining pres-

sure IT and hydrodynamic pressure is based on the augmented Young Laplace equation.
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Aqueous solution

Piezoelectric Scanner

Figure 2.1: Schematic diagram of typical force measurement between an oil droplet and the
molybdenite basal plane in an aqueous solution using the AFM droplet probe technique.

o d [ oh 20

where ¢ is the dodecane/water interfacial tension and R is the radius of the oil droplet.
Equation (2.1) and Equation (2.2) constitute the SRYL model.

In this work, three major components of disjoining pressure were considered: van der
Waals (vdW), electrical double-layer (EDL) assuming constant potential (the prediction
based on constant charge boundary conditions is performed and found to have a weak
influence on the attachment outcome), and hydrophobic (HB) forces, namely, IT = I, +
Ilgpr + Ilyp, where each contribution can be expressed as Equation (2.3), Equation (2.4),
and Equation (2.5), respectively.[23]

Moaw (1) (2.3)

= 6rhd
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2e0er® [(e + ™) Yo m — (Y5 + Y% ]
(eKh _ eth>2

[gpr(h) = (2.4)

where A is the Hamaker constant for the oil/water/molybdenite system, ¢ is vacuum
permittivity, ¢ is the aqueous dielectric permittivity, ¥, and ¥ are the surface potentials

of the oil droplet and molybdenite surfaces, respectively, and « is the inverse of the Debye

2\ 1/2
length. x = ( £§§22T> , where pg is the number concentration of the bulk electrolyte and

e is the elementary charge.

o (1 — COS 9) e_h/DO

Iyp(h) = — Do

(2.5)

where 6 is the contact angle of oil on the molybdenite surface measured in aqueous
electrolytes and Dy is the decay length of hydrophobic force. The total interaction force
between the oil droplet and the surface is given by the integral of the hydrodynamic
and disjoining pressures over the interval 0 < r < 7y, according to the Derjaguin

approximation:

anzn/

N (p+11)dr ~ 27 /rm {p(r,t) +11[h(r,t)]} rdr (2.6)
0 0

The SRYL model reqires four boundary conditions.[21] At the axis of symmetry
r=20, g—’: = 3—’: = 0. The pressure decays as p(r,t) — r~* for r — oo, which can be written

as atr = ry,e. Another boundary condition at 7 = 7,4 is given as

2I1

N (Fmax, t)  dX(f) 1 dF(t) Tmax 1 1+ cos b, 210
ot T dt  2no dt 1+ln(2R>+ . 1—cosl,) k @7)

where X (t) is the separation between the cantilever and sample surface, 6 is the contact
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angle of the oil droplet on the cantilever, and k is the spring constant of the cantilever.

2.3 Results and discussion

In this work, the interaction forces between a dodecane droplet and the molybdenite
basal plane were systematically investigated at varying pHs and salt concentrations.
Experimental data obtained using the AFM technique were then compared with theoretical
predictions of the SRYL model to verify and quantify the individual strength of vdW, EDL,
and HB forces. Finally, a stability map for oil droplet attachment or non-attachment was
generated on the basis of the experimental data for the interaction between an oil droplet

and the molybdenite surface.

2.3.1 Effects of pH on interaction between oil and molybdenite

A previous study found a strong pH dependence for the recovery of molybdenite at a
low ionic strength of 10 mM.[56] The experiments in the work presented here were first
carried out under low salinity over a pH range of 4 ~ 10 to investigate the mechanisms
of interaction between oil and molybdenite. The interaction force between a dodecane
droplet and the molybdenite basal plane in a 10 mM NaCl solution at pH 10 is shown in
Figure 2.2 A. The measured force as a function of time shows repulsion under a maximum
normal load of 20 nN during approach and a weak attraction during retraction due to
a hydrodynamic suction effect.[57] This indicates that the water film confined by the oil
droplet and solid surface becomes thinner toward an equilibrium thickness, where no
further thinning occurs.[58] By considering vdW, EDL, and HB interaction forces, the
comparison between the theoretical calculation (solid lines) and experimental data (empty

symbols) in Figure 2.2 A shows good agreement. The SRYL model is then used to estimate
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the detailed drainage behavior for the pH 10 case in Figure 2.2 B. At time (a) t = 0.5 s,
the center of the thin film is flattened because of the repulsive EDL forces. As the force
increases to its maximum of 20 nN at time (b) t = 0.6 s, the water film approaches its
minimum thickness, which is calculated to be 17 nm on the basis of the balance of surface
forces and Laplace pressure that stabilizes the thin film and prevents it from rupturing.
The molybdenite surface is then driven away from the dodecane droplet to its original
position. The size of the flattened central region of the oil droplet is gradually diminished
but maintains its constant thickness at (c) t = 0.9 s and finally departs from the surface at
(d) t = 1.05 s just before the interaction force reaches its minimum.

To determine which surface forces are important for the stabilization of the thin water
film between dodecane and molybdenite surfaces, individual components of the disjoining
pressure were calculated using Equation (2.3), Equation (2.4), and Equation (2.5), as
shown in Figure 2.2 C. On the basis of the Hamaker constant for the dodecane/water
system (Agpg = 0.44 x 1072 J) and the molybdenite/water system (A, = 1.8 x 10720
J), the Hamaker constant for molybdenite interacting with dodecane across water in an
electrolyte solution (Am) was determined to be 0.89 x 10720 J.[59] According to the
contact angle on the molybdenite basal surface of 137° and the dodecane/water interfacial
tension of 45 mN/m, the term ¢ (1 — cos0) for the calculation of HB force in Equation
(2.5) was determined to be 0.0078 N/m. These two positive terms mean that vdW and HB
interactions between dodecane and molybdenite in water appear to be attractive at any
separation under experimental conditions of 10 mM NaCl at pH 10. Conversely, it has been
confirmed that both the oil droplet and molybdenite surfaces are negatively charged at pH
10.[37] According to the { potential of the oil/water interface determined via { potential

measurement, —60 -8 mV , the surface potentials of the oil/water and water/molybdenite
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Figure 2.2: Interaction between a dodecane droplet and the molybdenite basal surface in
10 mM NaCl at pH 10 with a driving velocity of 1 ym/s. (A) Empty symbols refer to the
experimental force curve during approach and retraction, and the solid line is a theoretical
calculation based on the SRYL model. (B) Calculated film thickness at four selected times
corresponding to points marked a to d in panel A. (C) Calculated disjoining pressure for
this system.

interfaces were —60 + 8 mV (Yp) and —49 +4 mV (¥ s) in the SRYL model, which were
consistent with literature values.[37, 59] Hence, under these experimental conditions,
the EDL force is strongly repulsive. As shown in Figure 2.2 C, EDL forces are the main
contributor to the disjoining pressure at separations of 2> 10nm. The double-layer repulsion
balances the Laplace pressure, %, inside the oil droplet at a separation distance of 17
nm, inhibiting further thinning of the intervening film prior to the range of attractive
vdW and hydrophobic interaction. Note that in some cases theoretical values for surface
potential can be changed by several millivolts without affecting the comparison between
experiments and theory.

Force curves obtained for pH values of 4, 6, and 8 in 10 mM NaCl (Figure 2.3)
show dramatically different behavior. At each pH, a slight repulsion followed by an
instantaneous termination of the deflection signal was observed. The arrow indicates the
point when the gradient of the attractive force between the oil droplet and molybdenite
exceeds the spring constant of the cantilever. This results in a mechanical instability and
further leads to the attachment of the oil droplet to molybdenite. This is termed “jump-in”

behavior. The oil droplet detached from the cantilever and jumped onto the molybdenite
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when the applied force reached ~ 2.5 nN at pH 4 and ~ 5.5 nN at pH 6, while the
“jump-in” behavior was observed with an increased applied force of 9 nN during retraction
at pH 8. The significant difference in the force curve measured in 10 mM NaCl at pH 8 can
be explained by the calculation of the disjoining pressure from Figure 2.4 B. Compared to
the result at pH 10, the repulsive EDL force was weaker. Although the overall disjoining
pressure is nearly equal to the Laplace pressure, the attractive hydrophobic force was
enough to induce oil attachment. Evolution of the thin water film profile was predicted
by the SRYL model and is shown in Figure 2.4 A and at corresponding time points in
Figure 2.3 C.

To understand the critical role of pH in the “jump-in” behavior, modeling of the
interaction forces was performed extensively at pH 4, 6, and 8 in 10 mM NaCl. At these
pH values, the range of EDL forces remained constant due to a constant Debye length
of 3.04 nm but the magnitude of EDL forces decreased considerably compared to that at
pH 10. We accept that the spontaneous charging of the oil/water interface is attributed
to the increasing adsorption of hydroxyl ions that originated from water molecules with
an increase in pH.[60] Therefore, reducing the aqueous pH decreased the value of the

surface potentials of both the oil droplet and the molybdenite basal plane, which led

12 12 12
10+ 10mM NaClat pH=4 | 10t 10mMMNaClatpH=86 | 10+ 10mMNaClatpH=8
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Figure 2.3: Interaction force vs time between dodecane and the molybdenite basal surface
in the 10 mM NaCl solution at a driven velocity of 1 # m/s at (A) pH 4, (B) pH 6, and (C)
pH 8. The confined film profile at selected times in panel C is shown in Figure 2.4A.
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Figure 2.4: (A) Calculated profile of film thickness at four different times corresponding to
points in Figure 2.3A. (B) Different components of associated disjoining pressure against
separation for the case of pH 8.

to much less electrostatic repulsion. While the vdW component remained unchanged,
less EDL repulsion resulted in the attractive hydrophobic force becoming predominant.
The overall disjoining pressure was insufficient to stabilize the thin film. As the contact
angle is independent of pH, the decay lengths of hydrophobic interaction were therefore
determined with the model to be 1.1 £0.1, 1.1 £0.1, and 0.9 £ 0.1 nm for pH 4, 6, and
8, respectively. The thin water film kept draining and ruptured at the point “jump-in”
behavior occurred. The critical film thicknesses were calculated to be < 10 nm for pH < 8.
Oil droplet deformation showed a trend similar to that in Figure 2.2 B. during the approach

[from time (a) to time (c)] but exhibited an instantaneous “pimple” before attaching onto

molybdenite at time (d) t = 0.84 s as shown in curve d of Figure 2.4 A.

2.3.2 Effects of the electrolyte on the interaction between oil and molybdenite

Similar experiments were carried out to evaluate the effects of salt concentration on the

surface forces between a dodecane droplet and molybdenite basal plane. Figure 2.5 A
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represents the interaction forces between a dodecane oil droplet and molybdenite basal
plane as the two surfaces were brought into the proximity of each other in 100 mM NaCl
at pH 10. “Jump-in” behavior was observed with an applied force of ~ 2.2 nN indicating
that the dodecane oil droplet pulled the cantilever down and the droplet spread over
the molybdenite basal plane. Good agreement between theory and experimental data in
Figure 2.5 A was obtained when the decay length of hydrophobic interaction was 1.2 £ 0.1
nm. Inspection of Figure 2.5 B showed that with negligible hydrodynamic effects, a pimple
occurred before rupture at time (d) t = 0.810 s. The components of disjoining pressure
were calculated as a function of dodecane-molybdenite separation using Equation (2.3),
Equation (2.4), and Equation (2.5) as shown in Figure 2.5 C. The vdW component in this
interaction remained the same as for 10 mM NaCl and attractive for the specific oil. When
the Debye length of electrostatic interaction of 0.96 nm for 100 mM NacCl is taken into
account, the EDL repulsion is significantly suppressed relative to that with 10 mM NaCl at
pH 10. The hydrophobic interaction became the primary component and mostly coincided
with the overall disjoining pressure as shown in Figure 2.5 C. The critical central separation
(hin) is shorter for 100 mM NaCl, which was calculated to be ~ 10 nm by comparison with
the value of 17 nm for a 10 mM NaCl solution at pH 10. This reveals that a higher salinity
weakens the EDL repulsion and facilitates the attachment of the oil to the molybdenite
surface.

Calcium oxide is usually used in the flotation circuit to achieve selective flotation
of molybdenite and chalcopyrite at alkaline pH. Understanding the role of Ca®* in the
floatability of molybdenite is therefore particularly important. Lucay et al. [56] reported
the undesirable effect of calcium ions in the presence of sulfate ions. The detrimental

results of Ca** on molybdenite recovery have also been reported by Hirajima et al. [61]
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Figure 2.5: (A) Interaction force vs time between dodecane and molybdenite basal surface
in a 100 mM NaCl solution at a driven velocity of 1 yum/s at pH 10. (B) Calculated profile of
film thickness at four different times corresponding to points in Figure 2.5 A. (C) Different
components of associated disjoining pressure vs separation.

at pH > 9. One argument in favor of Ca** on the molybdenite flotation is the fact that
the adsorbed Ca" ions decrease the magnitude of the surface potentials of molybdenite
and bubbles at high pH and further weaken the EDL repulsion between them.[62] In the
work presented here, AFM experiments were carried out in a 3.3 mM CaCl, solution at
pH 10 to retain the same ionic strength of sodium ions (10 mM) and remove the influence
of precipitates. Repulsion was also observed from the interaction forces between oil
droplet and molybdenite basal plane, as shown in Figure 2.6 A. Using the { potentials
of oil of —23 +5mV from the { potential measurement, the surface potentials of oil and
molybdenite were determined to be —25 £+ 5mV and —23 £ 3mV , respectively, from the
direct comparison of these experimental data to the theoretical calculations. This indicates
that the presence of Ca®* resulted in less negative surface potentials of oil/water and
molybdenite/water interfaces as compared to the respective surface potentials for NaCl
solutions (Yo nac1 = —68 £2mV and Yy nac) = —49 £ 4mV). This agrees well with the
previous findings by Raghavan,[62] who proposed that the adsorbed calcium ions on
molybdenite can increase the { potential of molybdenite. Figure 2.6 B reveals that the
thin water film between oil droplets and molybdenite evolved in a manner similar to that

seen in 10 mM NaCl at pH 10, where it stopped draining after reaching the equilibrium
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thickness of 14 nm at time (b) t = 0.6 s. The corresponding disjoining pressure calculations
are shown in Figure 2.6 C. In comparison with Figure 2.2 C, the effect of Ca’* became
significant, less negative surface potentials allowing the EDL repulsion to weaken, and
the thinner water film, while the EDL repulsion still exceeded the Laplace pressure and
prevented attachment. More interaction force measurements in the CaCl, solution were
conducted and are described in the next section in an effort to understand the role of Ca**

in the interaction between the oil droplet and molybdenite basal plane.
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Figure 2.6: (A) Interaction force vs time between dodecane and the molybdenite basal
surface in a 3.3 mM CaCl; solution at pH 10 at a driven velocity of 1 yum/s. (B) Calculated
profile of film thickness at four different times corresponding to the points in Figure 2.6 A.
(C) Different components of associated disjoining pressure vs separation.

2.3.3 Stability map of the interaction between oil droplets and molybdenite

Stability maps are commonly used in the literature to indicate regions where interactions
are repulsive or attractive to result in attachment and/or coalescence. For example,
a stability map showing the critical force required for coalescence was presented for
micrometer-sized bubble-bubble or drop-drop interaction based on the knowledge obtained
from the experiment and the SRYL model.[63, 64] For our study, the attachment or non-
attachment outcomes of force measurements are summarized in the stability map shown
in Figure 2.7. We note that no experiments were performed in the CaCl, solution above pH

11 to rule out the possible effect of CaCO3 or Ca(OH), precipitate. The attachment region
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denotes cases in which the thin water film between dodecane droplets and molybdenite
surfaces ruptured and the dodecane droplet jumped into the molybdenite basal plane
during either the approach or the retraction process. The non-attachment region represents
cases in which the interaction was stable. The dodecane droplet probe was driven toward
the molybdenite up to an interaction force of 20 nN and retracted without any loss of
dodecane; the water film reached a minimum thickness without rupture. By drawing a line
between attachment (empty symbols) and nonattachment (filled symbols) experimental
points for NaCl, we separated the different regions. Similarly, the non-attachment region
for the CaCl, solution was smaller as indicated in Figure 2.7. Conversely, the gray region
that favors attachment in the NaCl solution is smaller than that of the CaCl, solution.
This discrepancy between the two regions suggests that calcium ions are beneficial for
the attachment of oil to the molybdenite basal plane when compared to sodium ions
at the same ionic strength. The underlying reason can be explained by the adsorbed
Ca(OH)* on the molybdenite basal plane that makes the surface potentials less negative,
decreases the magnitude of EDL repulsion, and possibly reverses the surface potentials
at high concentrations.[65] This result also implies that the interaction between oil and
the molybdenite basal plane in the presence of CaCl, is not directly responsible for the
depression of molybdenite floatability at alkane pH when the ionic strength is > 10
mM.[66, 67]

From previous analysis and discussion, in the non-attachment regions, the EDL re-
pulsion is greater than the Laplace pressure and the dominant force governing dodecane-
molybdenite interaction. For the attachment regions, the repulsive EDL force is decreased
and the attractive HB force dominates, resulting in the “jump-in” behavior and unstable

interactions. In addition, stable interactions were observed at pH 7 in a 0.1 mM NaCl
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Figure 2.7: Stability map of the interaction between dodecane and the molybdenite basal
surface in an electrolyte solution for varying salt concentrations, salt types, and pH values.
The red and blue regions represent non-attachment behavior in CaCl, and NaCl solutions,
respectively, while the gray region indicates where attachment happens.

solution and then at pH 8 in a 0.5 mM NaCl solution, with a gradual increase in salt
concentration and pH value until pH 10 and 11 in a 24 mM NaCl solution. In contrast,
the non-attachment region for the CaCl, solution shows a different trend, where stable
interactions occur only between pH 9 and 10 below a CaCl, concentration of 3.3 mM,
namely, an ionic strength of 10 mM. The stability map from our experimental results
provides a direct comparison of the effects of sodium and calcium ions on the interaction
between dodecane and the molybdenite basal surface and prediction of the behavior of yet

unexplored conditions.

26



2.3. RESULTS AND DISCUSSION

2.3.4 Zeta potential of dodecane

{ potential of dodecane droplets were measured as reference value for theoretical calcula-

tion shown in Figure 2.8
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Figure 2.8: Measured zeta potential of dodecane droplets as a function of pH in 10 mM
NaCl (black square), 1 mM CaCl, (red circle), and 3.3 mM CaCl, (blue triangle).

2.3.5 Dodecane/water interfacial tension

Dodecane/water interfacial tension was measured to confirm the absence of surface-active

components (Table 2.1).

Table 2.1: The interfacial tension of dodecane/water interface under different conditions.
Aqueous condition  Interfacial tension (mM/m )

Milli Q water 4544+0.7
10 mM NaCl at pH 4 446 £0.6
10 mM NaCl at pH 10 44440.6
10 mM CaCl, at pH 8 451+£09
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2.3. RESULTS AND DISCUSSION

2.3.6 Contact angle of dodecane on molybdenite basal plane

An image of dodecane drop is shown in Figure 2.9 and measured contact angles at different

pH are given in Figure 2.10 .

Clouble

Figure 2.9: Image of a dodecane drop on molybdenite basal plane obtained in 10 mM
NaCl at pH 8.

2.3.7 Induction timer

Induction timer experiments were performed to further confirm the AFM results. Table 2.2
shows a sharp decrease in induction time required for bubble attachment onto molybdenite
basal plane after oil coating (5750 ms for bubble/MoS, to 50 ms for bubble/oil-coated
MoS,). Additionally, the induction time for oil droplet attachment onto the bare molybden-
ite basal plane under attachment condition was shorter than the one under non-attachment
condition obtained from the paper (150 ms vs. 1200 ms). The results of induction timer

are consistent with the data reported in the manuscript.
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Figure 2.10: Contact angles of dodecane on molybdenite basal plane obtained at different
pHs.

Table 2.2: Experimental results using induction timer to compare with the AFM data.

Bubble — MoS, Bubble - oil coated MoS;
(0.5 mM NaCl pH 10) (0.5 mM NaCl pH 10)
Time (ms) 5750 50
Oil — MoS; Oil — MoS;
(0.5 mM NaCl pH 10) (30 mM NaCl pH 4)
(non—attachment condition for AFM) (attachment condition for AFM)
Time (ms) 1200 150

2.3.8 Comparison of constant charge and constant potential model

Constant surface potential boundary condition was assumed and applied for all theoretical
calculation. Here constant surface charge boundary condition is considered to compare
and evaluate the possible difference between two conditions. The interaction force between
dodecane and molybdenite basal plane in 3.3 mM CaCl, at pH 10 was reevaluated by
constant charge boundary condition as shown in Figure 2.11. Disjoining pressure of

electrical double layer (EDL) by assuming constant surface charge boundary condition:[68]

29



2.3. RESULTS AND DISCUSSION
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From Figure 2.11 A, the interaction force still agrees well with the theoretical calculation
where disjoining pressure of EDL is calculated under constant surface charge boundary
condition. Figure 2.11 B compares disjoining pressure of EDL under constant surface
charge and constant surface potential boundary conditions. Two curves intersect the
Laplace pressure at one point. In addition, the corresponding total disjoining pressure
exhibited the same magnitude and exceeded the Laplace pressure at separation h = 14nm
(Figure 2.11 C). Therefore, it is reasonable to say that constant surface charge boundary
conditions can also be assumed for the calculation of interaction force between dodecane

and molybdenite basal plane.
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Figure 2.11: (A) Interaction force versus time between dodecane and molybdenite basal
surface in 3.3 mM CaCl; solution at a driven velocity of 1 pm/s at pH 10. (B) Disjoining
pressure of EDL under constant surface charge (CC, red line) and constant surface potential
(CP, blue line) boundary conditions. (C) Different components of associated disjoining
pressure against separation.

2.3.9 Interaction force between molybdenite basal plane and dodecane

AFM force curves for cases not shown in the manuscript are given in Figure 2.12 and

Figure 2.13.
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Figure 2.12: Interaction force versus time between dodecane and molybdenite basal surface
in 28 mM NaCl solution at a driven velocity of 1 ym/s at pH 10.
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Figure 2.13: Interaction force versus time between dodecane and molybdenite basal surface
in 5 mM CaCl, solution at a driven velocity of 1 yum/s at pH 10.
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24 Summary and conclusions

In this study, we investigated the mechanisms of interaction between nonpolar oil and
molybdenite using dodecane as a model oil. Direct force measurement performed by the
AFM droplet probe technique provided quantitative information about the intermolecular
forces between a dodecane oil droplet and molybdenite mineral basal plane. The Stokes-
Reynolds-Young-Laplace model was compared with experimental data obtained under
various aqueous conditions and provided insight into the impact of vdW, EDL, and HB
forces for each experimental condition. At high pH and low salinity, both the oil droplet
and the molybdenite surface were strongly negatively charged, arising from the adsorption
of hydroxyl ions originating from the water. Under these conditions, strong EDL repulsion
dominated and no oil attachment was observed. By contrast, low pH and high salinity
are conducive to the attachment of o0il to molybdenite due to a suppression of surface
potential and Debye length, respectively, which both reduced repulsive EDL forces. From
the stability map, Ca?* exerted a stronger effect on the attachment behavior between
the oil droplet and molybdenite basal plane than Na* at the same ionic strength. The
methodology employed here consisted of both a precise experimental protocol and a
reasonable theoretical explanation that provided a valuable proof of concept. The ability
to characterize surface forces, estimate surface potential, and predict the best condition for
the floatability of molybdenite for various aqueous chemistries and hydrophobic additives

will continue to be highly beneficial to the field of mineral chemistry.
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Chapter 3

Understanding Wettability of
Millerite by Using Atomic Force

Microscopy
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3.1 Introduction

Millerite is a needle-like nickel sulfide with rhombohedral crystal form (8-NiS). It is
usually associated with chalcopyrite (CuFeS;) and pentlandite (Fe, Ni)9Sg. The separation
of copper and nickel has been viewed as a critical step for copper bearing ore. Recently,
millerite was found to be responsible for the high nickel concentration in the Sudbury
basin. However, the nickel grade in copper concentrate is generally expected to be lower
than 0.6% to meet the quality specification.[69] Millerite is more floatable than other nickel
sulfides, such as pentlandite. Conventional depressing practice for nickel sulfide, such
as the addition of sodium cyanide or high-lime aeration conditioning yield insufficient
depression of millerite.

Considerable effort has been made to understand the impact of water chemistry on
millerite flotation. Like other sulfide minerals, millerite is extremely sensitive to aqueous
condition where oxidation can easily happen and ultimately influence flotation recovery.
Xiong et al. [70] has studied oxygen adsorption on the (001) surface of millerite by
Ab Initio density functional studies. Their work has shown that parallel adsorption is
more stable than vertical adsorption and oxygen may easily experience dissociation on
millerite surface. X-ray photoelectron spectroscopy (XPS) also provided information on
reaction product after air and water oxidation.[71] It was observed that polysulfide (S27)
and nickel hydroxide (Ni(OH),) species formed on water-reacted millerite while nickel
sulfate (NiSO4) and nickel hydroxide (Ni(OH);) found on air-oxidized sample. Better
understanding of surface properties of millerite under different water chemistry is of
fundamental and practical importance to developing a possible pathway of separation of
copper and nickel. As an indispensable tool, Atomic Force Microscopy (AFM) has been

widely applied in mineral flotation, where direct force measurement has shown the surface
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3.2. EXPERIMENTAL SECTION

potential of minerals[59], topographic image has elucidated the butyl xanthate adsorption
on galena,[72] and the bubble probe technique has provided fundamental information on
bubble-particle interactions that are involved in flotation. [24, 51]

In this paper, surface potential and wettability of millerite in 10 mM KCI at pH 4 and
pH 12 were studied through direct measurements of the bubble-mineral interactions by
the AFM bubble probe technique. With further theoretical modelling, the surface forces for
the bubble-millerite system were revealed and quantitatively analyzed. This fundamental
study was designed to understand the millerite surface properties and provide useful

information for millerite depression.

3.2 Experimental section

3.2.1 Materials and mineral sample preparation

Naturally formed millerite (8-NiS) originated from Sudbury, Ontario of Canada was
purchased from kaygeedee Minerals. Examination by X-ray fluorescence (XRF) and X-ray
powder diffraction (XRD) analysis were conducted and showed 96% purity with minor
chalcopyrite. Potassium chloride (KCl), sodium hydroxide (NaOH, 1N), and hydrochloric
acid (HCI, 1IN) at ACS reagent grade purchased from Fisher Scientific were used to prepare
10 mM KCl solution at pH 4 and pH 12. A fresh cleavage piece of millerite was glued
with epoxy on a glass slide. Prior to AFM force measurement, this millerite sample was
ultrasonicated for 5 min, rinsed with Milli-Q water and gently dried under nitrogen stream.

The millerite was then placed in the target solution for 30 minutes to reach equilibrium.
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3.2. EXPERIMENTAL SECTION

3.2.2 Force measurement

The interaction forces between bubble and millerite were measured by an MFP-3D AFM
system (Asylum Research, Santa Barbara) mounted on a Carl Zeiss Observer Al inverted
microscope. The bubble probe technique is shown in Figure 3.1. A custom-fabricated
rectangular AFM cantilevers (450 x 50 x 2um?®) with gold patch on the end was first
hydrophobized by 10 mM 1-dodecanethiol ethanolic solution, it was then used to pick
up an air bubble with radius 50~60 ym. Micron-size bubble was generated by an ultra
sharp pipette. Photodiode voltage versus linear variable differential transformer (LVDT)
was first tracked as raw data and then calculated to force-time data by multiplying by
spring constant of the cantilever, which was determined to be 0.2~0.3 N/m. To ensure
reproducibility, at least five bubbles were tested at different spots on millerite surface for

each condition.

3.2.3 Theoretical modelling

A well-established theory, known as the Stokes-Reynolds-Young-Laplace (SRYL) model,
was employed to quantitatively model the interaction force between the bubble and
millerite. SRYL model constitutes of two equations: (1) the Stokes-Reynolds equation

Equation (3.1) modelling the evolution of the thin film drainage process:

oh 1 3 [ 0p
ot 12uror (rh 8r> 3-1)

where h is the water film thickness, r is the radial coordinate, y is the viscosity of the
aqueous solution, and p is the hydrodynamic pressure in the thin film between the bubble
and surface. An immobile boundary condition was assumed at both the air-water and

air-molybdenite interfaces.[55]
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Figure 3.1: Diagram depicting the typical AFM bubble probe technique

(2) The Young Laplace equation Equation (3.2) for the mathematical description of

bubble deformation arising from the disjoining pressure I1 and hydrodynamic pressure:

cd [ oh 20

where ¢ is the air/water interfacial tension, and R is the radius of the bubble, and IT is the
overal disjoining pressure. For bubble-millerite interaction in 10 mM KClI, three surface
forces should be accounted for: van der Waals (vdW) force, electrical double layer (EDL)
force, and hydrophobic (HB) force. An expression for the overall disjoining pressure is
then obtained:

IT = Ilyqw + Igpr + Iyp (3.3)

For the sake of brevity, four boundary conditions for SRYL model and detailed calculations

for three surface forces can be found in section 3.2.4. [73]

37



3.3. RESULTS AND DISCUSSION

3.3 Results and discussion

Force measurements between an air bubble and millerite in 10 mM KCl at pH 4 are shown
in Figure 3.2 A. The open symbols show representative experimental data and solid line
is the theoretical calculation based on the SRYL model. At pH 4, the force curve was
slightly repulsive followed by a sudden termination when the applied force just exceeded
3 nN. This behavior was referred as "jump-in".[74] The bubble pulled down the cantilever,
attached onto millerite surface immediately after contact and spread over. The positive
Hamaker constant for interaction of air bubble and millerite across water implies that vdW
force is repulsive.[75] The SRYL model describing vdW, EDL, and HB forces was then
fitted to the experimental data to estimate the surface potential of bubble and millerite and
the magnitude of attractive hydrophobic force. In our previous work, the zeta potential of
millerite particles was found to be around —39 =4 mV at pH 4. The surface potential of
bubble and millerite were then estimated as —30 +3 mV and —35+4 mV , respectively.[76]
Both vdW and EDL forces are responsible for the repulsion observed in the force curve.
Hydrophobicity of millerite at pH 4 was confirmed by contact angle measurement where
the contact angle was seen to be 60°. The term (1 — cos ) for the calculation of the HB
force in Equation (2.5) was then determined to be 0.036 N/m. A decay length of 1.5 £0.1
nm was derived to well describe the range of the hydrophobic attraction. The disjoining
pressure has been calculated according to these parameters and is shown in Figure 3.2 B.
The hydrophobic force shows longer range and is stronger than the EDL repulsion and
thus the bubble jumps into the surface at a critical film thickness around 12.5 nm.
Previous XPS studies and ICP solution species analysis suggested that elemental sulfur
and/or polysulfide (S27) formed from an amount of released nickel ions under acidic

conditions.[77] This species is strongly hydrophobic and thus can explain the negative
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charge and hydrophobicity of millerite at pH 4. Additionally, the dissociation of nickel ion
lead to nano-roughness in the contact area. Given the discussion above, bubble attachment

onto millerite surface can be easily induced at pH 4.
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Figure 3.2: Measured forces between bubble and millerite in 10 mM KCl at pH 4 with a
driving velocity of 1 yum/s. (A) Open symbols are experimental AFM data and solid line is
the theoretical fit using the SRYL model. (B) Calculated disjoining pressure for this system.

In the case of 10 mM KCl at pH 12, the behavior of the interaction was considerably
altered: the force curve was repulsive when applied force reached 5 nN, and upon
retraction the bubble returned back to its original position without jump-in (Figure 3.3 A).
It is important to note that a strong adhesive pull appeared during retraction which implies
the bubble had contacted with millerite surface but managed to detach from the surface
with a pull-off force of 2nN. The three phase contact line did not expand during contact. A
discrepancy between theoretical fit and experimental data is presented. A possible reason
for this could be the limitation of the theory. Whilst SRYL model describes well the bubble
deformation against a smooth surface, it assumes perfectly smooth surfaces and does not
take bubble adhesion into consideration. In other words, calculation regarding the bubble
deformation stops where bubble attachment happens.

Concerning the influence of alkaline condition on bubble-millerite interaction, contact
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angle measurement, zeta potential and XPS were also conducted for surface characterization.[77]
Compared to pH 4, contact angle of millerite decreased to 43° in 10 mM KClI at pH 12
indicating less hydrophobicity of millerite. The released nickel ions were oxidized by
dissolved gas and formed hydrophobic polysulfide [78]. The formation of hydrophilic
Ni(OH), was also found by XPS analysis. The precipitate acted as a passivation layer
and prevented the formation of more polysulfide. The mixture of polysulfide and nickel
hydroxide allowed for the partial hydrophobicity of millerite at pH 12. By using this
information, contributions of each force were determined: while vdW stayed repulsive at
small separation, HB attraction decreased, and EDL respulsion increased and dominated
over HB force. Millerite surface potential remained —33 4 mV which was consistent
with zeta potential of —30 4+ 6 mV. Bubble showed more negative charge (—63 =4 mV) as
a result of more OH~ adsorbing at the air-water interface at pH 12. [79] As given in the
corresponding disjoining pressure calculation (Figure 3.3 B), the thin water film stopped

draining when the thickness reached 14.6 nm due to the EDL repulsion.
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Figure 3.3: Measured forces between bubble and millerite in 10 mM KCl at pH 12 with a
driving velocity of 1 yum/s. (A) Open symbols are experimental AFM data and solid line is
the theoretical fit using the SRYL model. (B) Calculated disjoining pressure for this system.
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3.4 Conclusion

The wettability and surface potential of millerite under pH 4 and pH 12 were investigated
using the AFM bubble probe technique. Experimental data suggested that acidic condition
favors bubble-millerite attachment while reaction production from pH 12 impart millerite
surface less hydrophobic than in pH 4. Apart from AFM force measurement, the SRYL
model was employed and exhibited good agreement with experimental results. This has

led to an extensive understanding in terms of surface forces.
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Chapter 4

AFM studies of pentlandite oxidation

induced by H>O»
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4.1 Introduction

Pentlandite (Pn, (Fe, Ni)9Sg) is the main nickel-producing constituent of nickel sulphide
ore. Generally, pentlandite can be recovered through flotation with the addition of thiol
collectors at pH 9. The common association of pentlandite, pyrrhotite (Po, Fe;_,S), is
typically considered as gangue mineral and its rejection is desired due to the difficulties
in removing sulfur in it. Similarities between pentlandite and pyrrhotite represented
significant challenge in separating the two minerals. Therefore it is cricial to understand
the surface properties of pentlandite.

There has been no consensus on the role of oxidation in the selectivity of Pn and Po.
In 2005, Legrand et al. [80] proposed that low O, concentrations in pulp solutions was
able to facilitate the separation of Po from Pn. X-ray photoelectron spectroscopy (XPS)
results suggested that the major oxidation products on Pn and Po surfaces from dissolved
oxygen are ferric oxyhydroxide (FeEOOH) overlayers. In addition, violarite (FeNiyS4) and
nickel hydroxide Ni(OH); can be detected on pentlandite using the same technique. When
dissolved O, concentrations were as low as 0.03 ppm, the Po surfaces were found to be
heavily oxidized, while the Pn surfaces remained relatively unchanged. Meanwhile, it
was also found that excessive oxidation of the sulfide mineral potentially leads to reduced
recovery of pyrrhotite.[81-84]

In this work, H>,O, was chosen to induce the oxidation on pentlandite at pH 9.3. H,O,

was chosen for its role as a strong oxidizing agent in alkaline conditions:[85]

H,Op +2H* +2¢~ = 2H,0 (4.1)

The AFM bubble technique was employed to understand the interaction between
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pentlandite and a micron-size air bubble. This approach, accompanied by the well-
established SRYL model, enabled us to quantitatively understand the bubble attachment
behavior. Furthermore, the hydrophobicity of pentlandite surface with or without H,O,
conditioning were evaluated by contact angle measurement, AFM topography images, and
adhesion force map. This work provides fundamental information on the oxidation of
pentlandite by H,O, and provides insight into the possible selective flotation of pyrrhotite

from pentlandite.

4.2 Experimental Section

4.2.1 Materials and Sample Preparation

Pure pentlandite specimens were obtained from Vale’s Sudbury plant, Ontario of Canada.
Milli-Q water with a resistivity of 18.2 m() - cm from a Barnstead Nanopure system
(Thermo Fisher Scientific) was used to prepare all aqueous solutions. All glassware was
cleaned by being repeatedly rinsed with toluene, acetone, Milli-Q water, and acetone
again and then dried with high-purity nitrogen. Hydrogen peroxide solution (H,O,, ACS
reagent, 30 wt % in H,O), sodium tetraborate decahydrate (Na;B4O7, ACS reagen, 99.5 %),
and octadecyltrichlorosilane (OTS, C1gH37Cl35i, 95%) were bought from Sigma and used
as received. Potassium isobutyl xanthate (PIBX, CsHoOS,K, MW =188.35) was purified by
recrystallization from acetone-ether solutions according to an established method.[86]
Pentlandite composition was examined by a Scanning Electron Microscope (SEM) fitted
with Energy Disperse X-ray Spectra (EDS). The pentlandite sample was embeded into
epoxy resin within a cylinder mold of 5 mm diameter. Prior to each experiment, the
mineral surface was carefully polished with wet silicon carbide paper of 600, 800, and

1200 grit, then polished on MicroCloth with 9, 3, 0.05 ym alumina suspension, rinsed by
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Milli-Q water, sonicated for 5 min, and dried by nitrogen blow. All the aqueous solutions
used in this work were well sealed and purged with nitrogen for at least 30 minutes before
any experiments. For H,O, and PIBX conditioning, pentlandite surface was first exposed
to 10> M hydrogen peroxide in 0.05 M borax buffer solution for 3 min, then 10~> M PIBX
was added to the solution. After another 3 minutes, the sample was removed from the
mixed solution, rinsed by the borax buffer solution, and transferred to the buffer solution.
For PIBX condition, the pentlandite surface was immersed in 10~> M PIBX in 0.05 M borax
buffer solution for 3 minutes, taken out and rinsed for futher experiments. The exposure
time for each solution was strictly controlled within 3 minutes. A magnetic stirring bar
was used during conditioning. Special care was taken during the sample transferring to

avoid oxidation by air.

4.2.2 Contact angle measurement

The contact angle of a captive bubble on pentlandite after conditioning was measured by a
Theta Optical Tensiometer T200 (Biolin Scientific, Stockholm, Sweden) at room temperature.
The interafacial tension of the air/water interface in borax buffer solution, 10~> M H,0,
borax buffer solution, 107> M H,O, and 10> M PIBX borax buffer solution, and 10> M
PIBX borax buffer solution were found to be 71.4 + 0.8 mN/m by Tensiometer. For the

captive bubble method, at least five bubbles at different spots were recorded.

4.2.3 AFM measurement

All AFM force measurements were carried out by applying the method described in
4.2.2. Topography images were obtained by AFM tapping mode in borax buffer solution.
Bruker’s silicon nitride probes with a spring constant of 0.07 N/m, DNP-10, were used
for adhesion force map. Before being used for AFM experiment, Si3sN, probes were first
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cleaned by UV-ozone and hydrophobized by immersion in 2 mM OTS-toluene solution
for 30 min. They were then rinsed by copious amount of toluene and acetone and dried
by nitrogen blow. Force map mode from MFP-3D AFM system (Asylum Research, Santa
Barbara, CA) was used. Interaction forces between OTS tip and pentlandite were measured
consecutively on 20 x 20 grid points over a 2 x 2 um? area. The adhesion force map was
simultaneously produced by Asylum Research software. The loading force was set to be
2 nN and the approaching velocity was 1 ym/s. The adhesion force was calculated and

analyzed by Asylum Research software.

4.2.4 Theory

The extensively validated Stokes-Reynolds-Young-Laplace (SRYL) model was employed to
quantitatively analyze the interaction between air bubble and the mineral surface. Detailed
explanation for the SRYL model can be found in section 3.2.4 and 4.2.3.

Since all the experiments were performed in buffer solutions (0.05 M sodium borate),
with ionic strength of 0.15 M, the Debye length is considerably short. Therefore, electrical
double-layer (EDL) can be neglected in this system.[40] When the contact angle is less than
40°, only vdW force contributes to the disjoining pressure in Equation (3.2), namely, IT =
IT,sw. When the contact angle is more than 40°, the hydrophobic effect should be added

into the overall disjoining pressure: II = I,y + I1gp.

4.3 Results and Discussion

4.3.1 Contact Angle of Pentlandite after conditioning

Contact angles of captive air bubbles on pentlandite were measured in borax buffer solution

with and without conditioning as shown in Figure 4.1. It is noted that for freshly polished
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pentlandite and H,O; treated pentlandite, bubble attachment was not observed and it
would roll off the surface immediately. The contact angle is considered to be less than 10°
and the surface is hydrophilic. Both H,O, and PIBX, and PIBX treatment increased the

contact angle and the pentlandite surface changed to a more hydrophobic nature.

Double click to 13'[[’-’51!;1“%

']

After H,0, and PIBX: 54° + 3° A After PIBX: 72° £ 3°

Figure 4.1: Contact angle of a captive bubble on pentlandite (A) after H,O, and PIBX
conditioning and (B) after PIBX conditioning.

4.3.2 Topography Images of Pentlandite with or without conditioning

A photograph of typical AFM bubble probe on pentlandite surface accquired from top
view camera in AFM head is shown in Figure 4.2 left panel. The smoothness of pentlandite
surface was confirmed by the height image on the right panel. It showed no virtual
structure except minor scratches from the polishing process. The roughness was found to
be around 1.6 nm over a 3 x 3 um? area, which is suitable for bubble interaction.[21]
Figure 4.3 shows the representative topography images of treated pentlandite: (A) after
H>0O, and PIBX conditioning and (B) after PIBX conditioning. Two conditionings resulted
in two distinct topography features: (A) granular structure with typical height of 20 nm
formed and no polishing scratches could be observed if sample was exposed to H,O,
before PIBX; (B) no virtual structure formed but some domains with typical height of 10

nm covered pentlandite, and scratches were still clear after PIBX treatment. Analyzed by
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.

200 =00

Figure 4.2: (left panel) A typical AFM bubble probe on pentlandite surface from top view
camera in AFM head, (right panel) height image of freshly polished pentlandite surface in
borax buffer solution.

AFM software, the root mean square roughness (R,) remained low and similar for both
cases, 4.1 nm vs. 3.4 nm. This suggested that the surface became rougher in the presence
of H,O,.

One potential explanation for the observed asperities in Figure 4.3 A is the formation
of metal hydroxide precipitate, though further investigation is warranted. This precipitate
nucleated and grew along the scratches from polishing which made the main point to the
distinction between Figure 4.3 A & B. The H,O, addition also increased the pulp potential
and improved the following formation of metal xanthate complex and dixanthogen from
the xanthate conditioning. Metal xanthate complex and dixanthogen are well accepted as
hydrophobic species.[87, 88] Accordingly, pentlandite after H,O, and PIBX conditioning is
partially hydrophobic (contact angle ~ 55°).

As for PIBX treatment, it is speculated that the observed domain could be xanthate
chemical adsorbed on pentlandite surface. From the cross-section profile, the height about
5 ~ 8 nm is consistent with previous findings from Mikhlin et al. [72]. Many previous

studies demonstrated that metal xanthate (NiBX) and dixanthogen (BXj) were formed at
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Ni®" sites on pentlandite through chemisorption:[88-90]

1

Pn||Ni** +2BX~ — Pn||Ni — XB + 5 (BX), (4.2)
Pn||+ X~ = Pn||X+e (4.3)
Pn||X+X = Pn||Xa+e (4.4)

49



4.3. RESULTS AND DISCUSSION

Figure 4.3: Height images of pentlandite in borax buffer solution and corresponding
cross-section profile acquired (A) and (C) after HO, and PIBX conditioning, (B) and (D)
after PIBX conditioning.
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4.3.3 Interaction Force between Pentlandite and Air Bubble in Borax Buffer

Solution

For unreacted pentlandite surface, the bubble probe experienced repulsive force until
20 nN (Figure 4.4 A) and a weak attraction during retraction due to a hydrodynamic
suction effect.[57] The Hamaker constant for air-water-pentlandite system is calculated
to be - 2.09 x 1072! J according to the Hamaker constant for pentlandite in vacuum as
3.3 x 1072 ].[91] The negative value of the Hamaker constant indicates repulsive vdW force.
Since pentlandite shows hydrophilic property without any conditioning, only repulsive
vdW force operates for the equilibrium interaction force. SRYL model (red solid line)
incorporating the vdW effect exhibited good agreement with the experimental result (blue
open symbols) as presented in Figure 4.4 A. Figure 4.4 B displays the corresponding
disjoining pressure. The water film between air bubble and freshly polished pentlandite
stopped thinning around 5 nm. Because no attractive force acted in this case, the repulsive

vdW force inhibited further bubble attachment from occurring and stabilized the thin film.

. 20
20 Without Conditioning —1I
7\ T3 R — Hypw

E --+-| aplace Pressure
=2
= 10

= g

[y =

— w

(=] [=1

" 2 L
£ o
S
@
o

-5
B
L L n -10 n L
0 0.2 0.4 0.6 0.8 1 1.2 ] 10 20 30 40 50
Time (s) Separation, h (nm)

Figure 4.4: (A) Experimental force curve and theoretical calculation for the interaction
between bubble and freshly polished pentlandite in borax buffer solution with a driving
velocity of 1 yum/s. Open symbols are experimental AFM data and solid line is the
theoretical calculation using the SRYL model. (B) Calculated disjoining pressure for this
system.
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Flotation additive such as xanthate is essential for sulfide mineral flotation. After
xanthate conditioning, the interaction force curve between the bubble and pentlandite is
presented in Figure 4.5 A. The interaction force experienced a slight repulsion around 3 nN
and decreased dramatically until the minimum range of AFM measurement (-300 nN). This
suggested several sub-processes: (1) the bubble attached onto pentlandite, (2) the bubble
pulled down the cantilever, (3) the thin water film between bubble and surface ruptured,
(4) the three phase contact line formed and spread on the surface. All these sub-processes
happened spontaneously because of the strong hydrophobicity of PIBX treated pentlandite.
After force measurement, the bubble detached from the cantilever. The SRYL model also
showed good correlation with experimental data for approaching region as shown in
Figure 4.5 B. Taking a contact angle of 72°, the constant ¢(1 — cos6) for hydrophobic
interaction can be obtained to be 0.031 N/m. The decay length of hydrophobic interaction
was inferred to be 1.2 & 0.1 nm. From disjoining pressure calculation as displayed in
Figure 4.5 C, hydrophobic interaction acted beyond vdW interaction. The critical film

thickness was found to be < 12nm.
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Figure 4.5: (A) Interaction force curve between bubble and PIBX-treated pentlandite in
borax buffer solution with a driving velocity of 1 yum/s. (B) Comparison of approaching
curve and theoretical calculation. Open symbols are experimental AFM data and solid line
is the theoretical calculation using the SRYL model. (C) Calculated disjoining pressure for
this system.

H>O» conditioning brought abundant oxidation products and made the pentlandite
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rougher as discussed in section 5.3.2. Surface roughness has always been a serious problem
for surface force measurement. But the effect of surface roughness in this system is reduced
because of the small interaction area by AFM bubble probe (less than 1 x 1 um? ). The
interacion force between air bubble and H,O»-treated pentlandite is shown in Figure 4.6 A
and similar to Figure 4.4. From contact angle measurement, pentlandite shows hydrophilic
property and thus vdW force is the only effect considered for the surface force.

The further exposure of H,O,-treated pentlandite to PIBX solution resulted in shows
a comparable repulsive force (4 nN) during approach (Figure 4.7 A) before point (a)
with Figure 4.5 (3.2 nN). This repulsion was due to the repulsive vdW forces. When the
attractive hydrophobic force exceeded the spring constant of the cantilever, the bubble
jumped into the surface, thin water film ruptured, and the three phase contact line formed.
In contrast to the case of PIBX conditioning, force decrease stopped at -30 nN instead of
reaching the minimum range of measurement and more repulsive force was observed after
jump-in until the applied force reached approximately 7 nN (point (b)). It is possible that
the protrusions formed from oxidation conditioning hindered the expansion of TPCL and
the capillary bridge formed between cantilever and surface. Upon the retraction of the
cantilever (after point (b)), the bubble did not detach from the cantilever and the capillary
bridge remained until the cantilever was retracted back to its original position. The total
force in the vertical direction between (a) and (b) is balanced by the Laplace pressure force,

capillary force, and attachment force:[92]

. 2
Fy = 2717 1pc Y10 SIN Ogpp — ”Vtzpc ( 11?) (4.5)

where 7. is the radius of contact region, 7, is the interfacial tension of the air/water

interface, 0, is the attachment contact angle, R, is the radius of bubble.
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Figure 4.6: (A) Experimental force curve and theoretical calculation for the interaction
between bubble and H,O, treated pentlandite in borax buffer solution with a driving
velocity of 1 yum/s. Open symbols are experimental AFM data and solid line is the
theoretical calculation using the SRYL model. (B) Calculated disjoining pressure for this
system.

Nontransparent mineral sample limits the observation of the contact area and the at-
tachment contact angle leading to two unknowns (7, and 6,4) in Equation (4.5). Moreover,
further quantification of the surface forces beyond point (a) requires the exact information
about the surface nanoscale structure. There is no reliable model to describe the interaction
between air bubble and surface which is both physically and chemically heterogeneous.[1]
The SRYL model was built to understand the equilibrium surface force between bubble
and surface. It can only successfully predict the bubble behavior before jump-in (point
(a)). From the good correlation in Figure 4.7 B, the decay length of hydrophobic force was
estimated to be 0.9 + 0.1 nm. The minimum film thickness prior to attachment was around
9 nm. It is well accepted that surface roughness limits the close approach for two surfaces
and thus weakens the interaction force.[93, 94] However, bubble underwent attachment
onto pentlandite either after H,O,-PIBX conditioning or PIBX conditioning. Hydrophobic
force was strong and sufficient to induce the bubble-surface attachment. The effect of

protruding nanoscale structure from H,O, oxidation was seemingly overshadowed in
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terms of the micron-sized bubble attachment outcome.
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Figure 4.7: (A) Measured forces between bubble and pentlandite after HoO, and PIBX
conditioning in borax buffer solution with a driving velocity of 1 ym/s. (A) Open symbols
are experimental AFM data and solid line is the theoretical calculation using the SRYL
model. (B) Calculated disjoining pressure for this system.

4.3.4 Adhesion Force Map of Pentlandite

In order to understand the chemical characteristics of pentlandite from different condi-
tioning, adhesion force map was performed. Different from force measurement by bubble
probe technique and conventional topography imaging, adhesion force map complements
the data by providing the force-distance curves between an OTS-tip and pentlandite
surface over an area of 2 x 2 um?. It is well accepted that OTS treated silicon nitride tip
is hydrophobic where contact angle is around 109°. As discussed in section 5.3.3, only
repulsive vdW force and attractive HB force were detectable in this system. Since either
observed asperity or xanthate adsorption layer are thin, the contribution from vdW effect
stays roughly constant. The variation measured from adhesion force map is ascribed
to the hydrophobicity of the pentlandite surface. Numerous attempt has been on the
adhesion force between hydrophobic surfaces over the past several decades.[95-99] Bright
color from the adhesion force map represent low-adhesion domain corresponding to
hydrophilic region. Grey color represent high adhesion between OTS-tip and surface

indicating hydrophobic regions. By collecting and analyzing the force data from adhesion
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force map, the histogram was produced and presented in the right panel. It illustrates
the adhesion forces distribution which are normalized by assuming the radius of OTS-tip
spherical cap, 20 nm.

Figure 4.8 and Figure 4.9 show the adhesion force map obtained from untreated
and H;O;-treated pentlandite sample in borax buffer solution. At 20 nN scale, both of
images show generally gray color indicating hydrophilic nature of the surfaces. These
are consistent with contact angle and force measurement. Majority of adhesion force are
found to be less than 50 mN/m (right panel), in agreement with the hydrophilic domain

from Xie’s work.[99]
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Figure 4.8: (left panel) Adhesion force map obtained from freshly polished pentlandite.
(right panel) Histogram of corresponding adhesion force distribution.

After xanthate treatment, the pentlandite sample exhibits remarkable adhesion to
the hydrophobic tip regardless of the H,O, addition, as many bright points observed in
Figure 4.10 and Figure 4.11. However, the adhesion force map for the H,O, and PIBX
treated pentlandite is more hetergeneous than Figure 4.11 and reveals some micron-sized
hydrophobic domains where bright points are connected. The corresponding distribution
of adhesion is skewed below 100 mN/m with the rest falls in the range of 100 ~ 300
mN/m. It is suggested here that these hydrophobic micron domains may contribute to the
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Figure 4.9: (left panel) Adhesion force map obtained from H>O, treated pentlandite. (right
panel) Histogram of corresponding adhesion force distribution.

increased hydrophobicity of pentlandite and induce the bubble attachment.

For the data set measured from the pentlandite sample which was directly exposed to
PIBX, (Figure 4.11), the overall image show brighter color and the maximum probability
of adhesion force centered between 200 ~ 300 mN/m which is higher than other cases.
Additionally, the adhesion force map is less chemically heterogeneous, which coincides

with the readily bubble attachment from section 5.3.3.
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Figure 4.10: (left panel) Adhesion force map obtained from H,O, and PIBX treated
pentlandite. (right panel) Histogram of corresponding adhesion force distribution.
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Figure 4.11: (left panel) Adhesion force map obtained from PIBX treated pentlandite. (right
panel) Histogram of corresponding adhesion force distribution.

44 Conclusion

The AFM bubble probe technique, topography images, adhesion force map together with
contact angle measurement were utilized to estimate the impact of oxidation using H,O»
solution on the wettability and surface properties of pentlandite in borax buffer solution.
The additive of H>O, did not alter the hydrophilicity but increased the surface roughness
by introducing nanoscale asperities onto pentlandite. Combined with PIBX treatment,
pentlandite shows chemical heterogeneity and partial hydrophobicity but still allows for
bubble attachment. When pentlandite underwent direct xanthate treatment, it showed less
chemical heterogeneity and stronger hydrophobicity, and micron-sized bubble attachment
can be readily induced as desired.

The present study produced a satisfying correlation between the SRYL model and the
interaction forces between air bubble and pentlandite. For untreated and H,O;-treated
pentlandite, vdW forces was responsible for the repulsion. The introduction of PIBX
allowed the attractive HB forces to dominate and repulsive vdW forces were negligible.

The characteristic lengths of HB forces were found to be 0.9 + 0.1 nm and 1.2 £ 0.1 nm for
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H>O,-PIBX treated pentlandite, and PIBX treated pentlandite, respectively. In addition,
the chemical properties of pentlandite was well-characterized at nanoscale by adhesion
force map.

As a whole, these results suggest that the additive of H,O, presents a promising

method for selectivity of pentlandite and pyrrhotite, and warrants further investigation.
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Chapter 5

Conclusion and Recommendations

for Future Work

5.1 Conclusions

In this thesis, AFM deformable drop/bubble probe technique was successfully applied
to understand surface forces and interaction mechanisms for three colloidal systems in
mineral flotation: (a) oil droplet and molybdenite, (b) bubble and millerite, and (c) bubble
and pentlandite.

The key findings of this work can be summarized as:

1. The interaction force between dodecane oil droplet and molybdenite was directly
measured by the AFM droplet probe technique. The Stokes-Reynolds-Young-Laplace
model was compared with experimental data obtained under various aqueous
conditions and provided insight into the impact of VDW, EDL, and HB forces for
each experimental condition. At high pH and low salinity, both the oil droplet

and the molybdenite surface were strongly negatively charged, arising from the
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adsorption of hydroxyl ions originating from the water. Under these conditions,
strong EDL repulsion dominated and no oil attachment was observed. By contrast,
low pH and high salinity are conducive to the attachment of oil to molybdenite due
to a suppression of surface potential and Debye length, respectively, which both

reduced repulsive EDL forces.

. The SRYL model provide a complete description of the thin water film drainage
process under different aqueous solutions. The hydrophobic attraction was quantified

with an exponential decay length of 1.0 + 0.1 nm.

. The stability map was plotted in term of salt concentration, pH value, NaCl, and
CaCl, solutions. Ca®* exerted a stronger effect on the attachment behavior between

the oil droplet and molybdenite basal plane than Na* at the same ionic strength.

. The wettability and surface potential of millerite under pH 4 and pH 12 were
investigated using the AFM bubble probe technique. Experimental data suggested
that acidic condition favors bubble-millerite attachment while reaction production
from pH 12 impart millerite surface less hydrophobic than in pH 4. Apart from AFM
force measurement, the SRYL model was employed and exhibited good agreement
with experimental results. This has led to an extensive understanding in terms of

surface forces.

. The AFM bubble probe technique, topography images, adhesion force map together
with contact angle measurement are utilized to estimate the impact of oxidation
using H»O, solution on the wettability and surface properties of pentlandite in
borax buffer solution. The additive of H,O, did not alter the hydrophilicity but

increased the surface roughness by introducing nanoscale asperities onto pentlandite.
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5.2

Combined with PIBX treatment, pentlandite shows chemical heterogeneity and

partial hydrophobicity but still allows for the bubble attachment.

. When pentlandite underwent direct xanthate treatment, it showed less chemical

heterogeneity and stronger hydrophobicity than H,O,-PIBX treated pentlandite.

Micron-sized bubble attachment can be readily induced as desired.

The validated SRYL model revealed the interaction forces between air bubble and
pentlandite. For untreated and H,O,-treated pentlandite, vdW forces was responsible
for the repulsion. The introduction of PIBX allowed the attractive HB forces to
dominate and repulsive vdW forces were negligible. The characteristic lengths of
HB force were found to be 0.9 & 0.1 nm and 1.2 + 0.1 nm for H,O,-PIBX treated
pentlandite and PIBX treated pentlandite, respectively. Since bubble attachment can
be induced where H,O, are present and absent, HO, appears to be a promising

candidate for selectivity of pentlandite and pyrrhotite.

Recommendations for future work

. The present study mainly studied the effect of oxidation on bubble attachment

onto pentlandite. In order to determine the species that contributed to the increase
in surface roughness, further investigation is warranted. One possible way to
accomplish this is to characterize the element composition by X-ray Photoelectron
Spectroscopy (XPS) or other characterization techniques, including Fourier-transform
Infrared Spectroscopy (FTIR) and Time-of-Flight Secondary Ion Mass Spectrometry

(ToF-SIMS).

It is recommended that more experiments be completed on pyrrhotite following the
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same procedures conducted in this study. Further force measurement by bubble
probe pyrrhotite are worthwhile to repeat if fresh smooth pyrrhotite sample is
guaranteed. Comparing present study with further results regarding pyrrhotite will
provide promising method in improving the selectivity of pentlandite and pyrrhotite,

and valuable insight into the underlying mechanisms.

. It is recommended that experiments be undertaken with other additives in mineral

flotation: collectors, surfactants, dissolved gas, metal ions for activation, etc.

. This bubble probe technique is also applicable for characterizing the surfaces or
interfaces charging behaviors. Rico et al. have revealed the pH-dependent surface
potential of the air/water interface and anomalous stability of carbon dioxide bubble
in aqueous solutions.[26] Utilizing similar idea, the presence of gold oxide can
change the surface potential dramatically and increase the isoelectric points by 2 pH
units.[100] As mentioned in this study, the surface potential of oil/water interface,
air/water interface and molybdenite surface in various aqueous solutions were well
estimated by the AFM bubble probe technique assisted with the validated SRYL
model. This methodology can offer a rigorous prediction of the surface potential in

diverse colloidal systems.
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