SOFT NANOPARTICLE FLOTATION
COLLECTORS



Ph.D. Thesis — Xiaofei Dong McMaster University — Chemical Engineering

SOFT NANOPARTICLE FLOTATION
COLLECTORS

By
XIAOFEI DONG, M.Sc.

A Thesis
Submitted to the School of Graduate Studies
in Partial Fulfillment of the Requirements
for the Degree
Doctor of Philosophy

McMaster University
© Copyright by Xiaofei Dong, October, 2016

i



Ph.D. Thesis — Xiaofei Dong McMaster University — Chemical Engineering

DOCTOR OF PHILOSOPHY (2016) McMaster University
(Chemical Engineering) Hamilton, Ontario
TITLE: Soft Nanoparticle Flotation Collectors
AUTHOR: Xiaofei Dong

M.Sc. (Tianjin University)
SUPERVISOR: Professor Robert H. Pelton

NUMBER OF PAGES: x, 112

il



Ph.D. Thesis — Xiaofei Dong McMaster University — Chemical Engineering

Abstract

Flotation is arguably the most important mineral separation technique. It has been demonstrated
that hydrophobic nanoparticles adsorbed onto hydrophilic mineral surfaces can facilitate mineral
particles attachment to air bubbles in flotation process. This thesis explores the effects of
nanoparticle adhesiveness, size and shape on the performance of nanoparticle flotation collectors.
For this, a series of rigid polystyrene, soft shelled polystyrene-poly (n-butyl methacrylate) (PS-
PB) and soft lobed polystyrene/poly (n-butyl methacrylate) (PS/PB) Janus nanoparticles were
prepared and characterized. Flotation experiments with glass beads, a model for mineral
particles, revealed that soft-shelled particles were more effective collectors than were hard
polystyrene particles. The small (92 nm) Janus particles were particularly good flotation
collectors for glass beads.

The pull-off forces required to remove nanoparticles from glass were measured by AFM and the
results were compared to the abilities of the nanoparticles to induce the flotation of hydrophilic
glass beads. Soft PS-PB particles were strongly adhering and were very effective nanoparticle
flotation collectors. By contrast, hard PS particles were weakly adhering and were poor flotation
collectors. These observations led to the hypothesis that weakly adhering nanoparticles were
dislodged from the glass bead surfaces during flotation. Experimental support for this hypothesis
included: (1) the coverage of nanoparticle on glass bead surfaces decreased with increased
conditioning time; (2) large nanoparticles aggregates were detected in flotation pulp as well as on
bead surfaces; and, (3) dislodged soft-shelled PS-PB particles left polymeric patches, we call
footprints, on the glass bead surfaces. Indeed, the presence of the footprints, suggests that a
nano-scale stamping process can be used to cover surfaces with hydrophobic polymer footprints.

Arguments are made that hydrodynamic forces alone were insufficient to detach the small
nanoparticles from the glass bead surfaces in our experiments. Instead, it is proposed that bead-
bead collisions during conditioning and flotation caused weakly adhering particles to detach; a
process is termed as “nano-scale ball milling”. Furthermore, geometric arguments show that
during a bead-bead encounter, larger nanoparticles are more susceptible to removal than small
particles which is consistent with the experimental data.

Although all experiments were performed with model glass beads and rather simple
nanoparticles, this work has for the first time explained why larger polystyrene nanoparticles are
ineffective flotation collectors. The work highlights the need to consider nanoparticle/mineral
adhesion when designing collectors for real mineral systems.
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Chapter 1 Introduction

Polymeric nanoparticles adsorbed on mineral particle surfaces can promote flotation and
nanoparticle collectors therefore have potential applications in commercial flotation practices.
Flotation of nickel ultramafic ores using conventional molecular collectors has proven to be
particularly challenging due to the severe depression of the collector efficiency by nanoscale
contaminations on the mineral surface. Due to their particle nature and size, polymeric
nanoparticles have the potential of reducing the effect of the nanoscale contaminations and
thereby increase the flotation efficiency of nickel ultramafic ores. This thesis explores the role of
the size, shape and adhesive properties of nanoparticles for their performance as flotation
collectors, with the aim to formulate design rules for nanoparticle collectors. In this first chapter,
the literature on nanoparticle flotation collectors is reviewed, with a focus on soft nanoparticles.
First, an overview of the fundamental aspects of froth flotation and the challenges in ultramafic
ore separation is presented, followed by a review of the previous development of nanoparticle
flotation collectors in which controversies and unsolved issues will be identified and discussed.
Finally, techniques available to synthesis nanoparticles with specific size, shape and adhesive
properties will be summarized.

1.1 Froth Flotation

Ores mined from any land-based deposit usually contain a highly heterogeneous mixture of
extractable minerals and extraneous non-valuable material known as gangue. Froth floatation, or
simplify flotation, is a separation technique used to separate the minerals from the gangue first
introduced in the mining industry at the end of the nineteenth century. Flotation is arguably the
greatest metallurgical innovation over the past century ' and the method has since been expanded
to applications outside the mining industry, such as deinking of waste paper °, treatment of
industrial effluents > * and oil recovery from oil sands °.

Flotation exploits the difference in the ability of various minerals particles to adhere to air
bubbles in a three-phase (solid-water-air) system °. Prior to flotation, crushing and grinding
operations are used to reduce the particle size to a diameter of approximately 100 pm. Figure 1
illustrates the principle of flotation in a mechanical flotation cell. An air sparging system at the
bottom of the cell generates a carrying phase of air bubbles through the pulp. An impeller
provides turbulence in the pulp phase that promotes collisions of particles and bubbles, resulting
in the attachment of particles to bubbles. The flotation separation is achieved by utilizing the
difference in hydrophobicity of different solids, which causes hydrophobic particles to be carried
to the surface with the rising air bubbles and overflow into a collector launder, whereas
unwanted hydrophilic particles are left at the bottom of the cell to be discharged .
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Concentrate

Launder

 Hydrophobic minerals
® Hydrophilic minerals

Impeller
(Rotor/Stator)

Figure 1 Illustration of the flotation process. (Figure adapted from reference '. Copyright 62015
Elsevier Ltd. Reprinted with permission.)

1.1.1 Basic Steps of the Flotation Process

Successful recovery of valuable minerals via flotation involves a number of steps, where the
interaction between particle and air bubble usually is considered to be the decisive factor for
effective flotation *. The bubble-particle interaction is frequently divided into three sequential
micro-processes: bubble-particle collision, attachment and detachment °. The collision of mobile
bubbles and particles, governed by the liquid flow '*, and the relative movement between the air
bubbles and solid particles "', have been intensively studied in the flotation literature '*'°.

Unlike collisions that depend on the hydrodynamic environment in the flotation cell '* ">,

bubble-particle attachment and detachment are highly dependent on the surface chemistry and
physical chemistry properties of mineral particles and air bubbles °. By analysing the motions of
individual particles on an air bubble surface, illustrated in Figure 2, Nguyen and his coworkers
identified three principle steps in the particle-bubble attachment process. The steps are (1)
thinning of the liquid film between the particle and the air bubble; (2) rupture of the liquid film
and formation of three-phase (water-air-solid) contact nuclei; (3) expansion of the three-phase
contact line (TPCL) from the contact nucleus to form a firm and stable attachment > ' ¥, By
using a high-speed digital camera system, rupture of the water film as well as the subsequent
formation of contact nuclei between hydrophobic particle and air bubble were directly observed ®.
Note that for an effective attachment to take place, the particle-bubble attachment time required
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to form a stable attachment should be shorter than the time the particle slides on the air bubble
surface '°. If the attachment time exceeds the sliding time particle detachment will occur, which
is unfavorable in the flotation process.

Particle
trajectory

Bubble

Figure 2 The bubble-particle attachment processes: (1) thinning of the wetting thin film to the
critical thickness, h, (2) rupture of the thin film when the bubble and particle are very
close and the formation of the three-phase contact nucleus with radius of r.,, and (3) the
spreading of the TPCL from the critical radius to a stable wetting state with equilibrium
contact angles (advancing angle, 0,, and receding angle, 6,). (Figure adapted from
reference °. Copyright 62010 Elsevier B.V. Reprinted with permission.)

1.1.2 Flotation Regents

In commercial operations, reagents are frequently added to facilitate the flotation process and the
selection and controlled addition of these reagents are critical parts of the flotation strategy .
Flotation reagents are classified as collectors, frothers and modifiers, based on their function in
the flotation process °.

Collector

Most mineral particle surfaces are naturally hydrophilic, whereas an air bubble can only pick up
mineral particles that are sufficiently hydrophobic °. To increase the hydrophobicity of the

3
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mineral particles in the pulp, hydrophobization agents known as collectors are used in a
conditioning step prior to the flotation. The collector adsorbs selectively to the mineral particle
of interest, forming a hydrophobic layer that promotes attachment to the hydrophobic air bubbles
and subsequent recovery of the mineral in the developed froth phase. Conventional collectors are
water soluble molecular surfactants consisting of a hydrophobic carbon tail and a reactive
hydrophilic head °. The head group selectively reacts with the surface of a mineral particle,
leaving the hydrophobic carbon chain oriented toward the water thus making the site
hydrophobic .

20.21 a5 well

Xanthates are the most important collectors for the flotation of sulfide mineral ores
as oxides ores > * (i. e. oxide zinc, lead and copper minerals). As illustrated in Figure 3a, the
ionic form of xanthates has the general formula of R-S’, with the length of the carbon chain
ranging between C2 and C6 (i. e. ethyl, isopropyl, isobutyl and amyl) **. The reaction of
xanthates with mineral surfaces involves chemical bond formation through electron donor action
between sulfur of the xanthate and the metal atom of the mineral surfaces > *°. Another
important type of flotation collector for sulfide ore separation is chelating collectors ", These
collectors bind to the mineral through formation of a five- or six-member ring by donation of the
unshared pair of electrons from atoms such as O, N, S or P in organic compounds to metal atoms
at the mineral surface. Successful attempts of using chelating collectors derived from imidazole

have also been reported for the flotation of pentlandite *', chalcopyrite and pyrite **.

()

Ethyl xanthate

C,H,0CS," %
C

S/ xS
Sulphur Carbon
Cu
@ oxygen Hydrogen Chalcopyrite

Figure 3 Schematic drawings showing the structure of (a) ethyl xanthate collector 7 (b) Ni-
dixanthogen (amyl xanthate collector for pentlandite) *°, and (c) Cu-diethyldixanthogen
(isopropyl xanthate collector for chalcopyrite) *°. (Figure redrawn from references > %,
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Copyrights 62015 Elsevier Ltd., 61989 Taylor & Francis and 62003 Elsevier B.V.
Reprinted with permissions.)

Frother and Modifier

Frothers are surface-active compounds that adsorb in the water-air interface > capable of
preventing the air bubbles from collapsing and producing finer air bubbles with a narrow size
distribution **. Modifiers, commonly called regulators, are mainly used to control the interaction
between collector and individual minerals in the pulp. For example, with the addition of copper
sulfate, increased sodium isopropyl xanthate collector adsorption on sphalerite surface can be
achieved *°. In contrast, sodium cyanide present in the pulp could dissolve copper from the
sphalerite surface and depress the collector adsorption on sphalerite *°. In cases where the pH of
the pulp is of large importance for the adsorption of collector on the mineral surface >”*® or the
effectiveness of the frother'>, alkaline or acidic pH modifiers are added into the pulp to adjust
the pH to the appropriate range.

1.1.3 Challenges in Nickel Ore Separation

With high corrosion resistance and non-toxic properties, nickel and nickel alloys have been
widely used in the steel industry, coinage, food handling and pharmaceutical equipment . The
source of nickel and its associated mineral ores deposited in the earth curst are summarized in
Table 1 . Sulphide ore and laterites are two major sources of nickel. Processing of laterite ore
faces technical challenges as well as high costs caused by pre-treatment of the ore by pressure
acid leaching *°. Therefore, extraction of nickel from sulphide ore is the dominating nickel
processing practice in commercial operations.

The principal formula of nickel in sulphide ore, pentlandite (Pn, Nis sFe4 5Ssg), is usually
associated with pyrrhotite (Fe; S, 0<x<0.17) and chalcopyrite (CuFeS,) in the deposits at
Sudbury and Voisey’s Bay in Canada °. Separation of Pn from sulphide ore is achieved by
flotation using xanthate collector (potassium amyl xanthate, PAX °), frother (a mixture of
monomethyl polypropylene glycol, 250kDa and dipropylene glycol monomethyl ether
UNIFROTH 250C), pH regulator (soda ash *"), dispersant (carboxymethyl cellulose, CMC *),
and occasionally with the addition of depressant (diethylenetriamine, DETA *) to reject
pyrrhotite.
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Table 1 Nickel sources and associate mineral ores .

Source

Formula

% Ni

Gravity

Occurrence/
Associations

Pentlandite

(Fe,Ni)‘)SS

34.2

4.6-5.0

Empirical formula
F82+4.5Ni4,588.

Occurs invariably with
chalcopyrite, and often
intergrown with
pyrrhotite, millerite,
cobalt, selenium, silver,
and platinum metals.

Garnierite

Hydrated
Ni-Mg
silicate

Variable

24

Often occurs massive or
earthy in decomposed
serpentines
(Mg3SIQO4(OH)5), often
with chromium ores.
Deposits are known as
“lateritic”.

Niccolite

NiAs

44.1

7.3-7.7

Occurs in igneous rock
with chalcopyrite,
pyrrhotite, and nickel
sulfides. Also in veins
with silver, silver-arsenic,
and cobalt minerals.

Millerite

NiS

64.8

5.3-5.7

Occurs as needle-like
radiating crystals in
cavities and as
replacement of other
nickel minerals. Also in
veins with other nickel
minerals and sulfides.

Heazelwoodite

NisS;

73.3

5.8

Rare. Constituent of matte
in Vale’s matte separation
process.
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Based on the nickel content, sulphide ores can be classified into massive sulphide (90% sulphide,
up to 10% Ni), sulphide matrix (20% to 50% sulphide) and disseminated ultramafic ore (0.5% Ni)
*. As a result of decreasing high grade nickel ore reserves, increasing efforts are directed

towards the processing of disseminated ultramafic deposits **. Several hundred million tonnes of
nickel resources are prospected in the ultramafic ore in the Thompson Nickel Belt in Manitoba,
Canada *. This is the deposit of interest in this thesis.

Extraction of nickel from ultramafic ore faces two main challenges: (1) high viscosity of
flotation pulp containing large amount of fibrous serpentine (Mg3;Si2O4(OH)s) 447 and (2)
surface contamination of Pn with serpentine ****°. Genc *® and Patra *’ and their co-workers have
showed that flotation pulp with high viscosity inhibits air bubble transportation through the pulp,
which is unfavorable in flotation separation as the carrying phase cannot rise to the surface. The
consequences of the serpentine fibers on the Pn surfaces have been investigated in a number of
studies, and the key finding is that serpentine fibers on the surface °”>' act as a surface barrier
that interferes with bubble attachment *"*>*. Consider a Pn particle surface decorated with
hydrophilic serpentine fibers with a height of 20 nm **°', whereas the size of the adsorbed
hydrophobic PAX micelle is about 1 nm. When an air bubble collides with this surface, the
geometry of the serpentine fibers will allow them to screen the hydrophobic PAX sites from
coming in contact with the air bubble, which results in reduced Pn recovery. Laboratory studies
>2 have shown that the Pn recovery decreased from 90% to 25% when 30% serpentine was
introduced into a previously serpentine free pulp. Deliberate removal of surface serpentine fibers
by strong agitation is a practice used in high intensive conditioning (HIC) **>*. Approaches
involving disintegration of the fibers by acid leaching ** > and by adding depressants > have
also been attempted to improve nickel recovery. However, when the cost of energy and effluents
treatment is taken into account, it is clear that these de-sliming operations have disadvantages.

Finally, the continued use of xanthate has raised ever increasing environmental concerns as
carbon disulfide is readily emitted from xanthate decomposition and excess xanthate in discharge
waters is an environmental threat to humans as well as the aquatic life °’. Engineers and

scientists have therefore embarked on a journey looking for a replacement for xanthate collectors
58

1.2 Nanoparticle Flotation Collector

1.2.1 Development of Nanoparticle Flotation Collector

In 2006, Dr. Pelton proposed the idea of using polymeric nanoparticles as flotation collector,
where cationic hydrophobic nanoparticles can deposit on negatively charged Pn surface and
facilitate the attachment to the air bubble in flotation (see Figure 4). A nanoparticle collector may
offer advantages over molecular collectors for nickel ultramafic ore separation, since relatively
large nanoparticles adsorbed on Pn surfaces are less affected by serpentine coating compared to
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the 1 nm thick patches of traditional xanthate collector. The proposed working mechanism of a
nanoparticle flotation collector for nickel ultramafic ore separation is included in Figure 5 *'.

Air blown Air Bubble
through pipe &
— Mineral Ore
2 0.®
B e
| ‘r N .
2 '_.‘_*f,' ) Mineral Ore
L o B |
® f' I: 3 0 &
e f'; . / Nanoparticles
. ==

Flotation cell

Figure 4 Proposed working mechanism of a nanoparticle flotation collector.

PAX

&
R AN
2 :
Qe“ ~ Serpentine

N\
-

Figure 5 The proposed working mechanism of a nanoparticle collector for nickel ultramafic ore
separation. (Figure redrawn from reference *'. Copyright 62013 Elsevier B.V. Reprinted with
permission.)
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Over the past ten years, Pelton’s group have been developing flotation collectors based on
polymeric nanoparticles. The efforts of developing new nanoparticle flotation collectors involve
two steps: (1) Develop simple cationic polystyrene latexes and use a laboratory flotation
experiment to assess the potential of the nanoparticles as flotation collectors, and (2) Develop
more complex polystyrene-based nanoparticles with functional surface groups that can bind
specifically to Pn *" ®. The laboratory flotation experiment is a small-scale simplified system
where negatively charged, hydrophilic glass beads are employed as the model for the mineral
particle. The model glass bead experiments can answer specific mechanistic question, such as the
extent of adsorption of the nanoparticles on the glass beads *°, as well as nanoparticle design
questions relating to hydrophobicity ®°, diameter ®' and softness ®*. Pilot Pn flotation experiments
have been conducted to assess the commercial feasibility of nanoparticle collectors with respect
to recovery and grade. Additionally, automatic hydrophobicity and colloidal stability assays have
also been developed for screening potential nanoparticle collectors in a high-throughput
screening (HTS) workflow ** .

1.2.2 Working Mechanism of Nanoparticle Flotation Collector

Yang et al. were the first to demonstrate that hydrophobic polystyrene nanoparticle adsorbed on
the surface of much larger hydrophilic glass beads can promote flotation >. Glass bead flotation
experiments revealed that after addition of 46 nm PS nanoparticle, over 90% hydrophilic glass
beads could be collected in the froth phase, compared to only 11% without nanoparticle collector
(Figure 6). Water contact angle and air bubble contact angle measurements of polystyrene-coated
glass slides suggested that adsorbed polystyrene nanoparticle work as a hydrophobilization agent.
Micromechanical pull-off force measurements determined that the force required to pull a
nanoparticle decorated glass bead off an air bubble was 1.9 nN, whereas the force required to
remove an untreated glass bead was only 0.0086 nN. These results provided direct evidence that
hydrophobic nanoparticles improve the adhesion between model glass beads and air bubbles and
thus have the potential of preventing detachment of mineral particles from air bubbles during the
flotation process. In addition, by analyzing the pull-off force data, a model for the wet patch
contact between nanoparticle decorated solid surfaces and air bubble was proposed. Another
important conclusion of this work was that when using an effective nanoparticle flotation
collector, as little as 10% surface coverage of the glass bead was sufficient to achieve good
flotation.
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Figure 6 Glass beads flotation with and without the addition of 46 nm polystyrene nanoparticle
collector. (Figure adapted from reference *°. Copyright © 2011 American Chemical
Society. Reprinted with permission.)

1.2.3 Selection Criteria for Nanoparticle Flotation Collectors

Hydrophobicity

Contact angle measurements have been employed to probe the wettability of hydrophilic surfaces
decorated with a series of polystyrene based nanoparticles in order to correlate the contact angle
with the flotation performance of glass beads decorated with the same set of nanoparticles ©°. As
illustrated in Figure 7, glass beads modified with hydrophilic nanoparticles cannot attach to air
bubbles, resulting in poor flotation recovery, whereas beads coated with hydrophobic
nanoparticles firmly attaches to air bubbles and thus are carried out into the froth phase. Yang et
al. ® concluded that in order to give high flotation recovery, a contact angle value of 51°<6<85°
is required for nanoparticle saturated glass surfaces.
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Figure 7 The role of nanoparticle hydrophobicity in flotation. Image (a) shows the influence of
advancing water contact angle on flotation recovery, and image (b) illustrates the
influence of nanoparticle hydrophobicity on the ability to facilitate air bubble
attachment. (Figure redrawn from reference . Copyright © 2011 American Chemical
Society. Reprinted with permission.)

Colloidal Stability

In a colloidal system, the term of “stability”” means that there is no tendency of sedimentation of
colloidal particles and no sign of phase separation over a long period of time °°. The key to
evaluating the colloidal stability is to know the total potential energy of interaction or total forces
between two particles *°. For a colloidal system consisting of charged particles, electrostatic
surface potential is the main component of the pair potential, so characterization of electrostatic
surface potential becomes a useful tool to predict the stability of the colloidal system.
Electrophoretic light scattering is an easy way to quantify the magnitude of the electrostatic
surface potential of colloidal particles dispersed in solution, and the calculated zeta-potential
value is frequently used to judge the stability of a colloidal system ®” °®. Particles with an

absolute zeta-potential value larger than 20 mV is termed colloidally stable.

In practical flotation applications involving high ionic strength, the screening effect from the salt
is significant ®. If the critical coagulation concentration (ccc) for the nanoparticle collector is
lower than the salt concentration in the flotation pulp, large nanoparticle aggregates are formed
during conditioning period, which will have a negative impact on the flotation. Thus,
characterizing the ccc for newly developed nanoparticle collectors is essential. Abraca et a
developed a fast and automatic colloidal stability assay to determine ccc values by analyzing the
turbidity of latex samples in a HTS workflow. In their approach, both zeta-potential and ccc
values were employed to characterize the colloidal stability of developed nanoparticle collectors.

165

Selectivity
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For nanoparticles to function as effective flotation collectors for nickel ore separation, surface
functional groups are required to promote specific deposition on nickel-rich particle surfaces.
Imidazole groups, which can chelate with nickel atoms, have been introduced into polystyrene-
based nanoparticles via an emulsion polymerization method. The performance for pentlandite
flotation, both in terms of cumulative recovery and grade of nickel, was improved compared to
plain polystyrene nanoparticles’ **. An imidazole functionalized nanoparticle collector could at
high dosage give flotation performance comparable to the conventional collector PAX °',
indicating that nanoparticle collectors may be attractive for complicated systems, such as nickel
ultramafic ores, where PAX struggle. Nanoparticles with triazole functional groups for nickel ore
separation were also synthesized using a click reaction of surface azide and pentyne *.

There is a delicate balance between nanoparticle surface properties to achieve colloidal stability
and selectivity while still maintaining sufficient hydrophobicity to facilitate air bubble
attachment in flotation. For example, by introducing 2000 Da poly(ethylene glycol) methyl ether
methacrylate (PEG-M) at the polystyrene nanoparticle surface the ccc value is increased, but at
the cost of reduced floatation performance since PEG-M modified nanoparticles are too
hydrophilic to promote flotation **. Hydrophobic nanoparticles with low ccc value are more
likely to form large aggregates in the flotation pulp, which deteriorates flotation. The green area
indicated in Figure 8 is the flotation domain of nanoparticle flotation collectors.
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Figure 8 Selection criteria for nanoparticle flotation collectors. (Figure adapted from reference **.
Copyright 62015 Elsevier Inc. Reprinted with permission.)
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1.2.4 Role of Nanoparticle Size and Softness in Flotation

Yang et al. ®' reported the flotation performance of nanoparticle collectors as a function of
particle diameter. In their study, a serial of polystyrene nanoparticles with diameters ranging
from 46 nm to 2227 nm with constant contact angle values were tested. Flotation experiments
revealed that smaller nanoparticles are more effective collectors than large particles. The large
nanoparticles (> 100 nm) were poor collectors even at a high dosage that could give the same
number concentration as the smaller nanoparticles. The authors speculated that large
nanoparticles have lower attachment efficiency to air bubbles (Figure 9a), and proposed that the
difference in the ability to attach to an air bubble depend on (1) the deposition kinetics, (2) the
surface coverage, and (3) abilities to promote TPCL expansion. QCM-D experiments revealed
that it took 10 minutes to achieve saturation when adsorbing 120 nm polystyrene nanoparticles
onto a silica sensor, resulting in 28% to 37% surface coverage, while for 46 nm polystyrene
nanoparticles the time was less than 5 minutes. For a given mass dosage, smaller nanoparticles
cover more surface area, resulting in higher contact angle values due to lower exposure of the
hydrophilic substrate. For a given coverage, the distance that the TPCL is required to jump is
decreasing with the nanoparticle diameter. The authors also concluded that adsorbed
nanoparticles were not removed during the flotation, since dried recovered beads could be
refloated without adding additional collector.

100
(a) 25°C 5 mM NaCl )
Conditioning 5 mins, A~ 200% Hydrophobic Polystyrene

Nanoparticles

80

O 43 um beads -I-
O 64 um beads, Acid-washed
B 66 um beads, Unwashed
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40
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Hard

Flotation Recovery

Nanoparticle Tg

Figure 9 Influence of the (a) size and (b) softness of nanoparticle collectors on flotation
performance. (Figure redrawn from references °'- . Copyrights 6 2011 and 2013
American Chemical Society. Reprinted with permissions.)
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The influence of nanoparticle softness on flotation performance has also been assessed in the
literature ®*. Figure 9b shows the flotation recovery of five poly (styrene-co-n-butyl acrylate)
nanoparticles with approximately constant size, surface charge density and hydrophobicity, but
variable glass transition temperature (T,) ranging from 14 °C to 115 °C. The flotation
performance of soft nanoparticle collectors was superior to the performance of rigid
nanoparticles. The Young-Laplace equation was used to estimate the contact area of the liquid-
like soft particles and they had 10 times larger contact area ®* than what was estimated for rigid
particles by JKR theory *”*. Based on the influence of nanoparticle softness on the adhesion to
surfaces ">, the authors concluded that softer nanoparticles could be expected to have a larger
contact area with glass beads/pentlandite particles, giving stronger adhesion resulting in higher
flotation efficiency.

1.2.5 Controversies and Unsolved Issues

The efficiency of nanoparticle flotation collectors is a function of the particle hydrophobicity,

size and softness. Studies of nanoparticle size have concluded that nanoparticles with a
hydrodynamic diameter over 100 nm were a poor collector (recovering less than 50% glass beads)
61 while over 90% recovery could be achieved for soft nanoparticle collectors with a diameter of
about 250 nm *. It is possible that adsorbed large soft nanoparticles deform on the bead surface
and then cover equivalent surface as a hard particle of small diameter. Therefore, an independent
evaluation of the role of nanoparticle size and softness in flotation will be conducted in this

thesis.

The previous nanoparticle softness study * revealed that soft nanoparticles were superior since
they gave strong nanoparticle/glass bead (model of mineral particles) adhesion that could induce
high recovery. The poor flotation performance of rigid nanoparticles was conversely concluded
to be a result of weak adhesion. The suggested mechanism was that adsorbed rigid nanoparticles
with weak adhesion to glass could not withstand the mechanical and dynamic forces in the
flotation cell and were therefore dislodged from bead surface. Dislodged nanoparticles leave
behind hydrophilic sites that have relatively low attachment efficacy with air bubbles and
therefore do not promote flotation. However, it was claimed that the flotation operation was
unable to remove adsorbed nanoparticles ®', since dried recovered beads could be refloated
without adding additional collector ®', which is conflict with the discussions addressed in the
nanoparticle softness study ®*. Additionally, provided evidence is insufficient to draw a firm
conclusion about the unlikely nanoparticle desorption in flotation, since the adhesion between
surfaces is humidity dependent 7 and the nanoparticle/glass adhesion in a never dried flotation
system is weaker than that experienced a dry state. Further assessments of nanoparticle
immobilization on bead surfaces and measurements of the nanoparticle/mineral adhesion will be
included in this thesis.
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Finally, since there was a lack of direct evidence included in the nanoparticle size study to
support the conclusion that large nanoparticle present lower surface coverage on bead surface
than small nanoparticles, more electron microscopy analysis of glass beads will be presented in
this thesis.

1.3 Nanoparticles

Manipulation of particle morphology is an essential part of producing a nanoparticle flotation
collector with specific hydrophobicity, size and adhesion. Multiple processes are available to
create nanoparticles with homogenous spherical and anisotropic morphologies, and main
strategies related to the work in this thesis are outlined below. A number of different techniques
that can be used to characterize particle morphology and chemical composition. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) are the most common
techniques for imaging of particles for morphology characterization purposes. If the equipment is
fitted with energy dispersive X-ray spectroscopy (EDS), the elemental composition of selected
parts of the sample can be obtained. In addition, atomic force microscopy (AFM) can be used to
analyze the nanoparticle topography as well as, using a customized colloidal probe, the adhesive
properties of the nanoparticle.

1.3.1 Spherical Nanoparticles

A versatile method to produce spherical polymeric nanoparticles in an aqueous system is
emulsion polymerization ”°. Ingredients in the recipes and process strategies are the two main
aspects that determine the size of synthesized nanoparticles. In a classical emulsion
polymerization recipe, water soluble surfactant and initiator; and monomer with low water
solubility are fed into a reactor filled with water *. The polymerization starts rapidly as the
initiator decomposes into free radicals. Polymer particle nuclei form with monomers inside
surfactant micelles and then grow from the micelle into the aqueous phase *'. Surfactant from the
micelles are eventually adsorbed on the nanoparticle surface.

Mono-disperse spherical nanoparticles can also be produced by surfactant free emulsion
polymerization, which differs from classical emulsion polymerization through the lack of
surfactant. Polymerization starts by the addition of a radical to a water solution containing a
portion of the total monomer amount. As the carbon chain grows, the formed oligomers with a
hydrophilic end group become immiscible with water and therefore act as “surfactants” and
assemble into micelles **. After this initial step, the process is similar to classical emulsion
polymerization with the subsequent polymerization occurring exclusively in the micelles formed
in the initial step. Amino groups deriving from initiator are covalently linked to the nanoparticle
surface, and thus synthesized polymeric nanoparticles remain fully dispersed in solution. As a
result of the short nucleation time and long chain growth time, particles synthesized this way
have a narrow size distribution ¥,
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Addition of a large quantity of surfactant allows for synthesis of ultrafine nanoparticles via
micro-emulsion polymerization **. However, the difficulty to remove the excess surfactant from
the latex is a major drawback of micro-emulsion polymerization. An alternative method for
synthesis of small nanoparticles is monomer-starved semi batch emulsion polymerization where
monomers are added at a fixed rate *.

1.3.2 Anisotropic Nanoparticles
Janus Nanoparticles

The concept of Janus particle was coined by de Gennes in 1992 **. He borrowed the name “Janus”
from the Roman God, who has two faces looking in opposite directions, to describe a special

class of nanoparticles with different properties on two sides. Figure 10 summarizes the different
types of Janus nanoparticles *’. Distinct interfacial properties in terms of composition, polarity,
electrical properties, functionality and chemistry promote Janus nanoparticles for applications as
stabilizers *'; in switchable display devices °*; in chemical *°, optical °* and biological *°
sensors; and as anisotropic building blocks for super structures ***’. Janus nanoparticles are
frequently fabricated by surface functionalization of homogenous nanoparticles or through phase
separation methods. Surface functionalization techniques involve immobilizing nanoparticles at
an interface, such as wax/water '*°, solid/liquid 101102 and Pickering emulsion 103195 interfaces,
to perform selective chemical or physical modification of half of the particle. However, the step
of stabling nanoparticles in a monolayer at an interface limits the quantities of Janus
nanoparticles that can be produced '°*'*” in one batch. Seeded emulsion polymerization
strategies, which take advantage of phase separation, allow for bulk fabrication of Janus

. . . 108-116
nanoparticles in solution .

A P
|
d
(c) () (9)“

0 @9 w ()

Figure 10 Illustration of Janus nanoparticle with different morphologies. (Figure adapted from
reference *’. Copyright 6 2013 American Chemical Society. Reprinted with
permission.)
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Core-shell Nanoparticles

Core-shell nanoparticle is another type of highly functional anisotropic nanoparticle. The
properties arising from the shell and core materials can be distinctly different, and can be
manipulated by changing either the constituting materials or the relative ratio of core and shell
"7 The purpose for adding a shell to the core particle vary and include surface modification to
increase the functionality '™ '"” and stability '*°; controlling the release from the core '*'; and
reduction in consumption of precious materials '**. In general, core-shell nanoparticles are
synthesized via a two-step process; the core particles are prepared in an initial step, followed by
coating with the shell material '**.

Sundberg and his coworkers reported a simple route to fabricate anisotropic polystyrene/poly (n-
butyl methacrylate) nanoparticles via seeded emulsion polymerization method '**. n-BMA
monomer was added to PS seed nanoparticles, and allowed to swell seed particles at room
temperature under stirring. Upon initiation, PB polymer chains starts to grow and the
immiscibility between PS and PB causes a phase separation to occur. The consequent
morphology depending on the experimental conditions, can be predicted using a commercial
software package, UNHLATEX™ EQMORPH '**. Figure 11 illustrates the predicted
morphologies from varying the sodium dodecyl sulfate (SDS) concentration '**. At low
surfactant level, the interfacial tension between the two polymers and the water phase is
relatively high, which tends to generate a core-shell structure. At a high SDS concentration, the
polymer/water interfacial tension is reduced and the polymer/polymer interfacial tension
becomes the dominating factor such that newly formed PB is more likely to form a lobe attached
on a PS seed particle.

0% 10% 15% 25% 50% 100%

ClClCC |«

Figure 11 Predicted morphologies for PS/PB nanoparticle with various surface coverage of SDS
(Figure adapted from reference '**. Copyright 62003 Taylor & Francis. Reprinted with
permission.)

1.4 Objectives
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Because of decreasing high grade nickel ore reserves, and the technical and environmental
challenges of using conventional molecular xanthate collector to separate low-grade nickel
ultramafic ore, increasing efforts are directed towards finding a replacement for xanthate.
Previous attempts have demonstrated that hydrophobic polymeric nanoparticles adsorbed onto
hydrophilic solid surfaces can promote flotation, and these nanoparticle collectors may offer
advantages over molecular collectors for ultramafic ore separation. The selection criteria for
nanoparticle flotation collectors were defined as hydrophobic, colloidally stable and selective.
Experimental work revealed that hydrophobic, small and soft nanoparticle collectors were the
most effective. However, there was a lack of evidence to understand the role of nanoparticle
softness and size in flotation, and investigating the role of nanoparticle size and softness
independently was a struggle. Two critical questions, why strong nanoparticle/mineral adhesion
is required in flotation and why small nanoparticles work better than large nanoparticle collectors,
will be addressed and answered in this thesis. Understanding of the mechanisms behind will be
used formulate design rules for an optimal nanoparticle flotation collector. The overall objective
of my work in this thesis was to evaluate the potential of soft nanoparticle collectors. The
specific objectives are summarized below:

1. To expand the design rules for nanoparticle flotation collectors using a group of
nanoparticle types covering a range of particle softness, shape and size.

2. To explore the relationships between, nanoparticle properties, nanoparticle/glass
adhesion and the ability of the nanoparticles to promote glass bead (a model of
mineral particles) flotation.

3. To understand the role why small nanoparticles are more effective than larger
flotation collectors even when compared at constant surface coverage on glass bead
mineral models.

4. To explain why conditioning negatively impacts nanoparticle flotation collector
performance, an observation first made in this work.

1.5 Thesis Outline

Chapter 1: This chapter reviews the background of this project and contains the principle of
flotation, challenges in nickel ore separation, progress and unsolved issues on the
subject of nanoparticle flotation collectors, and a literature review on nanoparticle
synthesis. The specific objectives of the soft nanoparticle flotation collector project
and an outline of this thesis are also presented herein.
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Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

This chapter exploits the influence of nanoparticle shape and adhesive properties on
the flotation. Spherical polystyrene (PS) nanoparticle, polystyrene-core-poly (butyl
methacrylate)-shell (PS-PB) nanoparticle, and polystyrene/poly (butyl methacrylate)
(PS/PB) Janus nanoparticle are synthesized using emulsion polymerization and their
flotation performance is ranked. In addition, the critical soft shell thickness of PS-PB
to achieve good flotation is determined by comparing the flotation performance of a
series of PS-PB nanoparticle with different shell thickness. Adhesion of rigid PS and
soft shelled PS-PB nanoparticles is characterized by colloidal probe atomic force
microscopy (AFM). The critical shear force required to remove a single PS or PS-PB
particle from a surface is estimated using JKR theory and adhesion values
determined by AFM. This work has been published in Industrial & Engineering
Chemistry Research, 2016, 55, 9633-9638 '*.

This chapter describes the removal of adsorbed rigid nanoparticle flotation collectors
by mineral particle-particle collision during flotation, named nano-scale ball milling.
Removal of rigid nanoparticles by nano-scale ball milling is suggested based on
observations from conditioning time studies and scanning electron microscopy
observations. The fate of the dislodged nanoparticles is also explored. In addition, a
mathematical model is developed to predict the surface coverage of nanoparticles by
considering their deposit rate and removal rate. The corresponding flotation time for
nanoparticles with different diameters and dosages are also simulated. This work was
submitted to International Journal of Mineral Processing on July 30, 2016 '*°.

This chapter evaluates the effects of nano-scale ball milling on soft nanoparticle
collectors. Conditioning time studies of soft shelled PS-PB and soft lobed PS/PB
Janus nanoparticles with varied size are performed. Footprints, which present further
evidence that nano-scale ball milling causes the removal of adsorbed nanoparticle
collectors is reported in this work. A mechanism for the formation of footprints is
proposed based on analysis of the morphology and composition of footprints left
produced by soft-shelled core/shell nanoparticles and Janus nanoparticles with a soft
lobe. In addition, the potential influence of footprints on flotation performance is
assessed by a captive air bubble pickup test and an air bubble-particle attachment
experiment. This chapter is in preparation for publication.

This chapter summarizes the main conclusions and major contribution of this thesis
work.
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ABSTRACT: Cationic polystyrene-core-poly(n-butyl methacrylate)-shell (PS—PB)
nanoparticles perform as flotation collectors as they spontaneously adsorb onto 43 um
glass beads in water, promoting glass bead attachment to air bubbles. Under our flotation
conditions at room temperature, polystyrene is a hard plastic, whereas, with glass
transition near room temperature, poly(n-butyl methacrylate) is a soft polymer. Colloidal
probe atomic force microscopy measurements revealed that the pull-off forces and the
work of adhesion of PS—PB nanoparticles to glass were significantly higher than observed
with harder PS particles. Glass bead recovery in laboratory flotation experiments
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increased significantly with thickness of the soft PB shells on the PB—PS core/shell

nanoparticles. Ninety-two nm Janus particles consisting of one PS and one PB lobe were also very effective collectors.

We

propose that high nanoparticle/glass bead adhesion minimizes nanoparticle removal by bead/bead collisions (nanoscale ball

milling) during mixing and flotation.

H INTRODUCTION

Froth flotation is arguably the most important unit operation in
mineral processing.’ Flotation is often the most practical
approach to the isolation of a small quantity of mineral rich
material diluted with a large quantity of unwanted gangue. A
critical step in flotation is the selective hydrophobization of
mineral-rich particles (typically 100 ym diameter) with a
hydrophobization agent called a collector. The treated particles
adhere to air bubbles and rise to the froth phase, leaving behind
the unwanted gangue. For nickel ore recovery, a typical
collector is potassium amyl xanthate, a small molecule that
chemisorbs onto nickel sulfide surfaces.

For the past few years we have been exploring the use of
hydrophobic polymer nanoparticles as flotation collectors as
they may offer advantages when the mineral particle surfaces
are contaminated. We have reported both mechanistic
studies®™* and more practical mineral separation trials.”®
Although we have done a substantial amount of mechanistic
work, two important observations remain unexplained: first,
smaller S0 nm diameter particles are consistently more effective
than 100 nm and larger particles, even when compared at the
same density of adsorbed particles on the mineral surface;" and,
second, soft polymer nanoparticles whose glass transition
temperatures are near the flotation temperature are superior to
hard polymer particles.” In this work we give evidence to
explain why softer and smaller nanoparticles are superior. This
is important information for optimizing the design of
nanoparticle flotation collectors.

We first explored the role of nanoparticle softness by
preparing a series of polystyrene-co-poly(n-butyl methacrylate)
uniform copolymer particles.” The softer the particle, the higher
the flotation recovery. We speculated that the softer particles
gave stronger adhesion to mineral particle surfaces. There was

W ACS Pub”cations © 2016 American Chemical Society
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no proof for this hypothesis, and no estimate of the required
strength of adhesion. Both of these issues are resolved in this
work.

Most commercial flotation systems are very complex
mixtures, both in terms of size, shape, and chemical
composition. Effective nanoparticle collectors must have surface
functionality that promotes specific adhesion to the mineral
rich ore particles and not on the unwanted gangue. For
example, amine and imidazole groups promote selective
adhesion to pentlandite, the predominant nickel mineral.®
However, it is difficult to tease out fundamental mechanisms
using complex ore suspensions. Instead, we have found that
flotation measurements employing uniform glass bead
suspensions treated with cationic polymer nanoparticles
(latex) yield many important details. For example, with the
most effective small nanoparticles, as little as 5% surface area
coverage with adsorbed nanoparticles gave efficient flotation
separation.” This was an important observation because it
suggested that nanoparticle flotation collectors could be
economically viable. One limitation of the glass bead model
is that it does not address the ability of collectors to specifically
deposit onto mineral rich ore particles in complex ore mixtures.
Ultimately potential new collectors must be evaluated in real
ore suspensions. However, in this work we rely on glass bead
models to explore the role of nanoparticle/mineral particle
adhesion.

In this paper we compare results of these pristine glass bead
flotation experiments for polystyrene (PS), polystyrene-core-
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poly(n-butyl methacrylate)-shell (PS—PB), and Janus nano-
particles (hard PS lobe and a soft PB lobe). In addition,
colloidal probe atomic force microscopy (AFM) adhesion
measurements are used to compare the adhesion characteristics

of hard PS and soft-shelled PS—PB nanoparticles.

B EXPERIMENTAL SECTION

Materials. Styrene (>99%), n-butyl methacrylate (>99%),
and methyl methacrylate (>99%) were purchased from Sigma-
Aldrich and passed through a prepacked inhibitor removing
column before use. 2,2'-Azobis(2-methylpropionamidine)
dihydrochloride (V50, 97%), hexadecyltrimethylammonium
bromide (CTAB, >98%), potassium bromide {>99%, FTIR
grid), and Dowex MB mixed bed ion-exchange resin were
purchased from Sigma-Aldrich and used as supplied. Sodium
chloride {>95%), sulfuric acid (>98%), and hydrogen peroxide
were purchased from Fisher Scientific and used as supplied.
Glass beads with a mean diameter of 43 ym and a standard
deviation of 11 y#m, determined by a Malven Mastersizer 2000,
were purchased from Polysciences Inc. and used as supplied.
The flotation frother, UNIFROTH 250C (>99%), a mixture of
monomethyl polypropylene glycol, 250 kDa, and dipropylene
glycol monomethyl ether, was donated by VALE Canada
Limited (Mississauga, ON) and used as supplied. All water was
processed with a Barnstead Nanopure Diamond System
(Thermo Scientific) and had a resistance over 18 MQ cm.

Core—Shell Nanoparticle Synthesis. A series of cationic
polystyrene-core-poly(n-butyl methacrylate)-shell {PS—PB)

were prepared. The recipes are summarized in Table 1, and

Table 1. Summary of the PS—PB Core-Shell Latex
Polymerization Recipes

nanoparticle PS317 seed latex n-butyl

designation (3.6 wt %), g water, ¢ methacrylate, ¢ VS0, g
PS—PBI1 20 20 0.09 0.005
PS—PB2 20 20 0.18 0.01
PS—PB3 20 20 036 0.018

the core—shell particle properties are summarized in Table 2.
The preparation of PS—PB3 is now described. The cationic
PS317 seed latex was prepared by surfactant-free emulsion
polymet'izatiomS 100 g of water was charged into a 250 mL
three-neck round-bottom flask fitted with a 2-bladed Teflon flat
plate stirrer. The temperature was controlled at 70 °C with an
oil bath heated by a hot plate {IKA, C-MAG HS 7) equipped
with an electronic contact thermometer {TIKA, ETS-D35). After a
30 min nitrogen purge, styrene (5 g) and V50 (0.1 g, dissolved
in 5 mL of water) were added to the flask. The reaction mixture
was stirred at a speed of 250 rpm (IKA, EUROSTAR 20
digital) for 5 h with a slight nitrogen overpressure. The PS seed

latex was purified by mixing with 50 g of mixed bed ion-
exchange resin for 30 min, followed by filtration to remove the
resin. The procedure was repeated several times until the
conductivity was lower than 20 yS/cm

For the shell polymerization, a mixture of purified PS317
seed latex {20 g, solids content: 3.6 wt %) and water {20 g) was
sonicated in an ultrasonic bath for 30 min and followed by
purging with nitrogen for 30 min. Then n-butyl methacrylate
{0.36 g) was added and stirred (350 rpm) constantly for 1 h,
after which V50 (18 mg, well dissolved in water) was charged
into the flask. The polymerization was conducted at 70 °C for §
h under nitrogen.

Janus Nanoparticle Synthesis. Polystyrene-poly(n-butyl
methacrylate) Janus particles were prepared by a two-step
procedure based on published recipes’ that were modified to
give smaller particles. A polystyrene seed latex (PS63) was
synthesized by monomer-starved batch emulsion polymer-
ization. 100 g of water was added to a 250 mL three-neck
round-bottom flask fitted with a 2-bladed Teflon propeller
stirrer. After a 30 min nitrogen purge, 0.5 g of styrene, 0.1 g of
CTAB (well dissolved in 5 mL water), and 0.1 g of V50 (well
dissolved in § mL of water) were sequentially added. After 15
min polymerization, 4.5 g of styrene was added with a syringe
pump (1 mL/h). The reaction was conducted under nitrogen
purging at 70 °C with stirring (250 rpm) and was stopped after
20 h.

In the second step, a mixture of PS63 seed latex (20 g of 3.5
wt %) and water {20 g) was dispersed in an ultrasonic bath for
30 min and followed by purging with nitrogen for 30 min. Then
n-butyl methacrylate (1.4 g) was added and stirred for 1 h, after
which V50 (24 mg dissolved in mL of water) was added. The
polymerization was conducted at 70 °C for 5 h in a nitrogen
atmosphere.

Nanoparticle Characterization. Hydrodynamic diameters
were determined using dynamic light scattering (Brookhaven
Instruments Corporation) with a detector angle of 90°. Latex
samples were diluted with 5 mM NaCl solution to give a
scattering intensity between 100 and 150 keps. Dispersions
were equilibrated to 25 °C for 3 min before analyzing. The
duration of each measurement was set at 3 min. Three sets of
measurements were undertaken for each sample. The results
were analyzed by BIC dynamic light scattering software
{(Windows 9KDLSW version 3.34) using the cumulants
model, whereas the CONTIN model was used to generate
the particle size distribution expressed as a polydispersity index
(PDI).

Electrophoretic mobility {(EM) measurements were per-
formed on a Zeta PALS instrument {Brookhaven Instruments
Corporation) at 25 °C in phase analysis light scattering mode.
1.5 mL dilute nanoparticle dispersion in 5§ mM NaCl was

Table 2. Spherical Polystyrene (PS) and Polystyrene-Core-Poly(n-butyl methacrylate)-Shell (PS—PB) Properties”

nanoparticle designation diameter, nm (PDI) shell thickness, nm EM, X 10® m? s V! (SE) water CA
PS317 317.2 (0.002) 0 4.53 (0.14) $6.7° £ 1S
PS—PBI 329.5 (0.032) 6.2 2.66 (0.14) 62.8° + 04
PS—PB2 344.6 (0.046) 13.7 3.73 (0.14) 64.7° £ 0.5
PS—PB3 356.2 (0.016) 19.5 4.33 (0.10) 60.0° + 13

“The electrophoretic mobilities (EM) were measured in § mM NaCl solution at ambient pH. The thicknesses of the PB shells were determined by
comparing the PS—PB diameters to the parent PS seed particle diameter; mass balance estimates give similar values. The standard errors (SE) for the
reported EM values were estimated from the average of 10 runs with each consisting of 15 scans. The standard errors for the contact angle values
were calculated from the average of 3 measurements, where the duration for each measurement is 30 s.
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dispensed into a clear cuvette and thermally equilibrated to 25
°C before analyzing. The reported EM values were the average
of 10 runs with each consisting of 15 scans.

Transmission electron microscopy (TEM) and scanning
electron microscope (SEM) were used to acquire high
resolution images of synthesized nanoparticles. TEM images
were recorded using a JEOL 1200EX TEMSCAN microscope.
A drop of diluted nanoparticle dispersion was dropped on a
Formvar-coated TEM grid and air-dried prior to analysis. SEM
images were recorded using a JEOL JSM 7000F microscope.
Dried nanoparticles were placed on a conductive carbon tape
and sputtering coated with 5 nm platinum prior to analysis.
SEM images were taken at a working distance of 6.8 mm and
beam energy of 2.8 kV.

Water Contact Angle (CA) Measurements. Water sessile
drop contact angles on glass slides coated with nanoparticles
were measured with a Kriiss Drop Shape Analysis System DSA
10 running DSA software (version 1.80.0.2). In a typical water
contact angle experiment, precut glass slides (1 cm squares,
Gold Line Microscope Slides, VWR) were cleaned in ethanol
with sonication for 30 min, followed by rinsing with water and
treating with UV-Ozone (UV-Ozone ProCleaner, Bio Force
Nanosciences, Ames, 1A, USA) for 20 min. Cleaned glass slides
were immersed in 0.5 wt % nanoparticle dispersion in § mM
NaCl for 30 min and then dipped into 5 mM NaCl solution to
rinse off unbound nanoparticles. The slides were air-dried at
room temperature. Scanning electron microscopy (SEM)
measurements revealed dense but single layer coverages of
adsorbed particles. Example micrographs are given in the
Supporting Information (Figure S1).

Colloidal Probe AFM Adhesion Measurements. The
adhesion between silica sphere colloidal probes and latex coated
wafers was measured by atomic force microscopy using a MFP-
3D system (Asylum Research an Oxford Instruments
Company, Santa Barbara, CA, USA). Precut silicon wafers {1
X 1 cm) were cleaned in 100 °C piranha solution (containing
85 mL of sulfuric acid and 35 mL of hydrogen peroxide) for 3
h. The silicon wafers were then carefully removed from cooled
piranha solution, rinsed thoroughly with water, and dried with
compressed air.

The cleaned wafers were immersed into 0.5 wt %
nanoparticle dispersion in § mM NaCl for 30 min with the
polished side facing upward. The treated silicon wafer was
dipped into 5 mM NaCl solution to rinse off unbound
nanoparticles and stored in a glass vial filled with 5 mM NaCl
solution before performing force measurements.

Deflection versus distance measurements were carried out via
colloidal probe AFM with an open fluid cell filled with § mM
NaCl solution, and data were converted to force versus
separation curves {based on the contact point determined as
the intersection of the regions of zero deflection and constant
compliance) to demonstrate pull-off forces and work of
adhesion. Silica colloidal probes (2.5 pum) attached to
cantilevers with nominal spring constants of 0.09 N/m were
purchased from Novascan Technologies (Ames, 1A, USA) and
used as supplied. The spring constants of the cantilevers were
calibrated by the Sader method as described elsewhere.'” All
force profiles between the silica probe and never-dried
nanoparticle treated silicon wafers were recorded at a constant
approach and retraction velocity of 500 nm/s. Work of
adhesion was calculated from the area under the retraction
force curves. Igor Pro software with Asylum Research add-on
(version 13) was used to collect and process all AFM data.
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Flotation Testing. In our standard flotation testing, 125
mL of 5 mM NaCl solution, 0.57 mL of 3.5 wt % nanoparticle
dispersion, and 2 g of 43 ym glass beads were added to a 125
mL plastic beaker. The suspension was mixed for 5§ min
condition time with a 25 X 25 mm cross shape magnetically
stirring bar at 600 rpm, giving the cationic latex an opportunity
to deposit onto the anionic glass beads. After conditioning,
0.125 mL of 1% UNIFROTH 250C frother was added and
mixed for 30 s.

Flotation was performed by introducing nitrogen gas flow at
a rate of 2.0 L/min through a gas dispersion tube, a 30 mm
coarse glass frit attached by a 90 deg elbow {Corning, Inc.
3952530C, Fisher Scientific). During flotation, the stirring
speed was increased to 900 rpm to avoid glass bead
sedimentation. Foam accumulating on the beaker surface was
manually scraped into a 17 cm plastic Petri dish underneath the
flotation beaker. Flotation was stopped after 2 min. The masses
of both the beads collected in the froth and remaining in the
flotation beaker were measured, and the flotation recovery was
calculated as the mass fraction of glass beads that was collected
in the froth. An illustration of the flotation experiment is shown
in the Supporting Information {Figure S2).

B RESULTS

A series of core/shell particles with hard polystyrene cores and
soft poly(n-butyl methacrylate) shells were prepared. The
synthetic recipes are given in Table 1, and the properties are
summarized in Table 2. The electron micrograph images and
FTIR spectra of the nanoparticles are shown in the Supporting
Information (Figures $3 and $4). The nanoparticles sizes {317
to 356 nm) are about seven times larger than the optimum size
of homogeneous polystyrene nanoparticle collectors.” All the
particles are cationic with pristine, surfactant-free surfaces. The
water contact angles were measured on a dried surface coated
with a dense layer of nanoparticles. Previously we compared
three types of contact angle measurements — sessile drops on a
dense latex coating (the type used here), sessile drops on
smooth polymer films of coalesced particles, and captive bubble
(ie, receding angles) on submerged latex coated surfaces.”
Each type of measurement gives a different answer; however,
each method gives the same ranking when comparing a series
of nanoparticles as flotation collectors.

Core/Shell Particles. Flotation experiments were per-
formed with a very simple model system of water, 43 gm
diameter glass beads, nanoparticle collector, and frother, a
nonionic surfactant that promotes foam formation. The glass
beads act as a model for the mineral particles in commercial
flotation operations. All of our nanoparticles are cationic, giving
spontaneous deposition onto the negatively charged glass
surfaces. Figure 1 shows the flotation recovery as a function of
the shell thickness for the PS—PB series of core/shell
nanoparticles. The particle diameters increased slightly with
shell thickness, whereas the water contact angles on glass
surfaces saturated with nanoparticles were similar — see Table
2. Thus, the thickness of the soft polymer shell was the key
variable in this series.

The shell thicknesses were determined by comparing the
PS—PB diameters to the parent PS seed particle diameters. The
parent PS seed particle (zero shell thickness) gave no
improvement in flotation recovery compared to the no-
collector control. Note that even though the untreated
hydrophilic beads do not adhere to air bubbles, some beads
are always carried to the froth phase by hydrolytic entrainment.

DOI: 10.1021/acs.iecr.6b02488
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Figure 1. Influence of the soft, poly(n-butyl methacrylate) shell
thickness on glass bead flotation recovery using nanoparticles PS317,
PS—PB1, PS—PB2, and PS—PB3. The nanoparticle properties are
summarized in Table 2. Measurements were made under our standard
conditions using 20 mg of nanoparticles. Error bars reflect the standard
deviation of three measurements.

Previously we have shown that PS particles as big as 300 nm are
ineffective, which is consistent with the result here." By
contrast, the soft shell particles gave substantially higher
recoveries. Indeed, this was the first time we obtained high
recoveries with such large particles.

Figure 1 clearly shows that flotation recovery increases with
the thickness of the soft PB shell, approaching a limit at about
20 nm. Again the water contact angles on PS—PB surfaces were
similar to PS, so this result is not a reflection of hydrophobicity
differences. Note that previously we have shown that pure PB
nanoparticles are poor collectors, possibly because the very soft
particles flatten too much after deposition.”

The glass transition temperature of PB is 24-31 °C,
approximately equal to the flotation temperature." To further
illustrate the role of particle softness, for PS—PB3 with a shell
thickness of 20 nm, the glass bead recovery was 90% when the
flotation temperature was 22 °C, whereas at 6 °C, the recovery
decreased to 65%. We propose that softer particles give
increased adhesion to glass — this hypothesis is now tested.

Colloidal probe AFM measurements were performed to
measure the adhesion between silica spherical probes and Si
wafer surfaces coated with polymer nanoparticles and
submerged in 5 mM NaCl. Figure 2 compares two example
pull-off curves, one for hard PS317 and the other for PS—PB3.
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Figure 2. Examples of pull-off force curves for a 2.5 ym SiO, probe
adhering to saturated layers of nanoparticles fixed to silicon wafer in §
mM NaCl solution. Measurements were performed at room
temperature where PS317 was a hard plastic, whereas the PS—PB3
particles had a soft, 20 nm thick shell.
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Pull-off probability distribution plots and sequential adhesion
maps are shown in Figures S5 and S6. Pull-off forces for the soft
shell nanoparticle surfaces were about four times greater than
for the hard PS particles.

White et al. report fracture energies, measured with blister
tests, for the PB/silica interfaces as functions of relative
humidity (RH).'> The fracture energy was ~20 J/m* at 100%
RH, a value not very sensitive to RH. By contrast the work of
adhesion, W,, decreased from 82 mJ/m? in dry air to S mJ/m*
in 100% RH. They also reported that cohesive failure within the
PB layer was the dominant failure mechanism. We examined
our probes by SEM (see Figure S7) and saw no evidence of
significant contamination with PB.

Figure 3 compares the adhesion work probability plots for
the two surfaces. The average work for the PS—PB3 surface was

812
e PS317 Mean work: 51 aJ
210 1 STD: 22aJ
28
o 6
S 4
o
a2
3
30
4 14 24 34 45 55 65 75 85 95
Work ( x 1028 J)
12
3 PS-PB3  Mean work: 1530 aJ
£10 STD: 530 aJ
E 8
g 6
% 4
52 111 1
Eo 1L, —L
4

666 1211 1756 2301 2847 3392 3937 4482

Work (x 10°18))

Figure 3. Distributions of the work of adhesion based on 155
measurements for PS317 and 196 measurements for PS—PB3. Work
was expressed as attojoules, a] = 10718 J.

30 times higher than the value for PS. Soft-shelled particles give
stronger adhesion to surfaces.

PS/PB Janus Nanoparticles. Nanoparticle flotation
collector particles must perform two distinct functions: 1)
they must specifically deposit onto the desired mineral surfaces,
and 2) they must render the mineral sufficiently hydrophobic to
adhere to air bubbles. One approach to these two different
functions is to prepare nonspherical Janus particles, where one
face is optimized for deposition/adhesion and the other for
hydrophobization. Following Sundberg’s work,” we synthesized
small PS/PB Janus particles; TEM images are shown in Figure
4. Clearly the Janus particles were not as uniform as the other
nanoparticle types we prepared; however, the flotation
performance was exceptional.

Table 3 compares the properties and flotation performance
of all the types of particles we evaluated. Particularly when
compared at low dosages, the Janus particles were the superior
flotation collectors. The flotation ranking of the remaining
particles was small PS > PS—PB > large PS. The contact angle
measurements and electrophoretic mobilities suggest that the
small PS and the Janus particles were slightly more hydro-
phobic. Additionally, the smaller particles covered more area
when compared at a constant mass dosage. For example, 5 mg
of PS63 particles potentially cover 98% of glass bead surface
area, whereas the much larger PS—PB particles cover only 17%.
The mass fraction of soft PB in the Janus particles was about

DOI: 10.1021/acs.iecr.6b02488
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Figure 4. TEM image A is of the polystyrene seed particles, whereas
image B shows the Janus particles formed in the second stage
polymerization.

67% based on monomer feed, whereas the highest PB content
in the core/shell particles was PS—=PB3 which contained 33 wt
% PB. However, because the Janus particles were much smaller
(92 vs 356 nm) we cannot conclude that the nonspherical
Janus morphology is superior to core/shell. It is possible that
small core/shell particles would be equally effective. On the
other hand, all evidence suggests that the presence of softer
polymer improves flotation and gives stronger adhesion to the
surface.

B DISCUSSION

Somewhat hydrophobic (i.e, water contact angles >50°)
nanoparticles adsorbed on mineral surfaces promote the
attachment of mineral particles to air bubbles, leading to
successful separation in a flotation cell> To perform this
function, the nanoparticles must deposit onto the mineral
surfaces and remain there. In this work we tackled two
questions: why are small nanoparticles more effective and why
are soft particles more effective. We will now argue that the
answers to these questions are linked to the polymer/glass
(mineral) adhesion.

It is well-known that polymers near their T, (glass transition
temperature) exhibit greater adhesion compared to hard
polymers (T < Ty). For example, Israelachvili et al. used the
surface force agparatus to measure adhesion between PB coated
mica surfaces. * At temperatures below the T, (~25 °C for PB),
the adhesion results were close to the JKR model,'* whereas at
the Ty pull-off forces were far greater, reflecting the viscous
dissipation. Therefore, our results comparing PS versus PS—PB
or comparing PS—PB at 6 °C versus 25 °C are consistent with
the explanation that softer polymers give better flotation
because of increased nanoparticle adhesion. If adhesion is
important, what processes are tending to dislodge nanoparticles

adhering to glass or mineral surfaces? Initially, we speculated
that hydrodynamic forces in flotation cells detached adsorbed
nanoparticles. However, we provide the following analysis that
concludes that hydrodynamic forces are unlikely to be
sufficiently intense to dislodge our small particles from glass
bead surfaces.

To identify mechanisms by which nanoparticles are removed
from surfaces, we need to estimate the nanoparticle/glass
adhesion forces. For this we employed JKR theory to link pull-
off (adhesion) force, F,,, to the work of adhesion, W,, for a
sphere of radius r on a flat surface — see eq 1."* The JKR model
does not account for viscous dissipation for adhesives near the
T, so our approach is approximate at best.''® We first
employed eq 1 to estimate apparent work of adhesion from the
pull-off force measurements in Figure 2. Based on the average
experimental values of 4.2 nN for PS and 15.2 nN for PS—PB
for pulling off the silica colloidal probe, the corresponding W,
values are 0.7 mN/m for PS and 2.6 mN/m for PS—PB
surfaces. Our estimate of W, of PS—PB completely submerged
in NaCl solution was close to White’s value of S mN/m for PB
adhesion to silica at 100% relative humidity.'”

3
Fpo =m0 M

The corresponding force to pull an individual nanoparticle
off glass was estimated by reapplying eq 1 using the
nanoparticle radii and the W, values estimated above. The
estimated pull-off force for our 317 nm PS particles was 0.5 nN,
and the force for the 356 nm PS—PB particles was 2.2 nN. Are
hydrodynamic forces sufficient to displace these particles?

Goldman et al. derived the following equation for the
displacement force experienced by a sphere on a surface in
laminar flow where F, is the lateral displacement force, S is the
shear rate, r is the nanoparticle radius, and 7 is the viscosity."’
For a given shear rate, the displacement force increases with the
square of the particle radius, suggesting that there is always a
particle size above which hydrodynamic displacement forces
exceed adhesion forces.

E; = 1.7(6anr>S) (2)

Eq 2 was used to estimate the corresponding minimum shear
rate by equating the estimated (vertical) pull-off forces, F,, to
the (horizontal) displacement force, F,;. The estimated removal
shear rates were 7.4 X 10° s™" for PS particles and 2.4 X 10°s™"
for PS—PB particles. Considering that these are very high values
for the shear rates and that JKR theory greatly underestimates
adhesion for viscoelastic PB at room temperature,”> we
conclude that hydrodynamic forces are unlikely able to dislodge

Table 3. Comparison of Uniform (PS), Core/Shell (PS—PB), and PS/PB Janus Nanoparticle Properties and Flotation

Performance”
nanoparticle designation diameter (PDI), nm water CA
PS63 62.9 (0.035) 76.0 £ 1.1
PS/PB Janus 92.0 (0.036) 84.1 + 17
PS317 317.2 (0.002) 567 + 1.5
PS—PB3 core—shell 356.2 (0.016) 60.0 + 1.3

EM X 10® m* s V! (SE)

nanoparticle dosage, mg flotation recovery (STD)

“Standard deviation of flotation recovery values was determined from 3 repeated flotation experiments.

1.90 (0.36) 2 60.0 (0.8)%
S 82.9 (5.5)%
1.95 (0.20) 2 84.6 (1.5)%
S 98.8 (0.8)%
4.53 (0.14) S 12.2 (0.2)%
20 17.3 (0.7)%
4.33 (0.10) S 622 (2.8)%

20 90.6 (0.02)%
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~300 nm PS or PS—PB particles from the glass bead surfaces in
our experiments. There must be another mechanism requiring
strong nanoparticle/glass adhesion, resulting in the poorer
flotation performance of PS compared to PS—PB nanoparticles.

We propose that glass bead—bead collisions dislodge
adsorbed nanoparticles in the bead—bead contact zone, a
process we call “nano-scale ball milling”. A future report will
give evidence supporting this mechanism and offering a model
predicting the influence of nanoparticle size on removal
kinetics.

Hl CONCLUSIONS

Thin {15—20 nm) shells of soft poly(n-butyl methacrylate ), PB,
on 317 nm polystyrene, PS, particles transform the non-
performing PS nanoparticles into very effective PS—PB
nanoparticle flotation collectors, greatly expanding the upper
limit of particle size for this application. The stronger adhesion
of soft-shelled particles to glass accounts for the improved
flotation performance. Small, nonspherical Janus nanoparticles
with soft PB lobes are particularly effective flotation collectors.
We argue that the requirement of high nanoparticle/glass
adhesion is not because hydrodynamic forces are removing
adsorbed nanoparticles. Instead, we propose that glass bead—
bead collisions erode adsorbed nanoparticles — “nano-scale ball
milling”. Future reports will provide direct evidence for the
nanoscale ball milling mechanism.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acs.iecr.6b02488.
Nanoparticle details characterization with XPS, FTIR
data, TEM and SEM images; an illustration of the froth
flotation process; statistical distribution of colloidal probe
AFM pull-off forces and sequential maps represent the
distribution of pull-off force and adhesion work measure-
ments; and a SEM image of a AFM colloidal probe after
performing adhesion measurements (PDF)
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Supporting Information: Relating nanoparticle shape and
adhesiveness to performance as flotation collectors
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Nanoparticle Characterization:

Infrared spectroscopy spectra of dried nanoparticles were collected with a Nexus 6700 Fourier-
transform infrared (FTIR) spectrometer (Thermo Fisher Scientific Inc.). The nanoparticle tablets
were prepared by mixing dried nanoparticles with KBr and pressing at 10,000 psi with a
hydraulic press (Carver, Inc. USA) for 5 min at room temperature in a stainless steel mold.

X-ray photoelectron spectroscopy (XPS) measurements were performed on dried nanoparticles
using a PHI Quantera II XPS scanning microprobe (Physical Electronics (Phi), Chanhassen, MN)
equipped with a 1486.7 eV monochromatic Al-K-alpha X-ray source. All settings were
controlled through supplied software (Multipak 9.4.0.7) and spectra were collected using a beam
size of 200 um and a pass energy of 280 eV.

MCMASTER SEl 5.0kV X1,000 WD6.0mm 10um

Figure S1. Image A is the SEM image of polystyrene nanoparticles (PS317) treated glass slide
whereas image B shows the core-shell nanoparticles (PS-PB3) treated glass slide for contact
angle measurements.
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Figure S2. Tllustration of the froth flotation process.
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Figure S3. (A and B), TEM images of PS317 seed nanoparticles; (C), SEM image of polystyrene
seed nanoparticles; (D), photograph of dried, opalescent polystyrene seed latex on a silicon
wafer; (E and F), TEM images of synthesized PS-PB3 nanoparticles; (G) and (H), SEM images
of PS-PB3 nanoparticles.
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FTIR of Polystyrene-core-poly(n-butyl methacrylate)-shell Nanoparticles

The characteristic spectra of PS appeared at 698.00, 756.46, 2924.46, 3000.00, 3026.08, 3060.30,
3082.61 em™, ! and that of PB appeared at: C=0 at 1728.21 cm™; C-O at 1272.64, 1241.59, and
1154.33 em™; and «(CH,);CH; at 1067.94, 965.46, and 845.09 ecm™. > As shown in Figure 4, the
Fourier-transform infrared (FTIR) spectra of core-shell nanoparticle consisted both of the
characteristic spectra of PS and PB, which confirms the existence of PS and PB in core-shell
nanoparticle.

%Transmittance

3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm?)

Figure S4. FTIR spectra of polystyrene seed nanoparticles, pure poly n-butyl methacrylate and
synthesized polystyrene-core-poly(z-butyl methacrylate)-shell nanoparticles.
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XPS of Nanoparticle Films

The carbon/oxygen atomic ratio of PS and PS-PB nanoparticles are summarized in Table 1. The
carbon/oxygen ratio of seed nanoparticle was determined as 100%/0, which agrees with the
composition of polystyrene. The oxygen atomic composition of pure poly(n-butyl methacrylate)
is 20%. The measured values in Table 1 are slightly less.

Table S1. Atomic composition of PS and PS-PB3 nanoparticles determined by XPS.

Nanoparticle Recorded electron Carbon Oxygen
designation takeoff angle Atomic% Atomic%
PS 10° 100 0
10° 84.3
PS-PB3 o —

90 85.4 14.6
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Figure S3. Distributions of the pull-off force based on 155 measurements for PS317 and 196
measurements for PS-PB3. Force was expressed as nano newtons, nN =10~ N.

S6

42



Ph.D. Thesis — Xiaofei Dong McMaster University — Chemical Engineering

PS317 Pull-off Force Map PS317 Adhesion Map

Figure S6. Sequential maps represent the distribution of pull-off force and adhesion work
measurements in sequence form start to finish. Square at the top left origin (0,0) represents the
first measurement and the square diagonal to the origin at the bottom right represents the last
measurement for that set. Force was expressed as nanonewton, nN =10 N. Work was expressed
as attojoules, aJ =10'® J, and femtojoules, fJ =107 J.
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MCMASTER - SEI 5.0kV X20,000 WD 6.9mm Tum

Figure S7. SEM image of AFM colloidal probe after performing over 100 colloidal probe AFM
adhesion measurements against a PS-PB3 coated surface.
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Chapter 3 Mineral-Mineral Particle Collision During Flotation

Remove Adsorbed Nanoparticle Flotation Collectors

In chapter 3, flotation experiments were conducted by myself with the assistance of Marie Price
who worked with me as a summer student. The rest of the experiments were conducted by
myself. I plotted all experimental data. Dr. Pelton developed the nano-scale ball milling model,
did the calculation in Mathcad and plotted the simulation data. Dr. Dai and Dr. Xu contributed
useful discussions and gave useful advices on this paper. I wrote the manuscript, and Dr. Pelton
edited it into this final version. This work was submitted to International Journal of Mineral
Processing on July 30, 2016 .
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Abstract

Flotation of 43 um diameter, hydrophilic glass beads with hydrophobic cationic polymeric
nanoparticle flotation collectors revealed that bead-bead collisions during conditioning and
flotation caused the irreversible erosion of the adsorbed nanoparticles — nano-scale ball milling.
The eroded particles were present in the suspension as large aggregates. A phenomenological
model of the erosion dynamics helps explain the roles of nanoparticle size and concentration.
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Introduction

Over the last seven years we have been attempting to develop nanoparticle flotation collectors
based on polymer (latex) nanoparticles. Because our nanoparticles are much larger than
conventional molecular collectors such as PAX (potassium amyl xanthate), we hypothesized that
nanoparticles may offer advantages for mineral particle suspensions with surfaces contaminated
with nanometer scale contaminants, such as serpentine minerals. Polymer latexes have been

used before in mineral and coal processing, mainly as flocculating agents (Lyadov et al., 1979)
(Attia and Yu, 1991; Laskowski and Yu, 2000; Laskowski et al., 1995; Littlefair and Lowe, 1986;
Palmes and Laskowski, 1993) Although most of these studies did not involve flotation, Zhan’s
thesis reported apatite flotation in the presence of poly(methyl acrylate-co-acrylic acid)
copolymer latex, with and without an oleic acid collector (Zhan, 1999).

Our nanoparticle flotation collector development efforts have involved two types of experiments
— pentlandite flotation experiments mainly conducted in the pilot facilities of our industry partner
Vale, and small scale laboratory flotation of a simplified system, consisting of negatively
charged, hydrophilic glass beads, as a model for the mineral particles. Simple cationic
polystyrene latexes were used for most of the glass bead flotation studies, whereas more complex
particle surface chemistries were used for the pentlandite studies.

The pentlandite experiments were used to assess the commercial feasibility of nanoparticle
collectors, assessing both recovery and grade. By contrast, the model glass bead experiments
answered specific mechanistic and nanoparticle design questions, such as the role in flotation of
nanoparticle diameter, hydrophobicity, softness, and extent of adsorption of the nanoparticles on
the glass beads.

The main findings from the model glass bead experiments were: small nanoparticles (~50 nm
diameter) were far more effective than larger (> 100 nm) particles (Yang et al., 2012a); the
nanoparticles must be sufficiently hydrophobic — there is little scope to deviate from pristine
polystyrene without losing flotation efficiency (Yang and Pelton, 2011); incorporation of co-
monomers giving either uniform softer particles (Yang et al., 2013b), or core-shell particles
with a soft shell (Dong et al., 2016) were superior. One of the most important findings from the
glass bead experiments was that when using an effective nanoparticle flotation collector, as little
as 10% coverage of the glass bead surface was sufficient to give good flotation (Yang et al.,
2011), showing that with optimized particles, nanoparticle flotation collectors could be
commercially feasible.

Our published pentlandite flotation studies show that nanoparticles can sometimes give better
flotation than PAX (Yang et al., 2012b) (Yang et al., 2013a) The selective deposition of
nanoparticles onto nickel-rich surfaces was obtained by incorporating amine, imidazole and other
nickel affinity ligands as surface functional groups on the nanoparticles. None of our existing
nanoparticles was sufficiently promising for commercial application because the required
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nanoparticle dosages were too high. We believe that nanoparticle aggregation in the flotation
liquor was competing with nanoparticle deposition onto the mineral particle surfaces. A fine
balance is required in the design of the nanoparticle surface chemistry. Substituents that increase
colloidal stability or affinity to the pentlandite are hydrophilic and can easily render the
nanoparticle too hydrophilic to induce flotation. We are currently employing a combinatorial
synthesis plus high throughput screening strategy to optimize nanoparticle surface chemistry to
give sufficient colloidal stability, hydrophobicity and pentlandite selectivity (Abarca et al., 2015)
(Abarca et al., 2016).

In trying to understand why smaller and softer particles are more effective, we recently
concluded that high nanoparticle adhesion to the glass bead surfaces was a requirement for
nanoparticle flotation collectors (Dong et al., 2016). Furthermore, direct measurement of
nanoparticle/silica adhesion suggested that hydrodynamic forces in our flotation experiments
were too low to dislodge adsorbed nanoparticles. Instead, we proposed that mixing induced
bead-bead collisions removed adsorbed nanoparticles in what we called “nano-scale ball
milling”.

In this paper, we present direct evidence for the nano-scale ball milling effect. One the most
revealing experiments shown herein involves measuring flotation recovery as a function of
conditioning time. Laboratory flotation studies often involve a conditioning step where
dispersed mineral particles are mixed with the flotation collector, giving time for the collector to
adsorb before initiation gas flow. The flotation literature deals with a large variety of minerals
and collector chemistries. However, with the exception of kerosene or other mineral oil
emulsion, all the collector chemistries are small molecules that can rapidly diffuse to surfaces.
(Fuerstenau et al., 2007) The flotation literature yields no general conclusions regarding the role
of conditioning time after collector addition. For example, coal recovery decreases with
increasing conditioning time because of coal surface oxidation (Xia et al., 2014) whereas other
systems can give higher recoveries after a long conditioning time. (Hadler et al., 2005)
(Kuopanportti et al., 2000) In summary, it seems fair to conclude that in conventional flotation
systems, post-collector conditioning time is not a sensitive parameter, and is not often studied.
In contrast, nanoparticles are much larger than molecular collectors; we anticipated that longer
conditioning times would be required. However, herein we show that with excessive
conditioning the nanoparticle collectors become completely ineffective. We present evidence
supporting the conclusion that bead-bead collisions remove nanoparticle flotation collectors.

Experimental Section

Materials. Glass beads with a mean diameter of 43 um were purchased from Polysciences Inc.
and used as supplied. The flotation frother, UniForth 250C (>99%), a mixture of monomethyl
polypropylene glycol, 250kDa and dipropylene glycol monomethyl ether, was donated by VALE
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INCO Canada (Mississauga, ON) and used as supplied. All water used was processed with a
Barnstead Nanopure Diamond System (Thermo Scientific) and had a resistance over 18MQ.

Characterization. The hydrodynamic diameters of synthesized nanoparticles were determined
by dynamic light scattering (Brookhaven Instruments Corporation) with a detector angle of 90°.
Latex samples were diluted with 5 mM NaCl solution to give a scattering intensity between 100
and 150 keps. Dispersions were equilibrated to 25°C for 3 min before analyzing. The duration
of each measurement was set as 3 min. Three sets of measurements were undertaken for each
sample. The results were analyzed by BIC dynamic light scattering software (Windows
9KDLSW version 3.34) using the cumulants model, whereas the CONTIN model was used to
generate the particle size distribution, expressed as a polydispersity index (PDI).

Electrophoretic mobility (EM) measurements were performed on a Zeta PALS instrument
(Brookhaven Instruments Corporation) at 25°C in the phase analysis light scattering mode. 1.5
mL dilute nanoparticle dispersion in 5 mM NaCl were dispensed into a clear cuvette and
thermally equilibrated to 25°C before analyzing. The reported EM values were the average of 10
runs with each consisting of 15 scans.

Water sessile drop contact angles on glass slides coated with nanoparticles were measured with a
Kriiss Drop Shape Analysis System DSA 10 running DSA software (version 1.80.0.2). Ina
typical water contact angle experiment, pre-cut glass slides (1 cm squares, Gold Line Microscope
Slides, VWR) were cleaned in ethanol with sonication for 30 min, followed by rising with water
and treating with UV-Ozone (UV-Ozone ProCleaner, Bio Force Nanosciences, Ames, IA, USA)
for 20 min. Cleaned glass slides were immersed in 0.5 wt % nanoparticle dispersion in 5 mM
NaCl for 30 min, and then dipped into 5 mM NaCl solution to rinse off unbound nanoparticles.
The slides were dried in air at room temperature. The properties of the synthesized nanoparticles
are summarized in the supporting information file (SI Table 1).

Conditioning. The conditioning and flotation experiments were performed in the same vessel, a
polypropylene 125 mL beaker (Nalgene® 1201-0100, ThermoFisher Scientific) with an average
inner diameter of 53 mm, sitting on a 150 mm plastic Petri dish (430599, Corning). A 25%9 mm
cross shape magnetic stirring bar (SEOH PTFE Stirrer Bar, Cross 25%9 mm, Scientific
Equipment of Houston, USA), was driven by a Corning PC-610 stirrer plate. To the beaker were
added 125 mL of 5 mM NaCl solution, nanoparticle dispersion, and 2 g of glass beads (a model
for mineral particles). Unless stated otherwise, the nanoparticle dose was 2 mg (dry) from stock
dispersions, typically 3.5 % solids. The magnetic stirrer was operated at 600 RPM for times
between 1 and 240 minutes. After conditioning, the glass beads were isolated for electron
microscopy (JEOL 7000F SEM, JEOL Ltd., Japan) by sedimentation. 100 mL of the supernatant
latex dispersion was used to measure the latex particle size distribution in a Malvern Mastersizer
2000 using a HeNe laser operating at 633 nm. The reported particle sizes were taken to be the
mean values of volume diameters from three replicated measurements.
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Flotation. In some cases conditioning was immediately followed by flotation. After
conditioning, 0.125 mL UniFroth (1 wt%) was added to the flotation giving a frother
concentration of 10 mg/L. After 30 seconds mixing, the stirring speed was increased to 900 rpm
and the nitrogen flow to the frit (Corning Pyrex, consisting a 30 mm coarse glass frit attached by
a 90 degree elbow, purchased from Fisher Scientific) was initiated at a rate of 2.0 L/min. Froths
forming on the top of the beaker were scraped over the side to be caught in the Petri dish. After
typically 2 minutes, the gas flow was stopped and the wet and dry masses in the Petri dish were
measured. A minimum of three replicates was performed for each condition.

Quiescent Nanoparticle Deposition. PS317 latex (0.556 mL, 3.6 wt %) or PS63 latex (0.185
mL, 3.5 wt %) was dispersed into a plastic beaker filled with 125 mL of 5 mM NacCl solution,
and 2 grams of glass beads. After 10 minutes adsorption time, the beads were rinsed with excess
salt solution and examined by SEM. Dried beads were placed on a conductive carbon tape and
sputtering coated with 5 nm platinum. Measurements were made with a JEOL JSM 7000F SEM
at a working distance less than 10 mm and accelerating voltages of 2.8-5 kV

Results

Cationic polystyrene latexes were prepared by surfactant-free emulsion polymerization
(Goodwin et al., 1979) and the surface properties are summarized in Table 1. Long used as
model colloids, these nanoparticles are monodisperse with pristine polystyrene surfaces,
decorated with cationic amidine groups originating from polymerization initiator. The
nanoparticles are hard spheres at room temperature flotation conditions because the glass
transition temperature of polystyrene is around 100 °C. The water contact angles on glass
surfaces saturated with adsorbed nanoparticles, indicate that both nanoparticles in Table 1 were
sufficiently hydrophobic to promote flotation (Yang and Pelton, 2011).

Table 1 Properties of surfactant-free, cationic polystyrene nanoparticle flotation collectors for
glass bead flotation.

. Electrophoretic
T)ae‘;’plf‘;ttl‘gf Diameter (PDI), nm Watincf“ta“ Mobility (SE)
g gie % 10-8 mzs-IV-l
PS63 62.9 (0.035) 76.01.1 1.90 (0.36)
PS317 3172 (0.002) 56.7+1.5 453 (0.14)

A series of glass bead (43 um mean diameter) flotation experiments was conducted in which the
conditioning time was varied. The mixing was sufficiently vigorous to keep the heavy beads in
suspension. After conditioning, frother was added, a gas sparging tube was introduced and the
nitrogen flow was initiated. Figure 1 shows the glass bead recoveries as functions of
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conditioning time for the small and large nanoparticles. The PS63 high dosage curve (5 mg, I
max = 0.89) gave maximum recovery after only 1 minute of conditioning. With lower PS63
dosage, the maximum recovery occurred after 5 minutes conditioning. At long conditioning
times the PS63 nanoparticles did not promote glass bead flotation.

The larger PS317 particles were completely ineffective as flotation collectors. These results
clearly show that the effectiveness of nanoparticle flotation collectors deteriorated with
conditioning. Presented below is evidence that conditioning removes adsorbed nanoparticles.
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Figure 1 Experimental glass bead flotation recoveries as functions of the conditioning time. ['nax
values are the theoretical fraction of the bead surface areas covered if all of the added
nanoparticles adsorbed on the glass surfaces. Flotation measurements were performed in
triplicate, and the error bars give the standard deviation. 5 mg nanoparticle gives a
collector dosage of 2.5 kg/t and 2 mg gives 1 kg/t nanoparticle collector dosage. Solid
lines are the lines drawn to guide the eye. Conditioning time of control experiment is 5
minutes.

One of the advantages of nanoparticle flotation collectors is that they are easily observed by
electron microscopy. Figure 2 shows a series of SEM images of glass bead surfaces as functions
of conditioning time. The first micrograph for each latex show particles surfaces that were
prepared by quiescent mixing of the beads with the nanoparticles. In this case there were no
bead-bead collisions and both sizes of cationic nanoparticles readily adsorbed onto negatively
charged glass bead surfaces. However, with conditioning the two types of nanoparticles behaved
differently. The coverage of the large PS317 nanoparticles was very low at all conditioning times.
By contrast the PS63 gave high coverages at short conditioning times, whereas most of the PS63
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particles were removed at long times. The densities of the adsorbed nanoparticle micrographs in
Figure 2 are directly correlated with the recovery results in Figure 1. In other words, the
micrographs confirm that conditioning dislodges nanoparticles adsorbed on glass bead surfaces.

5min, PS317 fell * . 240 min, PS317 |

.-

Figure 2 SEM images of glass bead surfaces as functions of conditioning time with two sizes of
polystyrene nanoparticles. The first micrographs in each row show bead surfaces
exposed to nanoparticles under quiescent conditions with no bead-bead collisions. The
second column (B & E) images correspond to 5 min conditioning, whereas the third
column (C&F) images were taken after 240 min conditioning. The scale bars correspond
to 5 um.

We also explored the fate of nanoparticles dislodged from the glass bead surfaces. After
conditioning, the heavy glass beads were allowed to settle and the particle size distributions of
the supernatant suspension were measured with a Malvern Mastersizer. Figure 3 shows two
series of bead-free supernatant particle size distributions as functions of conditioning time. For
both nanoparticle types, the distributions were bimodal, with the sub micrometer diameter peak
corresponding to the nanoparticles. The larger peak around 50 um suggests very large
nanoparticle aggregates. For conditioning times of 60 min or longer, the small peak completely
disappeared, meaning individual nanoparticles were either adsorbed on the beads or were
aggregated.
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Figure 3 Particle size distributions for the supernatant suspension after the glass beads were
removed by sedimentation. The nanoparticle dosages were 2.5 kg/t corresponding to
I'max values of 0.89 for PS63 and 0.18 for PS317.

Further evidence for large aggregates of nanoparticles was obtained by SEM analysis of the
floated glass beads. Figure 4 shows that along with the collected beads after flotation, very large
nanoparticle aggregates were present with the beads. Although some of these may have formed
during sample preparation, this photograph, together with the size distributions in Figure 3,
suggests significant nanoparticle aggregation. Furthermore we emphasize that the ionic strength
was low (5 mM NaCl) and the electrophoretic mobilities were high (Table 1); conditions where
the nanoparticle dispersions were stable. Additionally, in an agitated flotation cell without beads,

both PS63 and PS317 were stable and no aggregates were observed, see supporting information
file (Figure S1).
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Figure 4 SEM micrographs of glass beads collected in the froth after 240 minutes conditioning.
The flotation employed 5 mg PS63 nanoparticles and 2 g glass beads (I'max = 0.89).

Modeling Nanoparticle Deposition and Removal During conditioning

In the following paragraphs we present a simplified model that we propose demonstrates the key
features of the nano-scale ball milling mechanism. The key equations are given below. A
detailed derivation and example calculations are shown in the Supplementary Information file.
The overall goal is to calculate the coverage I, the fraction of the glass bead surface area covered
with adsorbed nanoparticles, as functions of the conditioning time.

Nanoparticle deposition. The rate of nanoparticle deposition is given by the following
expression (Eq. 1) and the terms are described in Table 2. The equation does not account for the
blocking by existing deposited particles, and thus is most applicable at low coverage. Every
parameter is known except the rate constant, k;, which accounts for all of the mass transfer and
colloidal interactions. Example plots of coverage, I, versus conditioning time are shown in
Figure 5 for a series of varying nanoparticle radii at constant nanoparticle mass dosage.
Parameter values are given in Table 2, except for the radii which are shown on the figure.

I" is >1 for the smallest nanoparticles at long times because blocking was not accounted for in Eq.
1.

d —bet rp
EF:ce where b=k,C, c=ﬁcpokd

b
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Table 2 Definition of model parameters and the “base case” parameters values.

Parameters Description

rp,= 25 nm Nanoparticle radius, m.
Pps = 1050 kg/m’ Nanoparticle density
=215 um Glass bead average radius
pb = 2200 kg/m’ Glass bead density
C,=16.7g/L Glass bead concentration
t Conditioning time, s

ke=3.16x 10" m’/s | Deposition rate constant, an unknown constant

Coo=7.28x 10" m” | Initial concentration of nanoparticles, m™

X=3.16x 10" m’/s Bead-bead collision rate constant, an unknown constant

¢, =50mg/L Mass concentration of added nanoparticles.
r Coverage - fraction of bead surface covered with nanoparticles
Lax Maximum possible coverage assuming all of the added nanoparticles

adsorb onto glass bead surfaces.

Lot The minimum coverage required for bead attachment to air bubbles.
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Figure 5 Fraction of bead surface area covered versus conditioning time. The labels besides the
curves give the nanoparticle radii and the maximum theoretical coverage. All other
parameters are given in Table 2 except the X = 0 (i.e. no nanoparticle removal).

Nanoparticle removal. During turbulent mixing, bead-bead collisions will occur. We assume
that when the surface of one bead rubs across another, within the area of contact, the
nanoparticles on both beads are scraped to form aggregates that are irreversibly dislodged from
the bead surfaces. The experimental results in Figure 3 suggest that many of the nanoparticles
aggregates are in suspension completely dislodged from the glass bead surfaces. Figure 6
illustrates that upon bead-bead contact, the areas on both bead surfaces subject to nanoparticle
removal consist of spherical caps whose areas are proportional the nanoparticle diameter. Using
expressions for these areas, the rate of nanoparticle removal is given by Eq. 2 where X the bead-
bead collision frequency is an unknown parameter. See the supporting information file for
details of the derivation.

d r
—TI'=—al' where a=XC,-~
dt r,

Eq.2
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Figure 6 The geometry of two nanoparticle coated glass beads in contact. The areas of
interaction are two spherical caps on the beads. The areas of eachcap=4mr, 7,

Note that this mechanism alone does not explain the very large nanoparticle aggregates observed
with conditioning time — see Figure 3. For example, if the glass beads are saturated with 63 nm
diameter nanoparticles, the total number of particles present in two spherical caps is ~5400. If
we assume that all the particles on two caps form a single aggregate and that the aggregate has a
50% void fraction, the aggregate size is about 700 nm. Subsequent aggregation processes in
suspension are required to generate the very large aggregates that we have observed.

Absorption and removal. Combining rates of deposition (Eq. 1) with removal (Eq. 2) and
integrating gives Eq. 3 for the time dependent coverage during conditioning. The terms a, b, and
c are collections of parameters that do not vary with time. The model has only two unknown
parameters k;and X; values assigned to these parameters were arbitrarily chosen. An increase of
kqa will increase the peak surface coverage value and decrease the conditioning time required to
achieve peak coverage, whereas an increase of X will diminish the peak surface coverage value
and increase the conditioning time required to achieve peak coverage. Figure 7A shows the
predicted coverage versus conditioning time for three nanoparticle radii. In all cases the initial
deposition is rapid. However, at longer times, particle removal takes over. In this case, the mass
concentration of nanoparticles was assumed to be constant, resulting in the smallest particles
giving the highest peak coverage and the most sustained coverage.

= ﬁe—at (e(a—b)t _ 1) Eq 3

Although the simulated results in Figure 7A look superficially like the recovery versus
conditioning time curves in Figure 1, we emphasize that the model simulates conditioning,
whereas our results reflect the flotation behaviors. One way to link the model calculations to
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predict flotation trends is as follows. We have published a few curves showing glass bead
recovery versus the percent nanoparticle coverage. One of our most effective nanoparticles for
glass bead flotation gave high recoveries if more than 10% of the bead surfaces were covered
with nanoparticles (i.e. I'rit > 0.1) (Yang et al., 2011). When we apply this criterion to a curve in
Figure 7A, we define two times, ¢; and ¢, for each simulated curve. According to the I'¢sit = 0.1
criteria, flotation can only occur over the time period, #; < ¢ <t,. In other words, the longest
effective flotation time, and presumably the highest recovery, corresponds to maximum values of
At=1t,— 1.

Figure 7B shows the corresponding At as a function of nanoparticle radius, based on the criteria
' >T.ic=0.1. The available time for flotation, At, decreases almost linearly with nanoparticle
radius assuming a constant mass dosage of nanoparticles.
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Figure 7 A: The influence of nanoparticle radius on glass bead coverage. Base case parameters
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are given in Table 2. B: The corresponding Af for I'e;it = 0.1, as a function of particle
radius.

We employed the model to explore the role of nanoparticle dosage. Figure 8 shows At as a
function of the nanoparticle dosage expressed as I'max, the coverage on the beads assuming all of
the nanoparticles adsorb and do not come off. Up to a dosage of I'yax = 0.25 there is no time
where the surface coverage, I', is greater than 0.1 so At =0. At higher dosages, At increases
dramatically. This simulation illustrates a key point in this paper; although low coverage values
can promote flotation, the required nanoparticle dosages are high to compensate for the loss of
particles if nano-scale ball milling is rapid.

1400

1200

1000

800 |

600 |

Maximum Flotation Time, At (s)

400 [ [ [ [ [ [ [ [
0 1 2 3 4 5 6 7 8 9

Nanoparticle Conc. Expressedas T,

Figure 8 A¢, for I'ciit = 0.1, as a function of nanoparticle concentration expressed as the maximum
coverage, I'max. All parameters are given in Table 2 except the nanoparticle
concentration that varied from 0.01 to 0.3 g/L

Discussion

Our results demonstrate that turbulent mixing induces bead-bead collisions, which can dislodge
nanoparticle aggregates. This concept is not foreign to the mineral processing industry which
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has employed high intensity mixing to remove adsorbed slime particles on the surfaces of
ultramafic ores. (Chen et al., 1999a, b) There is no evidence in the literature that nano-scale ball
milling is important for conventional molecular collectors. Whether present as adsorbed
monolayers or hemi-micelles, we believe molecular collectors are simply too small to suffer
significant damage during impacts between mineral particles.

Does nano-scale ball milling prevent the development of commercially significant nanoparticle
flotation collectors? We have recently shown that core-shell nanoparticles with soft shells
require more energy to detach from a surface compared to the hard nanoparticles used in the
current work (Dong et al., 2016). Also both our model and our results show that smaller
particles are removed more slowly. Finally, when considering pilot or full-scale trials of
nanoparticles, this work suggests that nanoparticle flotation collectors should be added just
before the flotation cells, minimalizing particle-particle interactions.

From a mechanistic perspective, nano-scale ball milling explains the influence of nanoparticle
size — see Figure 7. From the earliest stages of our research, we have consistently observed that
smaller nanoparticles are more effective than larger particles, even when the number
concentrations are adjusted to give the same maximum coverage of adsorbed particles on the
beads. We have argued in the past that many adsorbed small hydrophobic particles are superior
to fewer, larger nanoparticles covering the same area because expansion of the three phase
contact line is easier with smaller but more closely spaced particles during the attachment of
mineral particles to air bubbles (Yang et al., 2012a). However, based on conditioning time
studies described herein, nano-scale ball milling is an alternative explanation. Finally, in future
work we will present results showing the nano-scale ball milling of core-shell particles with soft
shells. In this case, nanoparticle adhesion is greater. However when they are removed by nano-
scale ball milling, remnants of the soft shell polymer are left on the glass bead surfaces -
footprints.

Conclusions
The main conclusions from this work are:

1. Bead-bead collisions during conditioning and flotation erode deposited nanoparticles (nano-
scale ball milling) leading to a dramatic loss in flotation recovery with conditioning time.

2. The scraping of bead surfaces during bead-bead collisions produces large nanoparticle
aggregates that do not promote flotation.

3. Larger particles are more susceptible to removal by nano-scale ball milling. The impact area
on glass surfaces where deposited nanoparticles could be removed in a single bead-bead
collision, increases linearly with nanoparticle diameter.
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4. The coverage of nanoparticles adsorbed on glass versus conditioning time results were
modeled by combining two exponential functions of time, one describing the nanoparticle
deposition and the other describing particle removal by nano-scale ball milling.
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Appendix: Supporting Information for Chapter 3
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Figure S1 Nanoparticle size distributions for the suspension in an agitated flotation cell without
glass beads. Solid lines are the lines drawn to guide the eye.
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This model simulates the adsorption and removal of nanoparticles from glass bead surfaces
during conditioning, a process was termed as nano-scale ball milling.

Modeling by R. Pelton 2015-2016

Symbols

r Fraction of glass beads covered with nanoparticles

G, Concentration of individual nanoparticles in solution, 1/m"3
Cpo Initial nanoparticle concentration

Caa Concentration of adsorbed nanoparticles

Cy Concentration of glass bead

ky Rate constant of nanoparticle deposition, m”"3/s

p Radius of nanoparticle

rp Radius of glass bead

X*Cy Number of bead-bead collisions per second
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Deposition rate - no removal, assume coverage is low - no blocking

Cadonrorp2 5F p ;
e = a Ol Defining coverage of glass spheres with nanopatrticles
Cb 4. 1,
d d 7
—l=a—=Cy, U=
dzs dr 4~Cb~rb

d
5 Cr=ha GG

d
—in (Cp) =—k;-C, NP conc. in solution decreases exponentially with time

dr
C, (1) = Cppeexp{—ky-Cy-1) C,=C,, Wwhent=0

cad(t) = Cpo_cp (t)

(1) =a-Cp,» (1 —exp(—kd~Cb~t))

d
d—Fd=a~Cpa~kd~Cb~exp<—kd'Cb‘t)
t

2 Ball milling July 20.mcdx 07/25/2016
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Simplifying where b and ¢ are independent of
time

d ”
d—Fd=c~exp(—b~t) Equation 1
1

where the following are constants for a given experiment
b=k, C,

i ai rpZ ae rp2
c—a-CpL,-kd‘Cb—m‘Cpg'kd'Cb— 4.rb2 'Cpa‘kd

2

"o
= = Croka

o

=2 .C,-(1-exp(—kyCye 1))

3 Ball milling July 20.medx 07/25/2016
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Particle removal

Bead
Assume when two beads r b
collide, the adsorbed .
nanoparticles on each bead  nanoparticles =

that are in the interaction " caparea= 415.: r\
zone are rubbed off (eroded) rp 7T e
and are deactivated

The interaction zone on each Only one cap is shown above
bead is assumed to be a however, np on caps of '
spherical cap with a height bothbead are assummed to be
eqdqal to the nanoparticle eroded when two beads collide.
radius.

A.=2 m-r,2r, areaof spherical cap - ref Wolfram
Ap=4 m-r,? .C, total bead area per m3

A, 2 Ty
A_7'= 2+1,:C, This is the area of one spherical cap divided by total bead area

m

X‘:T Rate constant for bead/bead collisions
X:Cy2 Rate of bead/bead collisions

d

A
d—Cad =—X-C? 2 A—C Coa Rate of removal of adsorbed nanoparticles
t

Ball milling July 20.medx 07/25/2016
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d STt
ey 4 e (YO R
A

dr T

d :
—TI'=—a-T Equation 2
dz

A A i
where a=X-C, -2—A—=X.cb._

a is a collection of terms independent of time
7 L4

Combining depositon, Equation 1, and removal, Equation 2.

d Equation 3
d_tr'c'e"p (-b-f)-a-T a, b, and ¢ are constants for a given experiment
= cb s e o=tk Equation 4 Integrated form
—
At peak of I" vs t, slope =0
—ab-Cy,eexp <7b -tmar)
max =
a
substituting for a, b, ¢
b ol
r_z.k 2 Cro
L= TG exp (—(kq+ Cy) *by)

5 Ball milling July 20.medx 07/25/2016
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Numerical evaluation

Beads nanoparticles
1, =215 um radius 1, =25 nm radius
gm i gm
=222— densi =0.05 2— dose
i mL i i I
my=2 gm mass added
o =105 % density
V=120 mL liquid volume L mL
m 1 c, 1
Cyi= 2 =(1.8198-10") — Cp= 2 =(72757-10") —-
4 3 m 4 3 m
Pyl 3 T v Ppstz T0p
initial bead conc. initial nanoparticle conc.
C
i ~n~rp2
Pps* 3 H’rp3
mec(cbvcp’rp)’: Z‘ 1 2 m’ e
MR X:=—-—:10"""  rate constant for bead/bead collisions
Maximum I" assuming all 5
nanoparticles adsorb 3
kd::m—‘ 10713% rate constant for bead/nanoparticle collisions
5
Equation 4 coded as a function
ky (45
4o’ e
Ppst3 Ty 27 27
3 ? ?
I (G aa el cexp|—X-Cpo—L 1| |exp || X Cpo—E—kyo Cy | 1] -1
% Ee=2 U ry Ty
X-Cpe —kyoCy
p
6 Ball milling July 20.medx 07/25/2016
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Influence of particle radius - no removal
1t:=0 5,25 5..1000 s  Adsorption with no removal - smaller particles cover more
area and deposit more quickly
r,=25 nm

¢,=005 2&
m

tt,Cb,cF,rp,X‘0>

11,Cy,0p,15°1.5,X0)

{

I, {1,Cy,c,,r,2,X-0)
(
(

1,Cy,¢,,753,X+0)

Z Ball milling July 20.medx 07/25/2016

73



Ph.D. Thesis — Xiaofei Dong McMaster University — Chemical Engineering

Following lines used to export results to EXCEL

i=1,2..40
I =725

a:=WRITEEXCEL (“a.xls” ,Ie)
c]' =1, (te. e e lF X)

1.5 rp= 37.5 nm

‘237 p >
b+=WRITEEXCEL (“bxls”, c1)
c2 ::Fcp(te 'S,becparp' 15>X)

¢:=WRITEEXCEL (“c.xls”, ¢2)

¢3=I ) (ze ‘s,Cb,cp,rpQ,X)
I I 2-r,=50 nm
d:=WRITEEXCEL (“dxls”,c3)

c4 ==Tcp(te +5,Cp, 6o -4,X)

Sp>Tp
4-r,=100 nm
e:=WRITEEXCEL (“eee xIs”, c4)

8 Ball milling July 20.medx 07/25/2016
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Adsorption plus removal, Increasing the np size at constant mass concentration lowers the peak
coverage and slightly shifts the curves to the left.

" Cb7 D p7 >

1,Cy 105575 115,X)

0.42 rcp

L

(
{

I, (t,Cyrcpnr,-2,X)
(

cp

y§)

p(1,CprCp57p0 4 X)

Increasing the bead concentration lowers the peak
coverages and shifts it to shorter times

9 Ball milling July 20.medx 07/25/2016
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Calculating t1 and t2, the times where coverage equals a critical value

I,.,=0.1 The assumed minimum coverage for
flotation

Calculating the times corresponding to I,
+:=802 s
t, (Cb,cp ,rp) = root(]"m—l"cp (I,Cb,cp,rp ,X) )t>

1,(Cprcp, 1.5+1,) =556.2978 5

1,(Cyrcp 1) =100t (I, — T, (1,Cy, cp,77,X) 12,0 5,150 5)

1,(Cyrcp 1) =13.7736 5
At(Cb,cp,rp) =t (Cb,cp,rp)—t, (Cb,cp,rp>
At(Cy,c,,7,) =840.5191 s

Browse for Image... |

10 Ball milling July 20.medx 07/25/2016
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Influence of nanoparticle radius on delta t =t2 - t1

rpp:=25 nm 27 nm..60 nm

4t(Cy ¢y ,rp) ()

39 42.5 46 49.5 B 56.5 60

rpp (nm)

J:==011.118
TPPP RS
aaa:=WRITEEXCEL (“aaa xls” ,rppp)

Following lines used to export results to EXCEL

dtr ::_/It(Cb,cp )nﬂl'tppp)
J J

bbb:=WRITEEXCEL [“bbb.xls” X d_tr]
s

k
=005 28 o _(18198-10m)
m m

11 Ball milling July 20.medx 07/25/2016
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Influence of Nanoparticle concentration on delta t At(Cb,3 °cp,rp> L (1_1391 ] 103) J

12 Following lines used to export results to EXCEL
cpp ::[1 +j) <0.2-¢,
o+

gnyaxj ::Fmax (Cb X cppJ A rp) dtCPJ =t (Cb 5 CPPJ ﬂ’p)
dtep
aaa:=WRITEEXCEL ( “aaa.xls” ,gmax) bbb:=WRITEEXCEL | “bbb.xls”,——
5
1.1.10 kg
110 =005
90¢ P m}
dtep [s)

4t(C,,25+¢,,1,)=(1.6701-10%) 5

0.25 1.05 1.85 2.65 3.45 4.25 5.05 5.85 6.65 7.45 8.25

—p3 M
gmax 30~0A2'L‘p—0.3 T

12 Ball milling July 20.medx 07/25/2016
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Maximum number of nanoparticles adsorbed on two caps
4 ey, er,
N Yed 7‘7217 Maximum number of
1y adsorbed nanoparticles
on two patchs
Noyoe(32 nm)=5.375.10°

4
Vm (1) =N (1) 3 mer’

1 Corresponding diameter
2:1Frm (32 ) =706.2408 nm of spherical aggregate
A with 50% void volume
3

13 Ball milling July 20.medx 07/25/2016
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Chapter 4 Effects of Nano-scale Ball Milling on Soft Nanoparticle

Collectors

In chapter 4, flotation experiments were conducted by myself with the assistance of Marie Price
who worked with me as a summer student. I prepared the AFM sample. The AFM imaging and
AFM data processing were performed by Dr. Gustafsson who work with Dr. Pelton as a post-
doctoral fellow. The rest of the experiments were conducted by myself. I plotted all experimental
data. I wrote the manuscript, Dr. Gustafsson added the experimental description of AFM imaging,
and edited my first draft. Dr. Pelton helped to analyze data, gave useful advice on particle-bubble
attachment test, and edited the manuscript into this final version. This chapter is in preparation
for submission.
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Effects of Nano-scale Ball Milling on Soft Nanoparticle
Collectors

Xiaofei DongT, Emil GustafssonT, Marie PriceT, and Robert Pelton%*,

TDepartment of Chemical Engineering, McMaster University, 1280 Main Street West, Hamilton,
Ontario, Canada L8S 4L7

Introduction

With high corrosion resistance and non-toxic properties, nickel and nickel alloys have been
widely used in steels industry, coinage, food handling and pharmaceutical equipment .
Separation of Pentlandite (Pn, Nis sFes 5Ss), the principal formula of nickel, from associated
slimes is usually achieved by froth flotation, where hydrophobic solids are carried to the surface
with rising air bubbles overflowing the flotation cell into the collector launder, whereas the
unwanted hydrophilic slimes are left on the bottom of the cell to be discharged . The surface of
natural Pn particles is hydrophilic and therefore it is necessary to increase the hydrophobicity of
the surface prior to flotation. In commercial Pn flotation practices, a molecular xanthate collector
such as potassium amyl xanthate (PAX), is frequently employed in the conditioning step to
impart hydrophobicity to Pn particles °.

As aresult of decreasing high grade nickel ore reserves, increasing efforts are directed towards
the processing of disseminated ultramafic deposits *°. However, extraction of nickel from
ultramafic ore faces the technical challenge that serpentine fibers, typically with a diameter of 20
nm, are present on the ore surface ®’, acting as a surface barrier that interferes with bubble
attachment ®° and thereby limits the nickel recovery. In addition, the continued use of xanthate
has raised ever increasing environmental concerns, as carbon disulfide is readily emitted when
xanthate decomposes and excess xanthate in discharge waters is a threat to aquatic life '°. There
are both economic and environmental reasons to find a replacement for xanthate collectors ',

Over the past few years, we have explored using polymeric nanoparticles as flotation collectors.
The potential advantage of nanoparticle collectors over molecular collectors for nickel ultramafic
ore separation is that the efficiency of relatively large nanoparticles adsorbed between serpentine

81



Ph.D. Thesis — Xiaofei Dong McMaster University — Chemical Engineering

surface fibers is less supressed by the fibers than the 1 nm patches of conventional xanthate
collector. Laboratory scale flotation experiments, using glass beads as a model of Pn particles,
have demonstrated that cationic hydrophobic nanoparticles can adsorb on negatively charged
glass bead surfaces and facilitate the attachment of air bubbles in flotation '>"°. In addition, Pn
flotation studies showed that a polystyrene based nanoparticle collector with an imidazole
functionalized surface can sometimes give better Pn recovery than PAX '°.

We have previously shown that soft particles give substantially higher adhesion to glass beads,
the model of mineral particles, than corresponding rigid particles '’. Studies of the recovery as a
function of conditioning time of rigid nanoparticle collectors revealed that bead-bead collisions
(nano-scale ball milling) during the conditioning dislodge adsorbed polystyrene nanoparticles,
and small nanoparticle collectors were less susceptible to erosion than larger particles '*. We
speculate that small nanoparticle size and high nanoparticle/glass adhesion are two key
parameters to minimize the negative impact of nano-scale ball milling on the flotation
performance.

In this paper, we report the flotation performance for soft nanoparticle collectors as a function of
conditioning time. The glass beads flotation results of a 356 nm soft shelled polystyrene-poly(n-
butyl methacrylate) nanoparticle, and two soft-lobed Janus nanoparticles with diameters of 317
nm and 92 nm are compared. Electron microscopy was used to assess the effect of the suggested
nano-scale ball milling on the soft nanoparticle collectors. In addition, we present the concept of
footprints, which provide direct evidence supporting the removal of adsorbed nanoparticles from
bead surfaces, and their potential for improving flotation is discussed.

Experimental Section

Materials. Sodium chloride (>95%) and ethanol (>95%) were purchased from Fisher Scientific
and used as received. Glass beads with an average diameter of 43 + 11 pm, determined using a
Malvern Mastersizer 2000, were purchased from Polysciences Inc. and used as supplied. The
flotation frother, UNIFROTH 250C (>99%), a mixture of monomethyl polypropylene glycol,
250kDa and dipropylene glycol monomethyl ether, was donated by VALE Canada Limited
(Mississauga, ON) and used as supplied. Water type 1 (as per ASTM D1193-6 *°, resistivity 18
MQ cm, from Barnstead Nanopure Diamond system) were used in all the experiments.

Nanoparticles. Cationic polystyrene-core-poly (n-butyl methacrylate)-shell (PS-PB)
nanoparticles and polystyrene-poly (n-butyl methacrylate) Janus nanoparticles were prepared by
two-step seeded emulsion polymerization procedures '’ and the recipes were included in the
supporting information file (Table S 1). The hydrodynamic diameter was determined by dynamic
light scattering (Brookhaven Instruments Corporation, USA) at a 90° detector angle. The test
samples were prepared with 5 mM NacCl solution and diluted to give a scattering intensity
between 100 and 150 kcps. The dispersions were equilibrated at 25°C for 3 min before
analyzing and the duration of each subsequent measurement was 3 min. Three sets of
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measurements were undertaken for each sample and the results were analyzed using BIC
dynamic light scattering software (Windows 9KDLSW version 3.34) using the cumulants model,
whereas the CONTIN model was used to generate the particle size distribution, expressed as a
polydispersity index (PDI).

Electrophoretic mobility (EM) measurements were performed on a Zeta PALS instrument
(Brookhaven Instruments Corporation, USA) at 25°C in the phase analysis light scattering mode.
1.5 mL dilute nanoparticle dispersion in 5 mM NaCl were dispensed into a clear cuvette and
thermally equilibrated to 25°C before analyzing. The reported EM values were the average of 10
runs, each consisting of 15 scans.

Water sessile drop contact angles on glass slides coated with nanoparticles were measured with a
Kriiss Drop Shape Analysis System DSA 10 running DSA software (version 1.80.0.2). In a
typical water contact angle experiment, pre-cut glass slides (1 cm squares, Gold Line Microscope
Slides, VWR) were cleaned in ethanol with sonication for 30 min, followed by rising with water.
Washed slides were dried with compressed air and then treated with UV-Ozone (UV-Ozone
ProCleaner, Bio Force Nanosciences, USA) for 20 min. Cleaned glass slides were immersed for
30 min in 0.5 wt % nanoparticle dispersion in 5 mM NacCl, and then dipped into 5 mM NaCl
solution to gently rinse off excess nanoparticles. The slides were dried in air at room temperature.

Flotation. Flotation experiments were performed in a polypropylene 125 mL beaker (Nalgene®
1201-0100, ThermoFisher Scientific, USA) with an average inner diameter of 53 mm, sitting on
a 150 mm plastic Petri dish (430599, Corning, USA). 125 mL of 5 mM NaCl solution,
nanoparticle dispersion, and 2 g of glass beads (a model for mineral particles) were fed into the
beaker. Unless stated otherwise, the nanoparticle dose was 5 mg (dry) from stock dispersions,
typically 3.5 % solids. The suspension was agitated using a 25x9 mm cross shape magnetic stir
bar (SEOH PTFE Stirrer Bar, Cross 25%x9 mm, Scientific Equipment of Houston, USA). The
magnetic stir bar was driven by a Corning PC-610 stirrer plate with a speed of 600 RPM, and the
conditioning time was set between 1 to 240 minutes. After conditioning, 0.125 mL UniFroth (1
wt%) was added to the flotation suspension giving a frother concentration of 10 mg/L. After 30
seconds of mixing, the stirring speed was increased to 900 rpm and the nitrogen flow to the frit
(Corning Pyrex, 30 mm coarse glass frit attached by a 90-degree elbow, purchased from Fisher
Scientific) was initiated at a rate of 2.0 L/min. Froths forming on the top of the beaker were
scraped over the side to be caught in the Petri dish. After typically 2 minutes, the gas flow was
stopped. The dry mass of both the beads collected in the froth and remaining in the flotation
beaker was measured and the flotation recovery was calculated as the mass fraction of glass
beads that were collected in the froth. A minimum of three replicates were performed for each
condition.

Surface Characterization of Flotation Products. The topography of glass beads collected in
the froth was examined using a scanning electron microscope (SEM) (JEOL 7000F SEM, JEOL
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Ltd., Japan). Dried glass beads were placed on a conductive carbon tape and sputter coated with
5 nm platinum prior to analysis. High resolution SEM images were taken at a working distance
of less than 10 mm and accelerating voltages of 2.8-5 kV.

Glass bead topography was further analyzed by atomic force microscopy (AFM) using a
BioScope Catalyst BioAFM (Bruker). Images were collected in ScanAsyst mode using
SCANASYST-AIR cantilevers (Bruker) with a nominal resonance frequency of 70 kHz and a
typical spring constant of 0.4 N/m. Glass beads were isolated from the froth and immobilized on
a glass slide using double sided tape. The built-in optical microscope was used to position the
cantilever on top of an individual glass bead and images with a scan size of 2x2 pm were
obtained.

The elemental composition of the footprint was quantitatively analysed using energy dispersive
spectroscopy (EDS, Oxford Instrument) equipped with JEOL 7000F SEM running an Oxford
Synergy INCA EDS X-ray microanalysis software. SEM micrographs of the footprint areas of
interest for EDS analysis, corresponding spectrum and elemental analysis results are included in
the Supporting Information File ( Figure S 1, Figure S 2 and Table S 2 ). The reported elemental
weight percentage values were the average of three analyzed footprints.

Quantitative Determination of Solid Particles Picked Up by A Captive Air Bubble. An
apparatus was designed and built to perform the captive air bubble pick-up test of glass beads
with different surface treatments. As shown in Figure 9, the major components of this
customized apparatus include: an air bubble generation and size control system (Needle: 14
gauge, Metal Hub NDL, 2 inch, point style 3, 91014, Hamilton Company, USA; Syringe:
Tuberculin Syringe, 1 mL, 5202, Cadence Science, USA); an X-Y-Z positioning stage; a clear
polycarbonate cell (L x W x H=36 mm X 27 mm X 50 mm); a particle bed holder (L x W x H =
12.7 mm X 12.7 mm x 44.7 mm, Fluorimeter quartz cuvette, C9167, Sigma-Aldrich, USA); an
independent holder for collected particles (L x W x H=12.7 mm x 12.7 mm x 45.0 mm, BI-
SCP Polystyrene, Four sided clear cuvette, Brookhaven Instruments, USA); and a video
recording system equipped with Kriiss Drop Shape Analysis System DSA 10. The capture rate
speed of the Kriiss T1C in-build Frame Grabber Camera (DSA10, KRUSS GmbH Germany) was
set as 25 frames per second (fps).

A captive bubble with a diameter of 2.3 mm was generated in 5 mM NaCl solution containing 10
mg/L UniFroth, and held on the needle. A glass bead bed with a height of 2 mm was brought
upward through the solution into contact with the stationary captive air bubble, after which it was
lowered down to remove from the air bubble. The entire process of particle attachment to the
bubble was monitored and recorded using the video recording system. The captive bubble,
coated with the picked up glass beads, was moved, through solution, to another holder. After
breaking the air bubble, all beads were collected into the empty holder. The particle holder was
then isolated from the cell and sealed before it was horizontally loaded onto the working stage of
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an optical microscope (M5 Multi Phase 100, SWIFT, USA). No overlap of beads was observed
and an example micrograph of collected bead is shown in the Supporting Information ( Figure S
3 ). The number of glass beads was counted manually under the microscope. For each sample,
the experiment was run three times at different positions on the bead bed.

Apparatus Procedure
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Figure 9 Schematic of the apparatus and experimental procedure of the captive air bubble pick-

up test.

Particle-Air Bubble Attachment Test. Figure 10 shows a schematic diagram of the setup for
the particle-air bubble attachment test. An air bubble with a diameter of 2.7 mm was generated at
the tip of a vertical capillary tube (1/16" OD % 0.75 mm ID). A suspension of glass bead was fed
into a guiding tube (1/16" OD x 0.75 mm ID) via a syringe pump. Guiding tube was placed 5
mm above the air bubble with the assistance of an micromanipulator (NARISHIGE, MN-151,
Japan), which allow individual glass bead drop onto the air bubble surface. This experiment was
carried out in a clear polycarbonate cell (L x W x H=36 mm x 27 mm x 50 mm) filled with 5
mM NacCl solution containing 10 mg/L UniFroth. The entire process of particle-bubble
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attachment was monitored and recorded using a Kriiss T1C in-build Frame Grabber Camera
(DSA10, KRUSS GmbH Germany) with a recording speed of 25 fps. Example videos can be
found in the Supporting Information file (Video S1).
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Figure 10 Experimental apparatus of the particle-air bubble attachment test.

Results

Soft core-shell and Janus nanoparticles. Cationic polystyrene-core-poly(n-butyl methacrylate)-
shell (PS-PB core-shell) and polystyrene/poly(n-butyl methacrylate) (PS/PB Janus) nanoparticles
were prepared via a two-step seeded emulsion polymerization '’ and the latex properties are
summarized in

Table 3. The morphology of the synthesized soft nanoparticles was examined using TEM, and
the micrographs are included in the Supporting Information file (Figure S 5). The 356 nm core-
shell nanoparticles have a PS core and a PB shell with a thickness of 20 nm, while the 92 nm and
317 nm Janus nanoparticles have a PS lobe on one side and a PB lobe at the opposite side. Both
nanoparticles are soft at room temperature since PB has a T, of 24-31 °C. With surfactant-free
surfaces decorated with positively charged amidine groups, derived from the polymerization
initiator, the prepared nanoparticles were cationic, and the stock dispersions were colloidally
stable. Water contact angle values demonstrated that both nanoparticles are sufficiently
hydrophobic to promote flotation'.

Table 3 Properties of surfactant free, cationic polystyrene-core-poly(n-butyl methacrylate)-shell
(PS-PB-315 core-shell) and polystyrene/poly(n-butyl methacrylate) (PS/PB-92 and
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PS/PB-315 Janus) nanoparticles, where the final number on the nanoparticle designation
represents the particle hydrodynamic diameter. The electrophoretic mobility (EM) was
measured in 5 mM NaCl solution at ambient pH. The standard errors (SE) for the
reported EM values were estimated from the average of 10 runs, each consisting of 15
scans. The standard errors (SE) for the contact angle values were calculated from the
average of 3 measurements, where the duration for each measurement was 30 seconds.

. Diameter (PDI), EM (SE), Water CA (SE),
Nanoparticle nm «10° mis V! 0

PS-PB-356
Coreshell 356.2 (0.016) 4.33 (0.10) 60.0 (1.3)
PS/PB-92

Janus 92.0 (0.036) 1.95 (0.20) 84.1 (1.7)
PS/PB-315

Janus 314.8 (0.021) 4.91 (0.24) 64.7 (0.5)

Flotation Performance. The flotation performance of soft nanoparticles was tested as a function
of conditioning time. Flotation experiments were conducted using a laboratory-scale model
system where 43 um diameter glass beads were employed as a model of mineral particles.
During the entire flotation operation, the mixture was agitated vigorously to avoid sedimentation
of the heavy beads. All flotation experiments, except the control, were performed with a constant
nanoparticle dosage of 2.5 kg/t. A dosage of 2.5 kg/t PS-PB-356 can give 16% theoretical
surface coverage, expressed as the total projected area of the deposited particles (npnd2/4, where
n, is the nanoparticle number concentration and d is the nanoparticle hydrodynamic diameter)
divided by the total surface area of glass beads. The theoretical coverage of 2.5 kg/t of the
PS/PB-92 Janus nanoparticle is 62% and that of 2.5 kg/t PS/PB-315 Janus nanoparticle is 18%.

The glass bead recovery as function of conditioning time for the soft core-shell and Janus
nanoparticle collectors is summarized in Figure 11. It should be noted that, without any
nanoparticle addition, some of the beads were always carried over to the froth phase by a
mechanism called hydraulic entrainment. For the PS-PB-356 core-shell nanoparticle, the
maximum recovery was 62% and was obtained after 5 minutes of conditioning. For longer
conditioning times the recovery decreased and after 60 minutes of mixing only 15% of the glass
beads were carried over to the froth phase, indicating that core-shell particles did not promote
glass bead flotation at long conditioning times. For the PS/PB-315 Janus nanoparticle, the
maximum recovery 90% was obtained after 3 minutes of conditioning. After 30 minutes of
conditioning, over 60% of the beads could be collected, whereas at longer conditioning times the
PS/PB-315 Janus nanoparticle does not promote flotation. The PS/PB-92 Janus nanoparticle gave
a 96% recovery after only 1 minute of conditioning, and the maximum recovery, 99%, was
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achieved after 5 minutes of conditioning. The PS/PB-92 Janus nanoparticle was effective for up
to 240 minutes of conditioning, after which over 60% of the beads could still be collected.
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Figure 11 Glass bead flotation recovery as a function of the conditioning time for the PS-PB-356
core-shell, PS/PB-92 Janus and PS/PB-315 Janus nanoparticles. The nanoparticle
dosage is 2.5 kg/t. Flotation experiments were performed in triplicate, and the error bars
represent the standard deviation. Solid lines are the lines drawn to guide the eye.
Conditioning time of control experiment is 5 minutes.

To assess the effect of the suggested nano-scale ball milling on the soft nanoparticle coverage of
glass beads, electron microscopy was used to image glass beads that had been conditioned for
different times. Figure 12 shows a series of SEM images where the micrographs in left column
correlate with 5 minutes of conditioning and those in the right column represent 240 minutes of
conditioning. It can be seen that all three soft nanoparticles gave high coverages at short
conditioning times. For long conditioning times, nearly all of the large nanoparticles, PS-PB-356
and PS/PB-317, were removed, whereas a significant number of small Janus nanoparticles,
PS/PB-92, could be observed after 240 minutes conditioning. This confirmed that extended
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conditioning does remove adsorbed particles from the glass bead surfaces but also showed that
the small soft nanoparticle, PS/PB-92, was the least susceptible to nano-scale ball milling.

Figure 12 SEM micrographs of PS-PB-356 core-shell, PS/PB-315 Janus and PS/PB-92 Janus
nanoparticle coverage on glass bead surfaces for short (5 min) and long (240 min)
conditioning time. Micrographs A and B show bead surfaces decorated with PS-PB
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core-shell nanoparticles, images C and D show bead surfaces decorated with PS/PB-315
Janus nanoparticles, and images E and F show bead surfaces decorated with PS/PB-92
Janus nanoparticles.

Footprints. Figure 13 shows higher magnification electron micrographs of glass beads after
conditioning using the soft shelled nanoparticle collector, PS-PB-356 with a shell thickness of 20
nm. A large number of circular nano-scale patches, significantly smaller than the nanoparticle
diameter, can be observed. The typical diameter of these patches is 80 nm, while a few of them
have a diameter about 200 nm. The topography of the nano-scale patches on glass beads was also
investigated by AFM (Figure 13d). Image analysis determined the height of the patch to be
about 20 nm and morphologically these patches are clearly distinguishable from deposited
nanoparticles.

10.0 nm
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Figure 13 Micrographs of glass beads collected in the froth after 5 minutes (A and B) and 240
minutes (C and D) of conditioning using 2.5 kg/t PS-PB of nanoparticle as collector.
Images A-C are SEM images, and D is an AFM height image.

The elemental composition of the patches was quantitatively analyzed by EDS, the spectrums are
included in the supporting information file ( Figure S 1, Figure S 2 and Table S 2 ). The analysis
showed that the composition of the patches was 72.11 + 3.44 wt% carbon and 27.89 + 3.44 wt%
oxygen, which is in good agreement with the composition of the shell polymer PB (75 wt%
carbon and 25 wt% oxygen), indicating that these patches are remnants of the soft shell polymer.
This suggests that when two beads covered with soft shelled nanoparticles collide, adhesive
failure occurs in the soft PB polymer shells in the bead-bead contact zone, leaving PB footprints
on the bead surfaces after nanoparticle removal.

Based on the hydrophobic nature of PB, with a water contact angle of 92°"°, footprints are
expected to contribute positively to flotation. Captive air bubble pick-up tests (Figure 9) were
performed to characterize the hydrophobicity of glass beads following bearing footprints. Two
situations where footprints may offer an advantage were investigated. In the first, for short
conditioning time, beads were decorated with both nanoparticles and footprints, as seen in the
SEM images in Figure 13A and Figure 13B. In the second, as seen in Figure 13C, the
conditioning time was sufficiently long that nanoparticles were dislodged and the beads were
decorated with footprints only. Hydrophilic plain beads were also tested as a control experiment.
Beads picked up by the air bubble were collected and counted under an optical microscope. The
results are summarized in Figure 14. The number of beads picked up by an air bubble was 137 +
7 for plain glass beads, 1760 + 194 for nanoparticle and footprint decorated beads, and 1287 + 91
for footprint decorated beads. Solid particles immersed in aqueous solution are more readily
picked up by static air bubble contact if their contact angle is higher, thus the captive air bubble
pick-up tests suggested that the footprints are sufficiently hydrophobic to promote adhesion.

91



Ph.D. Thesis — Xiaofei Dong McMaster University — Chemical Engineering

2000
[72]
©
P
2 1500 r
Y= L
o
@ 1000 |
0
E L
-
Z 500 |
0

Nanoparticle and
Footprint Decorated
Beads

Footprint
Decorated Beads

Plain Beads

Figure 14 Number of beads picked up by a captive air bubble for A) untreated plain beads, B)
nanoparticle and footprint decorated beads, and C) footprint decorated beads. The
images are directly correlated with the counted number of beads. Three repeats were
made for each sample at different positions on bead bed and the reported number is the
average value of the three replicates. The error bars represent the standard deviation of
the three replicates.

When considering the potential of using footprints as flotation collectors, the ability of footprints
to facilitate the attachment while also preventing the detachment ***' of glass beads from the air
bubble surface in an agitated flotation cell need to be addressed. A simplified model flotation
apparatus (see Figure 10) based on the work of Xu et. al > was built to test the ability of glass
beads with different surface treatments to adhere to air bubbles in turbulent water flow field .
Instead of having air bubbles rising through particles dispersed in a suspension, a single bubble
was kept at a fixed position and the suspension of particles was allowed to move against it. The
attachment process of glass beads to the air bubble was recorded using a digital camera at a
speed of 25 fps and analysed frame by frame. Two example videos can be found in the
Supporting Information files (Video S 1 and Video S 2). The trajectories of individual bead on
the bubble surface were included in Figure 15. Footprints decorated glass beads were observed to
slide and then leave the bubble after passing the equator (Figure 15B). In contrast, beads coated
with a combination of nanoparticles and footprints continued to slide on the bubble surface even
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after passing the equatorial plane of the bubble (Figure 15A), and a significant number of
nanoparticle and footprint decorated beads accumulated on the air bubble surface. Additionally,
as illustrated in the supporting information file (Figure S 4), plain bead was also observed to slid
off the air bubble surface.

A B
Nanoparticle and Footprint Footprint Decorated
Decorated Beads Beads

o}
0 ms

0 ms

o

200 ms 200

640 640

920 ms 920

1160 ms 1160 ms

)

Figure 15 Typical frames shown the attachment processes of the individual glass bead with a
static air bubble. The bead indicated in left column (A) was nanoparticle and footprint
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decorated bead and the bead in right column (B) was footprint decorated bead. The scale
bars represent 1 mm. Note that time 0 ms was denoted as the reference time.

Discussion

The flotation results in Figure 11 show that the small soft nanoparticles (PS/PB-92) were more
effective than larger soft nanoparticles (PS/PB-315 and PS-PB-357), especially at long
conditioning times. Additionally, compared to the flotation performance of corresponding rigid
polystyrene particles of similar size, soft nanoparticles gave higher glass bead recovery for all
tested conditioning times. Furthermore, by comparing the surface coverage of PS/PB-92 with a
rigid nanoparticles '® and the large soft nanoparticles shown in Figure 12, we conclude that small
nanoparticle size and high nanoparticle/glass bead adhesion minimize the chances of
nanoparticle removal by nano-scale ball milling during the conditioning step.

The mass dosage of nanoparticle is a decisive parameter of promoting nanoparticle collectors for
commercial application. For a given dosage, the theoretical maximum coverage is inversely
related to nanoparticle radius, which indicated that a smaller nanoparticle is therefore a superior
collector in terms of reducing dosage. However, considering the severe depression of the
molecular collector efficiency by nanoscale surface contaminations, serpentine fibers (typically
with a diameter of 20 nm), of nickel ultramafic ores, the minimum diameter of developed
nanoparticle collector is 20 nm. Additionally, a small nanoparticle collector is less susceptible to
the negative effects of water flow and mixing during conditioning. The Goldman equation »*, Eq.
1, estimates that the lateral displacement force experienced by a particle on a surface in laminar
flow increases with the square of the particle radius. The nano-scale ball milling model '®
predicted that a large adsorbed nanoparticle is more likely to be removed than a smaller particle.

F; = 1.7(6mmr?S) Eq. 1

*In Eq. 1 F,is the lateral displacement force, S is the shear rate, 7 is the nanoparticle radius, and
n 1s the viscosity.

The observation of footprints is important because it provides direct evidence that the
nanoparticles are dislodged from the surface. In addition, as shown in Figure 13, the number of
footprints increased dramatically when the conditioning time increased from 5 minutes to 240
minutes. This confirms the prediction of the nano-scale ball milling model '*, that nanoparticle
removal rate takes over at long conditioning times.

The morphology and composition characterization indicated that footprints are formed during the
nano-scale ball milling of glass beads decorated with soft shell nanoparticles. We suggest two
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possible scenarios, schematically represented Figure 16: (A) Two PS-PB soft shell nanoparticle
decorated beads collide, and the shell polymer of some nanoparticles are partially scratched off
and deposited in the form of a small footprint, 80 nm, on a bare patch on the other bead surface,
without knocking the parent nanoparticle off, and (B) At higher collision force the PS-PB
nanoparticle is knocked off completely, leaving a relative large footprint, 200 nm, on its original
bead. The contact patch diameter of a PS-PB-356 soft shell nanoparticle on a flat surface can be
calculated to be 164 nm, see supporting information file ( Figure S 6 ) for the calculation. This
value is in good agreement with the size of the observed large footprint further suggesting that it
originates from a dislodged parent nanoparticle.
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Figure 16 Schematic drawing of the proposed mechanisms of footprint formation, where
scenario A) represents the small footprint and B) the large footprint.

Footprints were observed on glass bead surfaces also when soft Janus nanoparticles were used as
collectors, see micrographs in Figure 17. The size of the footprints is homogenous throughout the
image and average diameter is similar to the hydrodynamic diameter of the Janus nanoparticle.
Hardly any smaller or larger patches can be observed. The SEM micrographs in Figure 18,
depicting PS/PB Janus nanoparticles deposited on a glass bead surface provides an explanation
for this. Based on the shape of the adsorbed nanoparticles, with the distinctly flattened contact
zone between the particle and the bead, it can be concluded that the rigid PS lobe is facing
outward, indicating that only PB lobes are present in the collision zone between two colliding
PS/PB Janus nanoparticle coated beads. The rigid PS lobe is too hard to stamp a footprint and
therefore footprints only form in the scenario when the collision force is sufficiently high to
knock off a soft and highly deformed PB lobe of an adsorbed Janus nanoparticle from the bead
surface, leaving a footprint size close to the particle diameter.

Figure 17 SEM images of glass beads remaining in the flotation cell after 240 minutes of
conditioning using (A) PS/PB-92 and (B) PS/PB-315 Janus nanoparticle as collector.
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A TEM of PS/PB-315 B

200 nm

Figure 18 (A) TEM image of PS/PB-315 Janus nanoparticle and (B) SEM image of a PS/PB-315
decorated glass bead.

If the footprints produced by the soft-shelled nanoparticles indeed promote flotation, it suggests a
novel approach to collector application - “nanoparticle stamping”, where one nanoparticle can
generate many footprints on mineral particle surfaces instead of just adsorbing onto one surface.
The captive air bubble pick-up experiments showed that footprints are sufficiently hydrophobic
to stick to an air bubble, however in the dynamic model experiment, simulating turbulent flow,
the footprint coated beads could not stick to air bubble surface. These model experiments do not
however provide enough information to grant the general conclusion that hydrophobic footprint
coated solids do not float, since smooth spherical glass beads are harder to float than real mineral
particles **. It is possible that rough mineral particles decorated with footprints would float.

On the other hand, we have previously shown that in order to achieve good flotation using
hydrophobic nanoparticles, at least 10% coverage of the glass bead surface is required '*. The
presence of footprints seems to lower this requirement since glass beads covered with both
footprints and nanoparticles floats at very low nanoparticle coverage, e g. beads shown in Figure
12A and Figure 15C have 5% nanoparticle coverage. We suggest that the hydrophobic footprints
promote an expansion of the three-phase contact line (TPCL), facilitating the attachment of the
air bubble. As predicted in the foam lamella drainage literature *°, the time required to drain out a
water film scales with the inverse of the square of the film thickness. The probability of contact
nucleus formation increases with nanoparticle diameter . Contact nuclei are more likely to form
at the site of neighbouring nanoparticles. At low nanoparticle coverage, the distance between
particles is too far for the segments of the TPCL to jump from one hydrophobic particle, over the
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hydrophilic patch, to the next hydrophobic particle. Hydrophobic footprints between
nanoparticles promote the advancing of the segments of TPCL. With expanded TPCL,
nanoparticles and footprints firmly attach to the air bubble surface. The introduction of footprints
may compensate for the loss of hydrophobic nanoparticles.

Conclusions

1. Soft nanoparticles provide direct evidence for the removal of adsorbed nanoparticles
during conditioning. All evidence suggests that bead-bead collisions (nano-scale ball
milling) cause the nanoparticle removal.

2. Dislodged soft-shelled core/shell nanoparticles, and Janus nanoparticles with a soft lobe,
leave behind circular patches of soft polymer (footprints), giving contact patch roughly
predictable from the thickness of the soft shell.

3. The footprints, based on hydrophobic poly(n-butyl methacrylate), promote bubble/bead
adhesion, however, poor bubble/particle attachment values and poor flotation
performance suggests that the footprints are inferior to the parent nanoparticles in terms
of the efficiency of contact nucleus formation.

4. Combinations of adsorbed nanoparticles and footprints were effective, suggesting a
possible route to lower nanoparticle dosage in commercial flotation operations.
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Appendix: Supporting Information for Chapter 4

Table S 1 Recipes for preparation of polystyrene-core-poly(n-butyl methacrylate)-shell (PS-PB-
315 core-shell) and polystyrene/poly(n-butyl methacrylate) (PS/PB-92 and PS/PB-315
Janus) nanoparticles, where the final number on the nanoparticle designation is the
average particle diameter determined by dynamic light scattering.

Nanoparticle o n-butyl
designation Seed latex (wt%), g | Water, g methacrylate, g V30, mg
PS-PB-356 PS-317 (3.6%),
Core-shell 20 20 0.36 18
- - 0
PS/PB-92 PS-63 (2.7%), 20 1.08 40
Janus 20
- - 0
PS/PB-315 PS-205 (2.2%), 20 0.87 40
Janus 20
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Figure S 1 SEM image of the site of interest for EDS analysis. Three individual footprints were
analyzed.
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Figure S 2 EDS spectrum of footprints. Note that the corresponding site of the spectrum is

indicated in Figure S 1.
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Table S 2 Elemental composition of the footprints determined by EDS. Note that the elemental
weight ratio of carbon/oxygen of pure shell polymer, poly(n-butyl methacrylate), is 75%
/ 25%. The measured values in Table S 2 agree with the calculated elemental weight
ratio of shell polymer, PB.

Carbon Oxygen
wt % wt %
Spectrum 1 68.46 31.54
Spectrum 2 75.29 24.71
Spectrum 3 72.59 27.41
Mean 72.11 27.89
Standard Deviation 3.44 3.44
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Figure S 3 An example optical micrograph of glass beads collected for counting in captive air
bubble pick-up test.
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t=0 ms t=1280 ms

t=1720 ms t=2240 ms

t=2680 ms t=2880 ms

Figure S 4 Typical frames for the plain glass bead-bubble attachment process. Note that time 0
ms was denoted as the reference time.
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Figure S 5 TEM micrographs of: (A) PS/PB-315 Janus nanoparticle; (B) PS/PB-92 Janus
nanoparticle; and (C) PS-PB-356 core-shell nanoparticle.
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Figure S 6 An illustration of a PS-PB-356 soft shell nanoparticle sitting on surface.
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Video S 1 An Example video* shows the attachment process of nanoparticle and footprint
decorated glass beads with the air bubble.

*This video is provided in an individual file.
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Video S 2 An Example video* shows the attachment process of footprint decorated glass beads
with the air bubble.

*This video is provided in an individual file.

110



Ph.D. Thesis — Xiaofei Dong McMaster University — Chemical Engineering

Chapter 5 Concluding Remarks

This thesis assesses the potential for using soft nanoparticles as flotation collectors. The adhesion
between nanoparticles and a model mineral particle was measured quantitatively, and properties
required for strong nanoparticle/mineral adhesion have been identified. Nanoparticle
adhesiveness and size were correlated to its performance as flotation collector. The research
objectives proposed in Chapter 1 were fulfilled and the major contributions of my work in this
thesis are listed below:

1. For the first time, it was revealed that adsorbed nanoparticle collectors can be removed
from particle surfaces during the flotation process, and that dislodged nanoparticles form
large aggregates that do not promote flotation. Removal of hydrophobic nanoparticle
collectors from hydrophilic glass bead surfaces leads to a dramatic reduction of the
flotation recovery with conditioning time. The extent to which the nanoparticle removal
affects the flotation performance depends upon nanoparticle adhesive properties and size.

2. A series of rigid polystyrene nanoparticles with a hydrodynamic diameter ranging from
63 nm to 317 nm were synthesized via monomer-starve semi-bath emulsion
polymerization and surfactant emulsion polymerization methods. Soft shelled
polystyrene-poly (n-butyl methacrylate) nanoparticles with variable shell thickness and
soft lobed polystyrene/poly (n-butyl methacrylate) nanoparticles with variable size were
fabricated via seeded emulsion polymerization. The nanoparticle library offered the
possibility of exploring two critical parameters, nanoparticle adhesion and particle size,
independently in this work.

3. Colloidal probe atomic force microscopy measurements were used to correlate
nanoparticle adhesion to the ability to promote hydrophobicity of glass beads, the model
of mineral particles. The work of adhesion between 356 nm PS-PB nanoparticles with a
20 nm soft PB shell and glass is one order of magnitude higher than that between 317 nm
rigid PS nanoparticles and glass. The glass bead recovery using PS-PB nanoparticles as
collector was 90%, whereas only 17% of the beads could be recovered using the
equivalent dosage of rigid PS nanoparticles. Additionally, 92 nm soft lobed PS/PB Janus
nanoparticles gave better glass bead recovery than a 63 nm rigid PS nanoparticle
collector did. The stronger adhesion of soft particles to glass causes the improved
flotation performance.

4. The estimated shear rates required for removal of both rigid and soft nanoparticles are
very high, over 10000 s™'. Therefore, it was concluded that the requirement for high
adhesion between nanoparticle and glass is not a result of hydrodynamic forces that are
removing adsorbed nanoparticles from particle surfaces. Instead, it is proposed that bead-
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bead collisions remove adsorbed nanoparticles present in the collision zone, by a
mechanism named nano-scale ball milling induced erosion. Larger nanoparticles are
more susceptible to removal by nano-scale ball milling, as the interaction zone on a bead
surface increase linearly with nanoparticle diameter.

5. The coverage of adsorbed rigid nanoparticles on a bead surface as function of
conditioning time can be predicted by combing the nanoparticle deposition rate and the
nanoparticle removal rate induced by nano-scale ball milling. Simulations revealed that
the surface coverage of rigid PS nanoparticle increases during the first few minutes, after
which it decreases exponentially. For a given dosage, estimated maximum flotation time,
presumably the highest recovery, decrease almost linearly with nanoparticle radius.

6. Flotation results, SEM imaging of the nanoparticle coverage on bead surfaces and nano-
scale ball milling simulation all show that smaller and softer nanoparticles are removed
more slowly during the flotation process.

7. Although 10% nanoparticle coverage is sufficient to give high bead recovery, high
nanoparticle collector dosage is required to compensate for the loss of particles if the
removal rate is rapid.

8. The conditioning time of nanoparticle collectors prior to initiation of the flotation should
be kept short in order to minimize unfavourable collector detachment.

9. Dislodged soft shelled core/shell nanoparticles and soft lobed Janus nanoparticles leave
behind circular patches of soft polymer, footprints. A combination of adsorbed
nanoparticles and hydrophobic footprints can effectively promote flotation, suggesting a
possible route to lower nanoparticle dosage in commercial flotation operations.
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