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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 1 and the method has since been expanded 
to applications outside the mining industry, such as deinking of waste paper 2, treatment of 
industrial effluents 3, 4 and oil recovery from oil sands 5. 

Flotation exploits the difference in the ability of various minerals particles to adhere to air 
bubbles in a three-phase (solid-water-air) system 6. Prior to flotation, crushing and grinding 
operations are used to reduce the particle size to a diameter of approximately 100 µm. 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 7. 
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Figure 1 Illustration of the flotation process. (Figure adapted from reference 7. Copyright ○C2015 
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 8. The bubble-particle interaction is frequently divided into three sequential 
micro-processes: bubble-particle collision, attachment and detachment 9. The collision of mobile 
bubbles and particles, governed by the liquid flow 10 , and the relative movement between the air 
bubbles and solid particles 11, have been intensively studied in the flotation literature 12-16.  

Unlike collisions that depend on the hydrodynamic environment in the flotation cell 10, 13, 16, 
bubble-particle attachment and detachment are highly dependent on the surface chemistry and 
physical chemistry properties of mineral particles and air bubbles 6. By analysing the motions of 
individual particles on an air bubble surface, illustrated in Figure 2, Nguyen and his coworkers 9 
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 9, 17, 18. 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 8. 
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 18. If the attachment time exceeds the sliding time particle detachment will occur, which 
is unfavorable in the flotation process. 

 

 

Figure 2 The bubble-particle attachment processes: (1) thinning of the wetting thin film to the 
critical thickness, hcr, (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 rcr, and (3) the 
spreading of the TPCL from the critical radius to a stable wetting state with equilibrium 
contact angles (advancing angle, θa, and receding angle, θr). (Figure adapted from 
reference 9. Copyright ○C2010 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 19. 
Flotation reagents are classified as collectors, frothers and modifiers, based on their function in 
the flotation process 6.  

Collector 

Most mineral particle surfaces are naturally hydrophilic, whereas an air bubble can only pick up 
mineral particles that are sufficiently hydrophobic 6. To increase the hydrophobicity of the 
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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 6. 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 7. 

Xanthates are the most important collectors for the flotation of sulfide mineral ores 20, 21 as well 
as oxides ores 22, 23 (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) 24.  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 25, 26. Another 
important type of flotation collector for sulfide ore separation is chelating collectors 27-30. 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 31, chalcopyrite and pyrite 32. 

 

 
Figure 3 Schematic drawings showing the structure of (a) ethyl xanthate collector 7, (b) Ni-

dixanthogen (amyl xanthate collector for pentlandite) 25, and (c) Cu-diethyldixanthogen 
(isopropyl xanthate collector for chalcopyrite) 26. (Figure redrawn from references 7, 25, 26. 
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Copyrights ○C2015 Elsevier Ltd., ○C1989 Taylor & Francis and ○C2003 Elsevier B.V.  
Reprinted with permissions.) 

 

Frother and Modifier 

Frothers are surface-active compounds that adsorb in the water-air interface 33 capable of 
preventing the air bubbles from collapsing and producing finer air bubbles with a narrow size 
distribution 34. 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 35. In contrast, sodium cyanide present in the pulp could dissolve copper from the 
sphalerite surface and depress the collector adsorption on sphalerite 36. In cases where the pH of 
the pulp is of large importance for the adsorption of collector on the mineral surface 37, 38 or the 
effectiveness of the frother19,39, 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 7. The 
source of nickel and its associated mineral ores deposited in the earth curst are summarized in 
Table l 7. 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 40. 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, Ni4.5Fe4.5S8), is  usually 
associated with pyrrhotite (Fe1-xS, 0<x<0.17) and chalcopyrite (CuFeS2) in the deposits at 
Sudbury and Voisey’s Bay in Canada 6. Separation of Pn from sulphide ore is achieved by 
flotation using xanthate collector (potassium amyl xanthate, PAX 6), frother (a mixture of 
monomethyl polypropylene glycol, 250kDa and dipropylene glycol monomethyl ether 
UNIFROTH 250C), pH regulator (soda ash 41), dispersant (carboxymethyl cellulose, CMC 42), 
and occasionally with the addition of depressant (diethylenetriamine, DETA 43) to reject 
pyrrhotite. 
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Table 1 Nickel sources and associate mineral ores 7.  

Source Formula % Ni Gravity Occurrence/ 
Associations 

Pentlandite (Fe,Ni)9S8 34.2 4.6-5.0 

Empirical formula 
Fe2+

4.5Ni4.5S8. 
Occurs invariably with 
chalcopyrite, and often 
intergrown with 
pyrrhotite, millerite, 
cobalt, selenium, silver, 
and platinum metals. 

Garnierite 
Hydrated 
Ni-Mg 
silicate 

Variable 2.4 

Often occurs massive or 
earthy in decomposed 
serpentines 
(Mg3Si2O4(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 Ni3S2 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) 
44. As a result of decreasing high grade nickel ore reserves, increasing efforts are directed 
towards the processing of disseminated ultramafic deposits 44. Several hundred million tonnes of 
nickel resources are prospected in the ultramafic ore in the Thompson Nickel Belt in Manitoba, 
Canada 45. 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 (Mg3Si2O4(OH)5) 46,47 and (2) 
surface contamination of Pn with serpentine 48, 49. Genc 46 and Patra 47 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 50, 51 act as a surface barrier 
that interferes with bubble attachment 41, 52. Consider a Pn particle surface decorated with 
hydrophilic serpentine fibers with a height of 20 nm 50, 51, 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 
52 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) 53, 54. Approaches 
involving disintegration of the fibers by acid leaching 44, 55 and by adding depressants 56 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 57. 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 31.  

 

 
Figure 4 Proposed working mechanism of a nanoparticle flotation collector. 

 

 
 

Figure 5 The proposed working mechanism of a nanoparticle collector for nickel ultramafic ore 
separation. (Figure redrawn from reference 31. Copyright ○C2013 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 31, 63. 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 59, as well as nanoparticle design 
questions relating to hydrophobicity 60, diameter 61 and softness 62. 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 64, 65. 

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 59. 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 59. Copyright ○C 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 60. 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. 60 concluded that in order to give high flotation recovery, a contact angle value of 51o<θ<85o 
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 60. Copyright ○C 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 66. The key to 
evaluating the colloidal stability is to know the total potential energy of interaction or total forces 
between two particles 66. 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 67, 68. 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 69. 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 al. 65 
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. 

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 nanoparticles31 64. An imidazole functionalized nanoparticle collector could at 
high dosage give flotation performance comparable to the conventional collector PAX 31, 
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 63. 

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 64. 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. 

 

  
Figure 8 Selection criteria for nanoparticle flotation collectors. (Figure adapted from reference 64. 

Copyright ○C2015 Elsevier Inc. Reprinted with permission.) 
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1.2.4 Role of Nanoparticle Size and Softness in Flotation  

Yang et al. 61 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. 

 

 
Figure 9 Influence of the (a) size and (b) softness of nanoparticle collectors on flotation 

performance. (Figure redrawn from references 61, 62. Copyrights ○C 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 62. 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 (Tg) ranging from 14 oC to 115 oC. 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 62 than what was estimated for rigid 
particles by JKR theory 70-72. Based on the influence of nanoparticle softness on the adhesion to 
surfaces 73-75, 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 62. 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 62 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 61, since dried recovered beads could be refloated 
without adding additional collector 61, which is conflict with the discussions addressed in the 
nanoparticle softness study 62. 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 76-78 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 79. 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 80.  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 81. 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 82. 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 83.  



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

 
	

16 

Addition of a large quantity of surfactant allows for synthesis of ultrafine nanoparticles via 
micro-emulsion polymerization 84. 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 85. 

1.3.2 Anisotropic Nanoparticles  

Janus Nanoparticles  

The concept of Janus particle was coined by de Gennes in 1992 86. 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 87. Distinct interfacial properties in terms of composition, polarity, 
electrical properties, functionality and chemistry promote Janus nanoparticles for applications as 
stabilizers 88-91; in switchable display devices 92; in chemical 93, optical 94 and biological 95 
sensors; and as anisotropic building blocks for super structures 96-99. 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 100, solid/liquid 101, 102, and Pickering emulsion 103-105 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 106, 107 in one batch. Seeded emulsion polymerization 
strategies, which take advantage of phase separation, allow for bulk fabrication of Janus 
nanoparticles in solution 108-116.  

 

 

Figure 10 Illustration of Janus nanoparticle with different morphologies. (Figure adapted from 
reference 87. Copyright ○C 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 
117.  The purpose for adding a shell to the core particle vary and include surface modification to 
increase the functionality 118, 119 and stability 120; controlling the release from the core 121; and 
reduction in consumption of precious materials 122. 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 123.     

Sundberg and his coworkers reported a simple route to fabricate anisotropic polystyrene/poly (n-
butyl methacrylate) nanoparticles via seeded emulsion polymerization method 108. 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, UNHLATEXTM _EQMORPH 124. Figure 11 illustrates the predicted 
morphologies from varying the sodium dodecyl sulfate (SDS) concentration 108. 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.  

 

 

Figure 11 Predicted morphologies for PS/PB nanoparticle with various surface coverage of SDS 
(Figure adapted from reference 108. Copyright ○C2003 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: 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 125. 

Chapter 3: 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 126. 

Chapter 4: 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.  

Chapter 5: This chapter summarizes the main conclusions and major contribution of this thesis 
work. 
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Chapter 2 Relating Nanoparticle Shape and Adhesiveness to 

Performance as Flotation Collectors 

 

 

In chapter 2, all experiments, except AFM, were conducted by myself. I came up the AFM 
experimental plan, prepared the AFM samples. Heera Marway performed the AFM force 
measurements and trained me how to use the software to process the AFM data. Dr. Cranston 
and Heera Marway contributed useful discussions on the AFM data analysis. I plotted all 
experimental data. Dr. Pelton did the calculation of nanoparticle displacement shear rate. I wrote 
the manuscript, and Dr. Cranston edited the part related with AFM. Dr. Pelton edited the rest 
sections into this final version. This work has been published in Industrial & Engineering 
Chemistry Research, 2016, 55, 9633-9638 125. Copyright ○C2016 American Chemical Society. 
Reprinted with permission.  
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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 126. 
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Mineral-Mineral Particle Collisions During Flotation Remove 
Adsorbed Nanoparticle Flotation Collectors  

Xiaofei Dong†, Marie Price†, Zongfu Dai‡, Manqiu Xu‡, and Robert Pelton†*,   
†Department of Chemical Engineering, McMaster University, 1280 Main Street West, Hamilton, 
Ontario, Canada L8S 4L7 

‡Vale Base Metals Technology Development, 2060 Flavelle Blvd., Mississauga, Ontario, Canada 
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*Corresponding author: peltonrh@mcmaster.ca 
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Abstract 

Flotation of 43 µm 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 µm 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 18MΩ. 

Characterization. The hydrodynamic diameters of synthesized nanoparticles were determined 
by dynamic light scattering (Brookhaven Instruments Corporation) with a detector angle of 90o. 
Latex samples were diluted with 5 mM NaCl solution to give a scattering intensity between 100 
and 150 kcps.  Dispersions were equilibrated to 25oC 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 25oC 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 25oC 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 
Krüss 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 
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○R 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 NaCl 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. 

 

Nanoparticle 
Designation Diameter (PDI), nm Water Contact 

Angle 

Electrophoretic 
Mobility (SE) 
×10-8 m2s-1V-1 

PS63 62.9 (0.035) 76.0±1.1 1.90 (0.36) 
PS317 317.2 (0.002) 56.7±1.5 4.53 (0.14) 

 
 

A series of glass bead (43 µm 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, Γ 
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. 

  

 

Figure 1 Experimental glass bead flotation recoveries as functions of the conditioning time. Γmax 
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. 

 

 
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 µm. 

 
 

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 µm 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. 

 



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

 
	

55 

 

 

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 
Γmax 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 (Γmax = 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 Γ, 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, kd, which accounts for all of the mass transfer and 
colloidal interactions.  Example plots of coverage, Γ, 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.  
Γ is >1 for the smallest nanoparticles at long times because blocking was not accounted for in Eq. 
1.   

 

 

d
dt

Γ = ce−bit where b = kdCb c =
rp
2

4rb
2 Cpokd   

Eq. 1 
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Table 2 Definition of model parameters and the “base case” parameters values.  

 

Parameters  Description 

rp = 25 nm Nanoparticle radius, m. 

ρps  = 1050 kg/m3 Nanoparticle density 

rb = 21.5 µm  Glass bead average radius 

ρb  = 2200 kg/m3 Glass bead density 

Cb = 16.7 g/L Glass bead concentration 

t    Conditioning time, s 

kd = 3.16 x 10-14 m3/s Deposition rate constant, an unknown constant 

Cpo = 7.28 x 1017 m-3 Initial concentration of nanoparticles, m-3 

X= 3.16 x 10-11 m3/s Bead-bead collision rate constant, an unknown constant 

cp = 50 mg/L Mass concentration of added nanoparticles. 

Γ  Coverage - fraction of bead surface covered with nanoparticles 

Γmax Maximum possible coverage assuming all of the added nanoparticles 
adsorb onto glass bead surfaces. 

Γcrit 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
dt

Γ = −aΓ where a = XCb

rp
rb

 
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 each cap = 4 π rb rp. 

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 kd and X; values assigned to these parameters were arbitrarily chosen. An increase of 
kd 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. 

 

Γ = c
a − b

e−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 

rb	
cap	area	=	4 π rb	rp	rp	

Bead	
Nano-	
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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. Γcrit > 0.1) (Yang et al., 2011).  When we apply this criterion to a curve in 
Figure 7A, we define two times, t1 and t2 for each simulated curve.   According to the Γcrit = 0.1 
criteria, flotation can only occur over the time period, t1 < t < t2.  In other words, the longest 
effective flotation time, and presumably the highest recovery, corresponds to maximum values of 
Δt = t2 – t1.    

Figure 7B shows the corresponding Δt as a function of nanoparticle radius, based on the criteria 
Γ ≥ Γcrit = 0.1.  The available time for flotation, Δt, decreases almost linearly with nanoparticle 
radius assuming a constant mass dosage of nanoparticles. 

 

 

 

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 Δt for Γcrit = 0.1, as a function of particle 
radius. 

 

We employed the model to explore the role of nanoparticle dosage. Figure 8 shows Δt as a 
function of the nanoparticle dosage expressed as Γmax, the coverage on the beads assuming all of 
the nanoparticles adsorb and do not come off.  Up to a dosage of Γmax = 0.25 there is no time 
where the surface coverage, Γ, is greater than 0.1 so Δt =0.  At higher dosages, Δt 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. 
 

 

 

Figure 8 Δt, for Γcrit = 0.1, as a function of nanoparticle concentration expressed as the maximum 
coverage, Γmax.  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 

 

	
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 

Γ Fraction of glass beads covered with nanoparticles 

Cp Concentration of individual nanoparticles in solution, 1/m^3 

Cpo Initial nanoparticle concentration 

Cad Concentration of adsorbed nanoparticles 

Cb Concentration of glass bead 

kd Rate constant of nanoparticle deposition, m^3/s 

rp Radius of nanoparticle 

rb Radius of glass bead 

X*Cb
2 Number of bead-bead collisions per second 
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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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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 1. 
Separation of Pentlandite (Pn, Ni4.5Fe4.5S8), 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 2. 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 3.  

As a result of decreasing high grade nickel ore reserves, increasing efforts are directed towards 
the processing of disseminated ultramafic deposits 4, 5. 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 6, 7, acting as a surface barrier that interferes with bubble 
attachment 8, 9 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 10. There 
are both economic and environmental reasons to find a replacement for xanthate collectors 11.  

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 



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

 
	

82 

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 12-15. 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 16.  

We have previously shown that soft particles give substantially higher adhesion to glass beads, 
the model of mineral particles, than corresponding rigid particles 17. 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 18. 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 µm, 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 20, resistivity 18 
MΩ 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 17 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 NaCl solution and diluted to give a scattering intensity 
between 100 and 150 kcps.  The dispersions were equilibrated at 25oC 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 25oC 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 25oC 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 
Krüss 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 NaCl, 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○R 
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 25×9 mm cross shape magnetic stir 
bar (SEOH PTFE Stirrer Bar, Cross 25×9 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 µm 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 × W × H = 36 mm × 27 mm × 50 mm); a particle bed holder (L × W × H = 
12.7 mm × 12.7 mm × 44.7 mm, Fluorimeter quartz cuvette, C9167, Sigma-Aldrich, USA); an 
independent holder for collected particles (L × W × H = 12.7 mm × 12.7 mm × 45.0 mm, BI-
SCP Polystyrene, Four sided clear cuvette, Brookhaven Instruments, USA); and a video 
recording system equipped with Krüss Drop Shape Analysis System DSA 10. The capture rate 
speed of the Krüss T1C in-build Frame Grabber Camera (DSA10, KRÜSS 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. 

 

 

 

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 × 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 × W × H = 36 mm × 27 mm × 50 mm) filled with 5 
mM NaCl solution containing 10 mg/L UniFroth. The entire process of particle-bubble 
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attachment was monitored and recorded using a Krüss T1C in-build Frame Grabber Camera 
(DSA10, KRÜSS GmbH Germany) with a recording speed of 25 fps. Example videos can be 
found in the Supporting Information file (Video S1). 

 

 

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 17 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 Tg of 24-31 oC. 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 flotation12.  

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. 

Nanoparticle Diameter (PDI), 
nm 

EM (SE), 
×10-8 m2s-1V-1 

Water CA (SE), 
o 

PS-PB-356 
Core-shell 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 µm 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 (npπd2/4, where 
np 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.  

 

 

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.   
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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 92o 19, 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. 
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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 20,21 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 22 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.  

 

 

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 18 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 23, 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 18 
predicted that a large adsorbed nanoparticle is more likely to be removed than a smaller particle. 

 

𝐹" = 1.7(6𝜋η𝑟,𝑆)                                                         Eq. 1 

* In Eq. 1 Fd is the lateral displacement force, S is the shear rate, r is the nanoparticle radius, and 
η is 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 18, 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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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 24. 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 14. 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 25, 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 13. 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 
designation Seed latex (wt%), g Water, g n-butyl 

methacrylate, g V50, mg 

PS-PB-356 
Core-shell 

PS-317 (3.6%), 
20 20 0.36 18 

PS/PB-92 
Janus 

PS-63 (2.7%), 
20 20 1.08 40 

PS/PB-315 
Janus 

PS-205 (2.2%), 
20 20 0.87 40 
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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 
wt % 

Oxygen 
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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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. 
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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-1. 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.  


