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Abstract

Challenges in the processing of minerals have been on the rise due to increasing low-grade ores
which require to be finely ground to liberate valuable minerals. Low-grade ores like the ultramafic
ores contain large amounts of gangue minerals which impacts recovery of the valuable pentlandite
minerals. In ultramafic nickel ores, serpentine (MgO-bearing mineral) slime-coats and decreases
the recovery of the nickel-bearing pentlandite. To improve the recovery of pentlandite and
subsequently suppress serpentine in ultramafic nickel ores, CO> gas (either as a depressant or a
flotation gas) and sodium tripolyphosphate (STPP) as a reagent for serpentine depression are used
in this study. Phosphate groups in STPP chelate magnesium ions and can facilitate serpentine
depression in flotation systems. CO; can also precipitate divalent cations like magnesium cations,
and due to the high solubility of CO: gas, it can form fine bubbles on hydrophobic valuable
minerals to improve their recovery. The surface charge on the serpentine samples were completely
reversed upon either the introduction of STPP at above 10 mg/L or by conditioning the suspension
with COz gas during zeta potential measurements. The resulting negative charge of the serpentine
minerals indicates that the heterogeneous agglomeration with pentlandite surface is weakened,
which should allow for a more pentlandite floatability. Subsequently, an optimum concentration
of 50 mg/L was obtained which was then used to perform XPS analysis and flotation tests.
Flotation benefits were achieved as serpentine depression and enhanced pentlandite recovery was
observed for both STPP and CO> cases. STPP was more effective in depressing serpentine by 5%,
while the highest pentlandite recovery of 88% was obtained when CO; was used as a flotation gas,
which is a 20% increase in recovery from the baseline case. The more effective STPP depressing
ability was validated by XPS results and provides an opportunity to explore the combination of

STPP and CO; in future studies. Results from this study further re-emphasizes the need to explore



the decarbonization strategy of using COx in flotation circuits and in mineral processing in general,
while simultaneously improving recovery. This research also provides some information about the
progress of CO; in the mining industry and will serve as a guide for researchers to perform more

experiments in the direction of CO»-assisted flotation.
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1. Introduction

1.1. Background

Heavy industrial processes like burning of fossil fuels, mining, construction, etc., are the leading
causes of climate change, greenhouse gas emissions and high levels of atmospheric carbon dioxide.
These impacts continue to rise due to modernization, increased global population and increased
demand for raw materials. As a result, there has been a continuous depletion of high-grade ores
and an increased shift towards processing of low-grade ores in order to meet the demand for raw
materials, especially the critical metals. Data has shown (1) that critical metals are found in low-
grade and finely disseminated ores either as the product or by-product which have opened
discussions (2-5) about a possible depletion of mineral resources. In low-grade ores like the
ultramafic nickel ores which generates a lot of fine particles in the comminution stage, the valuable
pentlandite (which contains the critical nickel metal) is slime-coated by the fibrous/gangue

serpentine mineral, thereby impacting the recovery of nickel-pentlandite in flotation systems (6).

One main parameter that has been recognized as a booster for the recovery of fine particles in
flotation systems is the presence of small bubbles which promotes particle aggregation, improving
the overall performance of the process. In the last decades, it has been proven that the addition of
fine bubbles promotes improvements in fine mineral flotation recovery (7, 8). In terms of fine
bubbles for froth flotation, CO2 tends to produce finer or smaller bubbles when compared to other
gasses/air because of its increased solubility (9-11). The fine bubbles can be generated by different
methods and spargers and are often called nanobubbles and microbubbles. Although small bubbles
are a potential solution to process fine low-grade ores, the fundamental understanding of how they
perform and their efficiency at more complex flotation systems are still lacking, especially due to
technological limitations regarding in-situ measurements and observations of bubble-particle
aggregation. The benefits claimed by recent research in laboratory scale using what is currently
known about froth flotation cannot yet support industrial operations, and divergences are common.
This explains the quick growth of scientific research with terms such as fines, microbubbles, and

nanobubbles which follow the same trend for the term low-grade ore (Figure 1). In addition to



promoting fine mineral aggregation, fine bubbles can also be used to facilitate removal of slimes

from the surface of valuable minerals (12).
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Figure 1: Comparison of the number of publications from 1990 to 2021 showcasing low-grade ores,
fines, flotation and micro-/nano-bubbles, using the database Web of Science from Clarivate.

Liberating valuable minerals in low-grade ores requires the ore to be finely ground which result in
challenging issues. The gangue minerals which are also finely ground, slime-coat the valuable
minerals thereby increasing the slurry viscosity and decreasing the recovery of the valuable
minerals in the flotation process (6,13). To address the issue of poor flotation kinetics of low-grade
ores like the ultramafic nickel ores, the use of CO> fine bubbles as a flotation gas will be used to
both facilitate the removal of the gangue minerals from the valuable minerals' surface and improve
the aggregation of the valuable minerals to the froth phase. This research will also explore the use
of sodium tripolyphosphate (STPP) as a reagent for suppressing serpentine (14), which has never

been applied in ultramafic nickel ores or pentlandite-serpentine mineral mixtures.

Understanding interactions of COz with mineral surfaces are necessary towards its wide
acceptance in the mineral processing and mining industry. CO: interactions involve investigating
parameters like contact angle, bubble size, particle size, surface tension, slurry and flotation pH,

and zeta potential. The proper understanding of the behaviour of CO2 with respect to these



parameters are required to explain their interactions with mineral surfaces and subsequent
application in mining operations. In mineral processing, CO> has been used as a flotation gas (15-
17). It can be used for other purposes such as a depressant (18,19), or a pH regulator (20,21). It
has also been used for pre-conditioning prior to flotation with other gasses (22). These studies
mostly focused only on improving the flotation kinetics of other sulphide minerals but not
pentlandite. The closest study to explore the use of CO> gas in ultramafic nickel ores was
performed by Wani and Co-workers, where they used CO; in a preconditioning stage prior to air
flotation to improve pentlandite recovery (23). Their results provided a good background to further
explore the use of CO; as a flotation gas instead of air in the processing of ultramafic nickel ores

which is presented in this study.

By exploring the use of CO; as a flotation gas and STPP as a serpentine depressant, they present
the advantage of interacting with the divalent cations (Mg?" from the Mg-Silicate gangue minerals
and any Ca** from the process water) and facilitating their removal (14,24), thereby reducing slime
coating and slurry viscosity while enhancing the recovery of valuable nickel mineral (pentlandite).
This research also aims to highlight the importance of commercializing CO: for flotation recovery
improvements and for decarbonization purposes by simultaneously storing carbon/CO> in mineral
form, a climate change mitigation strategy that will not only benefit the mining industry in terms
of obtaining carbon credits but will generally benefit Canada in terms of reduction of its

greenhouse emissions.

1.2. Hypothesis

CO2 can exhibit both aggregation and dispersion abilities. As already mentioned, MgO bearing
minerals and divalent cations are known to have impact on the separation and rheology of
ultramafic nickel ores under ordinary conditions (i.e., with air as a flotation gas). Introducing CO»
as a flotation gas in the processing of ultramafic nickels has the potential of depressing serpentine
and decreasing the slime coating of pentlandite. By injecting CO> gas in the flotation system,
charge reversal of serpentine should occur and any divalent cations (Mg?* and Ca?") present should
precipitate to form the mineral carbonates, MgCO3 and CaCOs respectively. These carbonates or

reversed serpentine surfaces have similar negative surface charges as pentlandite and do not slime-



coat pentlandite. Dispersion of the serpentine particles will occur, and by precipitating out the
divalent cations from solution as carbonates, slurry viscosity is reduced as well as enhanced
recovery and grade of the nickel mineral. Moreover, the more soluble and hydrophobic CO-
bubbles can attach better to the valuable pentlandite minerals and enhance their aggregation to the
froth phase. On the other hand, STPP can depress serpentine by complexing the magnesium cations

with its phosphate groups, thereby enhancing the flotation of pentlandite in ultramafic nickel ores.

1.3. Research objectives

The main purpose of this research is to investigate the use of CO; as a flotation gas in comparison
to air flotation. The research focuses on CO; flotation of a sulphide mineral, pentlandite. CO; gas
is employed as both a flotation gas and as a depressant in separate experiments. STPP is solely
investigated as serpentine depressant while following expected flotation benefits. Hence, the study
of the interactions of CO; gas and STPP with mineral surfaces will be performed. The objectives

are summarized under two broad categories as follows:
1.3.1. Surface study of mineral surfaces and their interactions with CO2 and STPP reagents.

These studies involve zeta potential measurements and XPS analysis. These studies are necessary
to demonstrate how CO; bubbles or STPP can alter surface charge or composition of mineral
surfaces, thereby enhancing dispersion of the gangue minerals and facilitating slime coating

removal, resulting in improved hydrophobicity and floatability of the valuable minerals.

1.3.2. Investigating the effect of CO2 and STPP on the flotation recovery of pentlandite
((Fe,Ni)9Ss).

The study here involves exploring the flotation benefits (i.e. improved pentlandite recovery) that
should be achieved by potential suppression of serpentine using either CO> gas or STPP reagent.
This objective explores both air and CO; as flotation gases while STPP is utilized solely as a
depressant in a microflotation setup. In addition to being used as a flotation gas, the depressing

capabilities of CO> gas is investigated as well. Common flotation reagents like the potassium amyl



xanthate (PAX) collector and methyl isobutyl carbinol (MIBC) frother are used to perform the

experiments.

1.4. Scope of thesis

This thesis is divided into five chapters or sections, and they cover the following aspects

summarized below.

>

Chapter 1 introduces the main challenges and reasons for the study, followed by explicit
statement of the hypotheses and objectives of the study.

In Chapter 2, detailed literature review encompassing the fundamental aspects of froth
flotation; fine bubble and CO; flotation; discussion about complexity of ultramafic nickel
ores and the role of CO, and an introduction to the effect of STPP as a flotation depressant
are conducted.

Chapter 3 involves detailed description of all the methods and materials employed in the
study.

Chapter 4 presents the results of the experiments performed in this study. It starts with
mineral sizes determination for zeta potential measurements, followed by three different
zeta potential measurements under different conditions/reagents. Thereafter, flotation
studies using different gasses, different serpentine depressants, and detailed comparisons
of each of the experimental cases are performed. This chapter also explores XPS analyses
using different reagents, expands further to discuss these experimental types under
different reagents/conditions, and provides underlying mechanisms of reactions.

Chapter 5 puts together the main conclusions of the study and provides recommendations

for further studies.



2. Literature review

2.1. Introduction to mineral processing and froth flotation

Minerals are homogeneous substances with a solid three-dimensional crystalline structure (at
25°C), specific chemical composition, and commonly inorganic that naturally occur as a result of
geological processes. They are classified according to their constituents (25) and three criteria must
be met to form a mineral (26). They include sufficient abundance and appropriate proportions of
elements, favourable physical and chemical conditions (temperature, pressure, available oxygen,
pH, or the presence of water), and sufficient time for the atoms to arrange into a crystalline
structure. Rocks, on the other hand, are solid masses of geological materials that may include
minerals, fossils, or non-mineral substances like glass. When these minerals are concentrated to
the point of being economically viable for recovery with the available technology, a rock mass

becomes an ore deposit (26).

Some authors emphasize the scarcity and exhaustion of our mineral resources (27) based on the
drop of grades of processed ores (1) and newly discovered deposits over the years. High-grade
ores might deplete since they can be exhausted before being renewed by natural processes (4). Due
to the depletion of high-grade ores, attention has been shifted to low-grade ores to address scarcity
of mineral resources. Opposingly, other authors (2,3) advocate for a broader analysis of the term
“low-grade ore” which should consider several factors such as demand, price, geopolitics, and
deposit type. High commodity prices allow the exploration of lower grade ores, changing the cut-
off grade (3,28). Including low-grade deposits resulted in a slight increase of mineral reserves of
copper and zinc overtime due to new mining methods and mineral processing technologies that
allow the exploitation of low-grade ores (29). For instance, it is known the average copper grade
of processed ores is decreasing but the high demand and price stimulate the optimization of current
processing strategies, and this becomes clear when major copper production originates from
operations considered of low-grade (28). In those cases, higher amounts of ore have to be

processed to yield the same amount of final product.

Mineral processing involves the liberation and separation of valuable minerals contained in an ore.

Mineral liberation is achieved by a given number of size reduction and classification unit



operations, which involve, generally, crushing and grinding operations (30-32). Lotter and co-
workers explained that when a mineral particle is completely detached from other substances, it is
said to be “free”, meaning that 100% liberation or almost was achieved, otherwise, a mineral
particle is considered locked when surrounded by gangue particles (32). In real systems, different
degrees of liberation will occur between these two extremes. The main reason is that mineralogy
and texture of an ore can greatly differ from one deposit to another, even if the ore type is the same.
In the situation where a valuable mineral is fully liberated, adequate particle size reduction is
required to achieve liberation which can further reduce the particle size of the valuable mineral
and can be significantly costly (32). Fine and ultrafine grinding is therefore necessary to liberate
valuable sulphides in composite particles (30). However, the liberation of ores of low-grade and
complex mineralogy poses a different level of challenges to their comminution but also to mineral

concentration or separation stages due to the generation of fine and ultrafine particles.

Mineral concentration stages allow the separation of gangue (waste minerals) from valuable
minerals contained in a deposit, concentrating them into a smaller volume. This volume is easier
and more economic to transport, and it also facilitates further refining processes (as needed). Most
of the concentration techniques rely on the difference of physical and surface chemistry properties
between different minerals (33-36) such as sensor-based ore sorting (optical properties,
conductivity, or differential heating), gravity methods (differential densities), magnetic
concentration (magnetic susceptibility), and froth flotation (differential surface wettability).
Moreover, the applicability and performance of each method (and equipment) depends on the
particle size range and on how liberated those particles are. Each mineral processing technique has
a particle size optimal range to achieve the best possible results. The limit size range for a particular
technique is also highly dependent on each ore type and mineralogy. Froth flotation appears to
cover a wider range of particle sizes, but its optimum range lies within 10 and 300 um (33-36).
Due to the impact of the presence of fine and ultrafine particles on froth flotation processes some

basic principles of this concentration technique are reviewed in the following section.



2.2. Principles of froth flotation

Froth flotation is a common mineral separation technique employed in the mining and mineral
processing industry that depends on the differences in the surface properties of minerals. The
surface property in which froth flotation relies on is the differential surface wettability or
hydrophobicity of the valuable minerals (36). Froth flotation involves three phases: solid phase,
liquid phase, and gas phase (36, 41). The hydrophobic valuable minerals (solid phase) attach to
gas bubbles (gas phase) and are collected as froth, while the gangue minerals (solid phase) are
hydrophilic or wetted and remain in the liquid phase. Mouat (39) describes froth flotation as “the
greatest single metallurgical improvement in the modern era”, due to its versatility, wide
applicability, and ability to process large volumes of ore. This technique has allowed the
processing of lower grade ores since the beginning of the 20th century (40). It is also the most
interesting mineral processing technique from an economical point of view. Klimpel (41) considers
there are three major components of a flotation system: chemistry, equipment, and operational
components (Figure 2). Ultimately, these components incorporate a number of factors (some
interdependent) which can be controlled in order to achieve the desired performance. According
to the author (41), “the nature of flotation is that many of the factor settings involved with the
various components are either self-compensating or capable of strongly reinforcing desired or
undesired system performance”.
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Figure 2: Major components of a flotation system. Adapted from (41).



As previously stated, froth flotation relies on the difference of surface wettability (natural or
induced) of distinct minerals usually given in terms of the contact angle (0) (Figure 3). Some
minerals are wetted by water (hydrophilic minerals), while others are repelled by it (hydrophobic
minerals) (35). Thus, the greater the contact angle, the higher the hydrophobicity degree of the

mineral particle.

Water
'waa
Air
Ts."a 9 YS."W
Solid

Figure 3: Schematic description of the contact angle of an air bubble attached to a solid particle in
water. Modified from (42).

The angle formed between the solid surface and the air bubble is due to the tensile forces in this

system. At equilibrium, these forces can be described by the Young’s equation as
Ysolid/air = Ysolid/water + Ywater/air COS 0 (1)

where y represents the surface tension (or surface energy in the case of solid/air interface) between
elements of the system, and 6 is the contact angle between the solid surface and the water. Once a
bubble and a particle attach, the force necessary for the detachment to occur is called work of

adhesion (36, 42) given by
Wsolid/air = Ywater/air + Ysolid/water — Ysolid/air (2)

Combining the two equations above (Equations (1) and (2)), the Young-Dupré expression

(Equation 3) is obtained as

Wsolid/air = Ywater/air (1 — COS 6) (3)



2.2.1. Flotation reagents

The surface chemistry of a mineral particle can be modified by flotation reagents such as collectors,
depressants, and activators. Collectors are organic substances that increase the hydrophobicity of
the minerals or turn hydrophilic minerals hydrophobic (35). Excluding the non-ionizing collectors
(used with naturally hydrophobic minerals like coal), collectors are heteropolar compounds
constituted by a hydrocarbon chain with a polar functional group — that adsorbs onto the mineral
surface — which can be negatively or positively charged (36). Thus, they divided ionizing collectors
into two large groups: anionic and cationic, depending on the charge of the functional group
attached to the hydrocarbon chain. For example, most sulphide minerals in the operational flotation
pH range (2-11) present a negative zeta potential (chalcopyrite, galena, pentlandite etc.). Anionic
collectors, specifically compounds from the sulfydryl (thiol) group such as xanthate adsorb onto
sulphide minerals and help to increase their recovery. Adsorption of thiol collectors are specific
(i.e., chemisorption). Another collector adsorption can be physisorption. The oxyhydryl type of

anionic collectors and cationic collectors are mostly used in the flotation of non-sulphide minerals.

Modifiers on the other hand, also known as regulators, help to target the collectors’ effect, either
by rendering some minerals hydrophilic (depressants), or by improving the hydrophobicity of the
mineral surface (activator) and have been extensively reviewed by (43). Modifiers can also
function as dispersants or assist by adjusting the pH of the flotation slurry (36). Will and Finch
described depressants as a class of modifiers used to limit or prevent the flotation recovery of
uninterested or gangue minerals by making them more hydrophilic and unable to attach to gas
bubbles (36, 37). They highlighted that depressants’ mechanisms can act either independently or
interdependently and they include: “adsorption of hydrophilic species; blocking of collector
adsorption sites; removal (desorption) of activating species (deactivation); and removal of
hydrophobic sites (desorption/destruction of adsorbed collector)”. Nagaraj and Ravishankar 2007
(43), classified the depressants into small organics, organic polymers, and inorganics. Inorganic
depressants have wide applications in the flotation of sulphide minerals and typical examples are
sulfur dioxides, cyanides, phosphates etc. STPP is an inorganic depressant used in this thesis work
to depress serpentine and is further discussed in Section 2.10. STPP reagent and its role in
addressing the complexity of nickel bearing minerals. Additionally, there is a class of flotation

reagents called frothers which do not alter the surface chemistry but helps to form and stabilize the
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froth (discussed further in Section 2.5.1. Frothers), thus improving the efficiency of the process
(36).

The use of reagents has such a paramount significance that Nagaraj and Farinato (44) divided the
evolution of froth flotation in five phases consisting of the early period, discovery and expansion,
rational and targeted design, new optimization methods, and the emerging phase. The transition
from the early period to the discovery and expansion (1920-1950) occurred when the mineral
processing industry started to adopt chemicals such as xanthates, dextrin, and short chain alcohols
previously employed in other industries. From 1950 to the beginning of 2000’s, several reagents
were manufactured specifically for flotation applications. However, the authors (44) established a
fourth phase at the beginning of the 90’s which was also marked by new methodologies and
approaches for the optimization and reagent selection in plant practices, and an increasing interest
for mineralogical aspects. Furthermore, the emerging phase began approximately 13 years ago,
when topics such as mining sustainability started to appear more frequently and problems such as

low-grade ore processing started to be addressed (Figure 1).
2.2.2. Flotation devices

The understanding of the kinetic factors becomes more evident in a flotation mechanical cell where
air or any other gas is injected and released at the bottom of the cell, creating bubbles that disperse
within the pulp (35). The hydrophobic minerals tend to attach to these bubbles and rise
(concentrate), being collected in the froth, and the hydrophilic minerals sink (tailings) (36). When
aggregates of mineral particles with bubbles reach the top of the cell, mineral particles remain
attached to them if the froth is stable enough, otherwise the bubble collapses and “drop” the
mineral particles (36,37). However, mechanical cells have shown in the past their inefficiency
regarding the processing of fine particles due to their low probability of collision with air bubbles
and entrainment tendency (35). In a flotation column, a similar process happens. Nevertheless,
some hydrodynamic differences, caused by geometric and manufacturing variations, make column
cells a better solution for the recovery of fine particles (35). The impeller is replaced by a sparger
placed at the bottom of the cell. Together with the long geometry of the column, a longer flotation
time is allowed for the particles, promoting bubble-particle interactions, and decreasing their

detachment probability (35). Wash water sprinkles are usually installed on the top, reducing
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gangue entrainment. Along with the deeper froth bed, this reduces entrainment of undesirable
particles, increasing the overall concentrate grade, rendering this type of cells a great solution for

cleaning stages (45).

The flotation process is determined by three distinct phenomena that directly affect recovery which
are particle-bubble collision, particle attachment to the bubble, and particle detachment from the
bubble (46, 47). The probability of collision and attachment models are reviewed in several papers
(47, 48), and a more fundamental analysis of those topics regarding the froth flotation of fine

particles is discussed in subsequent sections.

2.3. Flotation mechanism
2.3.1 Froth flotation fundamentals

Low-grade and finely disseminated ores often require fine grinding to liberate valuable minerals,
which generate fine particles. There is no consensus about the size interval to describe a fine
mineral particle in terms of diameter, and it is often interchangeably used with ultrafines. The main
reason is that the floatability of fine particles seems to be related to the mineral’s properties such
as density (49) and morphology. As briefly stated by Ralston (50), coal particles considered fines
have a size varying from 100 to 200 pm, while for some sulphides, fines are fractions below 5 um.
Overall, the flotation behavior of fine particles can also be partially clarified by studying all
subprocesses, namely, particle-bubble collision, attachment, and stability (detachment). However,
if a fine or ultrafine particle successfully collides and attaches to a conventional size air bubble,
the probability of detachment is negligible (48). Therefore, detachment is not considered in the
literature review for this thesis because it seems an issue more related to the flotation of coarser
mineral particles which occurs when the particle’s kinetic energy is the same or superior to its

detachment energy (51).
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2.3.2. Particle-bubble interaction
2.3.2.1. Particle-bubble collision

For simplification, particle-bubble interactions are based on the analysis of forces present in the
three-zone particle collection model proposed by Derjaguin and Dukhin in 1961 (48, 50, 52, 53)
for a rising bubble and a falling particle (Figure 4a).

® zone 1 ,*{ /

Drag Forces |
Viscous Forces /
Inertial Forces
Gravitational Forces

mineral particle
motion

I
|
+

|

|

|

I

|

! /

ez | /)
Diffusion Forces | zone 3 /f

! ;

| /

|

zone 2 \ \\
Electrophoretic Forces 4 \
Surface Forces / ! \
\ o \

I 1

\

\ \ f
A\ E _//

\ N\ \ | / /
\\‘ \ | 7 /

b \ \ I ;

¥ N1 ald #
1-Inertia 2- Gravity

3 — Interception 4 - Brownian

air bubble motion

—_——— — —p

Figure 4: Schematic representation of the three-zone model for the interaction between small to medium
size mineral particles and air bubbles (a). Main forces in the collision mechanisms according to particle
size (b). Note: the thickness of all zones, bubble size and particle size do not correspond to reality and are
only considered for illustration. Modified from (52,53, 62].

A mineral particle in zone 1 is subjected to hydrodynamic forces which are those that do not favor
collisions such as drag forces (particle sweeping motion) and viscous forces (relative deceleration).
Favoring forces include particle inertial and gravitational forces which pull the particle in the
bubble direction. However, for small particles, some of these forces may not be applied as their
collision is mostly governed by interception forces (52) (Figure 4b particle 3). Hence, when

modeling, pathlines of small particles are considered to be the same as the fluid streamlines
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(Figure 4b particle 3) (53). Due to their small mass, fine particles are also under Brownian motion
(50) (Figure 4b particle 4), indicating that particle collisions might be analyzed as a probability
distribution. In addition, bubble film thinning forces were mentioned by Wang and Liu (48) as part
of the hydrodynamic forces in zone 1. A drop in velocity of a small particle (~120 pm) approaching
a regular size bubble (~1.3 mm), which remains when the particle slides around the bubble, was
observed by Verrelli et al. (54) who attributed it to a resistance force by the intervening liquid
drainage. The low inertia of fine particles (53) adversely affects the liquid film rupture which can

potentially inhibit bubble-particle collision.

Forces in zone 2 (Figure 4a) are highly influenced by bubble surface mobility and size (53). They
are described as diffusional and electrophoretic forces that arise from a heterogeneous (and
concentrated) distribution of surfactants around the bubble rear. The distribution is affected by the
stream direction generating an electrical field between particles and a concentrate region with
surfactants (52). Forces in zone 2 are often neglected in particle-bubble interaction studies,
although its thickness can be considerable (53). In those studies, the bubble surface is mobile (no
contamination), which is an acceptable condition to ‘sufficiently large bubbles’ since they cannot
be fully retarded exactly due to the non-uniform distribution of surfactants (52). However, these
restrictions impose inconsistencies with the application of models in industrial systems, and just
more recently, Chen et al. (55) attempted to study the interaction between particles (90 to 106 pm)

and bubbles (1.05 to 1.9 mm) in the presence of a cationic collector.

In zone 3 (Figure 4a), surface forces such as electrostatic (Fe), van der Waals (Fyaw), and
hydrophobic forces (Fn) (56) equilibrated with the hydrodynamic forces (54) to regulate the speed
of the liquid film rupture which is part of the attachment process. The extended Derjaguin, Landau,
Vervey, and Overbeek (DLVO) theory defined as the sum of the electrostatic double layer (Ve),
van der Waals (Vvaw), and hydrophobic (V1) interaction energies given by (57),

Vext-bLvo = Ve + Vydw + Vi (4)

can be a good approach to calculate particle-bubble interactions in zone 3. An extensive theoretical
approach for the calculation of forces exerting in all zones for particles <50 pum is provided by

Derjaguin and Dukhin (53).
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The impact of particle size on flotation recovery was tested by Senior et al. (58). Using a modified
Denver stainless steel cell, the authors demonstrated that pentlandite ((Fe,Ni)9Sg) below 10 um has
poor floatability (< 60%) (Figure 5). The recovery drop is more significant when 2 pm particles
are floated (< 40%), while intermediate particles ranging from 15 to 80 um were completely (or
almost) recovered. For complex sulphide ores (Merensky and UG2 deposits, South Africa), a
similar trend in which fine particles are poorly floated and intermediate particles (+64-90 um)

showed a higher sulphur (S) recovery (> 90%) was observed by Feng and Aldrich (59).
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Figure 5: Effect of particle size on pentlandite recovery in a pentlandite-quartz mixture at pH 7, 9, 10,
and 11 using potassium ethylxantate (KEX). Modified from (58).

This behavior is not a unique characteristic of sulphide fines and can therefore be extended to other
minerals (60, 61). It is related to the low probability of collision (P.) between fine particles and air
bubbles (47, 59, 62). Low P. is the reason for slow flotation rates of fine particles, confirmed by
most developed particle-bubble collision models. Several assumptions and restrictions are
imposed to build these models (e.g., quiescent conditions, no particle inertia, mobile bubble

surface, homogeneous collision) but the efficiency of collision (E.) is either a direct (or indirect)

15



function of particle and bubble sizes. For illustrating this relationship, Yoon and Luttrell model
(1989) (52) is used. The authors considered three main flow conditions according to the bubble

Reynolds number (Rep) defined as
Rep = (Pbedb)/li (5)

in which pris the fluid density, Vy is the bubble rising velocity, dy is the bubble diameter, and p is

the fluid dynamic viscosity. Reb values determine the flow regime (fluid flow at the bubble surface),
i.e., Rep<l refers to the Stoke regime, Rep 1 denotes the potential (or streamline) flow regime, and
intermediate values of Reb indicate an intermediate flow regime. In the case of Reb 1, the efficiency

of collision (Ec) is

EC=_ -

(@) ;

where dp, is the particle diameter. For an intermediate Reb, Ec is calculated according to

o= () (2 + 25
€7 \d,/) \2 dy,

Finally, for Repb 1, the efficiency is given by

_ 3% ®)
Cc db

also known as the Sutherland model (1948) (Equation 8). In summary, equations 6 - 8 show that
E. increases when particle size increases (to a certain limit) and bubble size decreases. Collision
models are reviewed in detail in Tao (47), Dai et al. (52), Miettinen et al., (62), and Nguyen et al.
(63).

2.3.2.2. Particle-bubble attachment

The collision process is only one of the sub processes influencing flotation rates (49) and flotation

efficiency (or efficiency of collection) (Er) (50, 52, 64) can be calculated as
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Er = Ec*Ea*Es )

in which Ea is the attachment efficiency, and Es refers to the efficiency of particle-bubble
aggregate stability (or detachment). The attachment subprocess starts with thinning and rupture of
the liquid film followed by the establishment of a wetting perimeter (51, 54, 64) and it is defined
as induction time (ti) (48). The ‘wetting perimeter’ is formed from the instability of the thin film
(53) and as a consequence of the motion of the three-phase contact line (tpcl). With the tpcl motion,
the liquid phase recedes from the solid surface while the gas phase advances (51). Independently
of particle or bubble sizes, attachment is successful when the induction time does not exceed the

contact time (impact and sliding) (56).

A few attachment models have been developed (48,54) in comparison with the collision models
(Figure 6), even though in the last 21 years, other particle-single bubble attachment experiments
(65 — 68) and mathematical modeling (69) were reported. An example is the kinetic model
proposed by Dobby and Finch (70) for flotation columns. To calculate Ea, some parameters are
considered such as the distribution of particle collision angle (o) with the bubble, and the maximum
angle (am) above which no particle-bubble contact occurs. This model assumes that bubbles are
rigid spheres as well as mineral particles. Usually, am is considered to be 90°, highly influencing
the attachment efficiency. The maximum collision angle restriction (< 90°) was disproven by
Verrelli et al. (54) who recorded a particle jump-in event in a bubble’s sub equator. In other words,
particle (dy~130 pum) attachment occurred at the lower half of a bubble (d» = 1.3 mm). They
attributed this behavior to particle surface heterogeneities, and bubble surface deformation. It is
important to note that single fine particles may not have enough kinetic energy to deform a bubble

surface (bouncing).
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Figure 6: Timeline comparison between some collision and attachment models developed from 1940 to
2010. Compiled from (52, 62, 63).

Attachment efficiency depends on pondering hydrodynamics (e.g., agitation) and surface
properties (54). Surface properties include particle and bubble charges, particle hydrophobicity
and particle shape as well as bubble and mineral particle sizes (51, 64) (Figure 7). Some of these
properties have a connection with surface forces in zone 3 (Figure 4a) and can modulate the
collection process when a particle is sufficiently close to a bubble. As the distance between mineral
particles and bubbles reduces, an electrostatic force (Fe) is generated due to their electrical double
layer superposition, depending on their surface charges. Although small, Fe can promote the ‘pick-
up’ of hydrophilic particles by bubbles with opposite charges (71) which could lower concentrate
grades. Surface charges, measured in terms of zeta potential (at the shear plane), may be modified
by the adsorption of surfactants/collectors/depressants, presence of electrolytes, changes in pH (H"
and OH™ adsorption), or surface dissolution/oxidation (for particles only). For instance, sulphide
minerals undergo dissolution by releasing metal ions in solution which precipitate as hydroxides
on the same mineral and/or activate/deactivate another mineral surface. Details about the
hydrolysis reactions undergone by sulphide minerals can be consulted in (36, 72). The attractive

hydrophobic force (Fr) is often the principal contribution to particle-bubble attachment which is
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expressed in terms of particle hydrophobicity (natural or induced). The higher the Fy, the faster the
induction time (Figure 7). Modifications of particle hydrophobicity require the use of reagents
such as collectors, and more recently, the use of micro/nanobubbles (56). In addition,
investigations regarding the influence of shape in particle-bubble attachment (73 — 75) proved that,
generally, a lower induction time on a rough surface is a consequence of a more rapid thin film

rupture compared with a smooth spherical particle.

Attachment has also shown dependence on bubble sizes (Figure 7) as mentioned by Hewitt et al.
(64). The authors calculated that Ea (Equation 9) is higher for smaller bubbles due to a faster
establishment of a wetting perimeter when comparing air bubbles sizing 0.75, 1.2, and 2.0 mm.
This faster induction time for smaller bubbles was recently confirmed to be the opposite in the
presence of flotation reagents such as collectors due to more significant retardation of small bubble
surfaces (55). This shows the importance of further research on particle interactions with small
bubbles in the presence of reagents (immobile surface) since fine bubbles may not behave in the
same manner as conventional and/or ‘sufficiently large’ bubbles. Regarding particle size, under
constant conditions, finer particles (Figure 7) may also show a higher EA due to a longer contact
time around the bubble (51, 70) measured in terms of the angular speed (56). Others argue that the
low inertia of small particles results in lower attachment probability due to difficulties in rupturing

the liquid film (76).

Much can be learned from the aforementioned trends. However, they usually account for particles
colliding and sliding around a bubble surface (Figure 4a) which might not be comparable to the
flotation of fine particles Figure 4b particle 4) with small bubbles. Also, particle-bubble
attachment studies (55, 64, 77, 78) use static bubbles sizing above nano/micro scales, and data is
often reported about medium to coarse particles (100 - 200 um) (54, 56) likely due to limitations
on measurements (78). Understanding bubbles’ behavior could be the basis for further
improvements in flotation processes and the next barrier to be broken in the sector. In the following
section (Section 2.4. Fine bubbles in froth flotation), aspects related to small bubble formation,

stability, and properties (size and charge) are reported.
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Figure 7: The efficiency of particle-bubble attachment (EA) as a function of some surface properties.
Compiled from (62, 64).

2.4. Fine bubbles in froth flotation

The importance of studying bubbles in froth flotation was earlier stated by Rickard in 1916 (79)
when he said, ‘we know that the key...is to be found not in the oil, not in the acid, or in the
apparatus, but in the bubbles’. Conversely to fine particles, bubble classification is regulated
according to the International Organization for Standardization ISO 20480-1:2017 (80). It is a size-
based classification that is not specific to the mineral processing sector, and it was defined due to
the growing interest in small bubble technologies for other applications such as cleaning, medicine,
and agriculture. According to the diagram (Figure 8), fine bubbles generally have a volume
equivalent diameter <0.01 to 100 um. Microbubbles range from 1 to 100 um while ultrafine
bubbles range from <0.01 to 1 um, respectively. To this date, in the literature, the most used term
to describe ultrafine bubbles is nanobubbles, and no publication was found including “ultrafine
bubbles” AND “flotation” according to the Web of Science (Clarivate) database (consultation in

February 2022) (Figure 1). Several recent research and reviews focus on generating,
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characterizing, measuring, understanding the stability (see Section 2.4.2. On the stability of

surface and bulk nanobubbles), and proving the existence of nanobubbles (81 — 85).

Fine bubbles

Ultrafine bubbles Microbubbles

0.01 0.1 1.0 10 100 1000

Figure 8: Definition of bubble, fine bubble, microbubble, and ultrafine bubble according to size.
Reproduced from (80).

The positive impact of fine bubbles on fine particle flotation has been well documented in the
literature for a variety of ores/minerals (7, 8, 12, 86), for not only improving the recovery of
targeted particles but also reducing the consumption of frother and collector (87). The use of small
bubbles seems obvious to boost collection efficiencies (Equations 6 - 8) (49, 59) and relevant
attention has been given to develop a method that could generate the finest bubbles possible (88).
However, Chipakwe et al. (89) recently discussed the gap in assessing nanobubble usage in
complex systems in terms of metallurgical performance as this could be problematic for the
industry. They showed for a Pb-Cu ore that mass recovery was greatly improved by the presence
of nanobubbles with methyl isobutyl carbinol (MIBC) compared to nanobubbles without MIBC
and conventional size bubbles. High mass recoveries using nanobubbles with MIBC were readily
associated with better recovery of — 38 um fractions, but the selectivity Pb-Cu vs Zn for that same
particle size decreased considerably. Therefore, flotation selectivity using fine bubbles seems to
be sensitive to several factors including the presence of reagents (see Section 2.5. Chemical factors
affecting bubble properties). Additionally, selectivity may be a result of the presence of fine
surface bubbles on targeted mineral surfaces, demonstrating the importance of ore surface
characteristics and how bubbles are formed. This is discussed in the following section (see Section

2.4.1. Formation of bulk and surface bubbles).
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2.4.1. Formation of bulk and surface bubbles

The formation of bubbles or cavitation inception (independently of the size) starts with a
subprocess called nucleation (90). Considering a highly pure liquid, temperature and
supersaturation levels trigger nucleation due to local pressure fluctuations and phase separation (to
reach equilibrium), respectively (91). For froth flotation, investigations with different levels of
dissolved gas are pertinent. To model a spherical bubble being formed in an air supersaturated
liquid, Takahashi and co-workers (92) assumed that no vapor nuclei was present, the dissolved air

could be considered an ideal gas, and Henry’s law given by
Pp = Hgxp (10)

could be applied. In Equation 10, Pp refers to dissolved pressure, Hg is Henry’s law constant, and
Xp, the gas solubility (after changes in the equilibrium concentration). Henry’s law shows a direct
relationship between air solubility in water and pressure at a constant temperature. As a bubble
nucleates due to pressure release from Pp to Po (atmospheric pressure), similarly, to dissolved air

flotation (DAF), a change in free energy (AF) using Gibbs’ approach can be calculated as (92)

2 11
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in which y = surface tension (dyne/cm), and r is the bubble radius (cm). For cavitation inception,
the energy barrier that must be overcome is defined as the ‘cohesive/tensile strength of the liquid’
(93, 94), and it is highly dependent on concentrations of dissolved gas and type of nucleation. High
dissolved gas concentrations decrease the tensile strength of the liquid which can culminate in
spontaneous bubble growth at pressures above the liquid vapor pressure (95). Dissolved gas
concentrations also correlated with the critical radius of nucleation (92, 93). According to the

classic theory, a bubble evolves only with values above critical radius (rc) given by (92)

2y (12)
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which is also the definition of the Laplace pressure for a spherical bubble (96). Bubble evolution

includes the subprocesses of nucleation, bubble growth (gas diffusion and coalescence), bubble
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detachment (from surfaces, for instance), and bubble break-up. The type of nucleation can be
homogeneous and/or heterogeneous (Figure 9a), as described in detail elsewhere (90, 91, 93, 97).
In this review, heterogeneous nucleation occurs due to the presence of tiny solid particles, free gas
and/or vapor cavity nuclei as well as pre-existing gas air pockets in a solid surface crevasse

(Harvey nuclet).

In a system completely free of contaminations (e.g., solid particles and reagents), formed
homogenous nuclei (Figure 9.a.1) in the bulk phase have the highest nucleation energy barrier and
demand high air saturation levels, usually exceeding 100 (91, 93, 94). However, due to the short
lifetime (10 — 12 s) and outstanding internal pressure (~1440 atm), homogeneous nuclei formation
appears unlikely (90), which automatically imposes questions about the inception and stability of
bulk fine bubbles. The presence of tiny suspending solid particles or a substrate cavity lowers the
necessary energy for nucleation (Figure 9.a.2), although it still requires high levels of saturation
(93). High levels of saturation do not apply to the nucleation described in Figure 9.a.3 which
occurs at pre-existing gas cavities in the bulk solution or on a substrate surface (93). If the radius
of pre-existing gas cavities (1) is smaller than the critical radius (rc) (Equation 12), then the energy
barrier is lower than that in cases 1 and 2 (91). In the last type of nucleation (non-classical), no
energy barrier exists since the radius of pre-existing gas nuclei (r2) is larger than r. (Figure 9.a.4)
(91, 93). For Yang et al. (98) who tested carbon dioxide (COz) nucleation on a TMCS
(trimethylchlorosilane) modified gold surface using Quartz Crystal Microbalance (QCM), the
nucleation stage comprised of slowly adsorption of gas molecules dissolved in solution onto the
‘pre-existing gas cavities’ (Harvey model), followed by a stage in which bubbles rapidly grow,
according to dissolved gas availability. Albeit bubble growth may be affected by different
parameters such as viscous forces, surface tension, convection forces, and inertial forces, it is
usually approached in terms of the diffusion of gas molecules and their motion across the liquid-

gas interface (93, 98).
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Figure 9: Homogeneous versus heterogeneous nucleation (a). Note: in case 3, bubbles may or may not
grow. Modified from (93). Schematic representation of the four cavities shapes used for theoretical

calculations of heterogeneous nucleation (b). Note: r refers to the spherical cavity and its projection
radius. Modified after (99).

The existence of pre-gas cavities in a liquid is supported by a mismatch between calculations of
nucleation rates using the classical theory and experimentally observed values (93). Zhou (100)
showed that a decrease in light transmittance in a Venturi tube due to bubble formation and growth
is a consequence of the expansion of pre-existing nuclei. Besides, when pre-existing gas nuclei
were removed from the water by boiling or heating, almost no nucleation was observed even on
hydrophobic surfaces such as bitumen (101). However, some authors calculated the existence of
micro-sized free gas nuclei in water (102). No ratio or limit defining differences between the size
of a nuclei (free gas and vapor cavity) and the size of fine bubbles has been found in the literature,
and nanobubbles have been suggested to enable nucleation (91, 103, 104). A distinction between
fine bubbles and free gas/vapor nuclei in terms of size, stability, or nature might be relevant due

to the growing interest in this area.

Another condition for heterogeneous nucleation on suspending solid particles and/or flat surfaces
(Figure 9.a.2 and Figure 9.a. 3) is hydrophobicity (91, 95, 98, 105 — 107). The energy barrier for
nuclei formation on a hydrophilic surface with a contact angle (0) close to 0° can be as significant

as in homogeneous nucleation (91, 106) (Figure 9.a. 1) (91). In a hydrophobic surface (6 = 180°),
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no nucleation energy barrier exists (91). This process of surface nucleation could promote particle
aggregation, increasing the apparent size of fine particles, and, consequently, enhancing the
efficiency of collision of particle-bubble aggregates to conventional size bubbles (0.8 — 3.0 mm)
(Equations 6-8) (82). If gas nucleation can selectively occur on a specific mineral, manipulations

of surface hydrophobicity of a valuable mineral may improve separability.

However, there are some controversies whether surface hydrophobicity has to be paired with
surface roughness to enable heterogeneous nucleation. Ryan and Hemmingsen (108) demonstrated
that nucleation was minimal on smooth polystyrene microspheres (0 = 129 +4°) even at high levels
of saturation. Although it is possible to qualitatively visualize the smoothness of polystyrene
microspheres by Scanning Electron Microscope (SEM) (108), it is difficult to compare with later
research which employed more sophisticated techniques (105, 106). Yang et al. (106) clearly
revealed the presence of nanobubbles on a hydrophobized silica wafer (0= 74° and Or= 67°) with
0.1 nm roughness via tapping mode atomic force microscopy (TMAFM) imaging. Bremond et al.
(105) also presented microscope images of heterogeneous cavitation on a smooth hydrophobic
silica wafer (0= 106 + 1°) with a roughness of less than 2 nm. Li et al. (107), comparing powdered
silica particles and smooth glass beads, proved that surface roughness is not a condition for

cavitation inception.

On the other hand, Xu et al. (109) stated that roughness is one of the main factors affecting bubble
nucleation on a graphite surface. Other parameters are hydrodynamic conditions and the degree of
air saturation (109). When surface roughness is mentioned, there are no clear criteria defining
limits for it, i.e., if surfaces can be considered rough when nano and/or microscopic crevasses are
present. Considering that surface roughness is not a condition for heterogeneous nucleation, how
does it take place on a perfectly smooth surface? How are the nucleation sites distinct in a naturally
vs. chemically induced hydrophobic mineral surface? Studies on smooth mineral samples such as
muscovite (110) with induced hydrophobicity showed differences in the contact angle of samples
at various dodecylamine (DDA) dosages. The authors (110) believe that high DDA dosage assists
with the stability of bulk nanobubbles which could then be adsorbed on the muscovite surface.
Similarly, Xiao et al. (111) showed the absence of surface nanobubbles on mica surfaces in
deionized water in comparison with high sodium oleate (NaOl) solutions by AFM imaging.

Available literature lacks an approach to explain the raised questions. It still remains unknown
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whether the presence of frosted fine bubbles is a result of surface nucleation or adsorption of bulk

fine bubbles (or both), and how this could change according to the substrate used.

In some of those experiments (98, 105, 107, 108) the authors used very controlled and smooth
surfaces such as silica wafer, glass beads, and polystyrene microspheres. The presence of air
pockets on real mineral surfaces is not an odd assumption due to heterogeneities and
microfractures generated by their proper nature (e.g., cleavage, defects, and vacancies). Grinding,
friction, oxidation, and dissolution are also examples of processing effects that can generate and
alter mineral surface roughness and texture. However, some authors (99, 105) argue that air
pockets present and formed on solid surfaces are dependent on the shape of the crevice. Wilt (99)
compared the nucleation of a CO; bubble in a conical crevasse, a conical projection, a spherical
cavity, and a spherical projection (Figure 6.b) by calculations based on the traditional nucleation
theory (93). The author reported that those bubbles only nucleate in a hydrophobic (6 = 94 — 130°)
conical crevasse. This phenomenon, however, may occur at specific § values which was later

indirectly proved by Bremond et al. (105). Note that 3 is a function of the cavity width.

While topics related to the importance of bulk nanobubbles in froth flotation have been extensively
reviewed (81) contributions as Xu et al. (109) and Li et al. (107) regarding the nucleation of fine
air bubbles on natural mineral surfaces are scarce, especially for dynamic systems (101). Usually,
fine surface bubbles are formed via solvent exchange or temperature difference and evaluated for
mineral samples or for fabricated samples (e.g., Highly Ordered Pyrolytic Graphite - HOPG) using
AFM (112 —114). Zhou et al. (90) mentioned that in hydrodynamic cavitation, small gas structures
(air pockets) located in the crevices of mineral particles might grow due to the negative pressures
achieved during the fluid flow. In any of those circumstances, bulk and surface fine bubbles have

to be stable to endure the hydrodynamics conditions of flotation cells/columns.
2.4.2. On the stability of surface and bulk nanobubbles

Due to the exponential growth in research about fine bubbles, a short analysis of factors affecting
the stability of surface and bulk nanobubbles is given. Several research in mineral processing have
attempted to prove/measure, and also showed their benefits in froth flotation for the recovery of
fine particles (81, 83, 84, 109), and coarse particles (115). Most research, however, relies on data

and models for larger bubbles with extrapolation to nanobubbles. Those correlations certainly have
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a limitation, and this is why the existence of nanobubbles is still a topic of discussions and no
universal explanation has been fully accepted (103, 105, 116). It is not intended to critically assess
those theories but rather provide some examples that may be applied to froth flotation in terms of
gas saturation levels, presence of reagents, and the type of solid surface (i.e., hydrophobicity and
heterogeneity). More details have already been provided in a recent review by Zhang et al. (117)

and (118).

The basis of those discussions starts with the diffusion theory which indicates that bubbles have a
permeable interface allowing gas exchange with the surrounding liquid (103). As a consequence,
spherical gas bubbles would be unstable at usual conditions over time (t) as given by the Epstein

and Plesset solution (103)

dR D /P, 2 11
—=-—(—°+—Y-Coo)<—+—) (13)
dt  pg\Hg ' Hgr r Dt

in which r refers to the bubble radius, pg corresponds to the gas density, Hg is the Henry’s law
constant (Equation 10), D is the diffusion constant, c is the concentration field, and y is the surface
tension. The intern pressure of a nanobubble given by the Laplace pressure (AP) would be
extremely high “forcing” the bubble to dissolve in less than milliseconds (82, 83). Most of the
stability theories for bulk and surface nanobubbles intend to “balance” the Laplace pressure in

order to provide some explanation for the low rates of dissolution.

For bulk nanobubbles, the assumption that homogeneous nuclei stability results from the existence
of an organic layer or surfactant given by (119, 120) is still found in the literature (103). Organic
reagents/contamination would form a protective layer reducing the bubble surface tension and,
consequently, the Laplace pressure. This assumption could be applied to froth flotation as the use
of organic reagents such as collectors, frothers, and depressants is a routine for most circuits (see
Section 2.5. Chemical factors affecting bubble properties). Other factors for nanobubble stability
may include those of hydrodynamic nature as mentioned by Zhou (100) who defined stirring as an
important condition in a solution with available dissolved air. It is common to focus on
characterizing fine bubble generators but how the shear conditions affect the size distribution of
fine bubbles in flotation cells and columns is still to be clarified. Additionally, the stability of bulk

nanobubbles is often associated with the action of high repulsive forces of the bubbles’ double
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layers which prevents their coalescence (82, 121). According to Tan et al. (103), the electrostatic
stabilization, also called the Akulichev’s model, considers an electrostatic pressure (P¢) generated
by the bubble surface charge density (o) acting oppositely to the Laplace pressure. The electrostatic
pressure is defined as (103)

o2 (14)

2€,&,

e

where & is the relative permittivity of water and €o is the permittivity of space. However, the
electrostatic stabilization model does not account for other factors common in froth flotation such

as dissolved gas concentration (103).

There is no substantial evidence that the stability of surface nanobubbles would be even
partially influenced by the bubble surface charge (103). Instead, in the last two decades, several
researchers have attempted to develop a satisfactory model by considering factors such as dynamic
gas influx and outflux (dynamic equilibrium theory) (122) and the contact line pinning (123). In
the dynamic equilibrium theory, the gas influx and outflux on the nanobubble surface are mostly
maintained by a gas enriched layer close to the hydrophobic surface. This assumption considers
that hydrophobic surfaces can interact with dissolved gas molecules generating a concentrated area
(124). For the contact line pinning between a solid surface and a nanobubble has been correlated
to chemical heterogeneities and surface roughness by many authors as described in Lohse and
Zhang’s review (125). On the experimental side, Bremond et al. (105) reported that surface
nanobubbles (~37 nm) were not stable on a smooth hydrophobic surface and dissolved within a
two hour interval. On the other hand, stable nanobubbles (15 hours) nucleated on an etched surface
with cylindrical cavities (15 pm deep and 2-4 pm wide) were reported (105) which would be
related to the stability provided by the cavity’s sharp edge (Figure 9) and similar pressures values
inside and outside the bubble. The presence of crevasses on solid surfaces may not only promote
bubble nucleation as previously discussed (Section 2.4. Fine bubbles in froth flotation) but it
appears to assist with their stabilization. Bubble stability in terms of preventing coalescence and
break-up is also a function of the presence of reagents such as frother and collectors as well as

chemical species such as ions which are reviewed in the following section.
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2.5. Chemical factors affecting bubble properties

Several factors can influence the size and charge of bubbles in aqueous media. They may be
divided into those related to the bubble surface tension and shear conditions. No distinction
between conventional and fine bubbles is provided unless stated. The main purpose of this section
is to inquire if fine bubbles’ properties might be affected in a similar manner by showing
supporting information of what is known about conventional bubbles. Although research has
reported nanobubble size changes by the addition of reagents such as frothers (126), other
phenomena such as bubble coalescence and break-up may not follow the same trend and need
further investigation. Regarding shear conditions, mechanical energy input, air flow rate, and
bubble generation method, for instance, have been extensively reviewed in the context of
conventional and fine bubbles (48). Frother (concentration and type), electrolyte species, and
collector substantially affect bubble properties which in turn impact flotation recoveries and are

further discussed.
2.5.1. Frothers

Frothers are surface-active reagents known to help produce smaller bubbles and stabilize froths,
but their mechanisms of action are still in debate. The main discussion refers to if surface tension
reduction due to frother addition could be used to justify the generation of smaller bubbles.
According to Pan et al. (127), this is not possible, while other authors have justified their
experimental results using the opposite argument (126). Pourkarimi et al. (126) related the bubble
size reduction to surface tension by applying the Young Laplace equation (Equation 12) to six
different frothers under identical conditions. They stated that the formation of fine bubbles was
because of the notable decrease in the water’s surface tension and better foamability. However,
some authors argued that there is no direct relationship between a decrease in surface tension and
bubble size reduction (127, 128), especially at low frother concentration (129). The reason is that
the surface tension is not able to equilibrate in real systems (127). Additionally, the surface tension
only started to reduce at higher frother concentrations which might not apply to all froth flotation

systems (127,130).

Atrafi and Malik (131) explained bubble size reduction differently. They found that reduction of

bubble size by long-chain fatty acids solution was related to the generation of a surface tension
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gradient (Marangoni effect) and prevention of coalescence. Similarly, Finch et al. (129) described
that frothers are able to reduce bubble size by either hindering coalescence (due to the Gibbs
elasticity and Marangoni effect) or by enhancing the break-up of the air stream. Bubble
coalescence mechanism appears to provide an effective approach to determining how frothers
affect bubble size (128, 129). On the other hand, the air stream break-up occurs as a consequence
of surface perturbations and surface break-away force generated when a frother molecule is
introduced, thereby causing a tearing action resulting in surface instabilities and tendencies of
bubbles to break up (128). Kracht and Finch (130) studied bubble break-up and coalescence
prevention mechanisms by investigating bubble size distribution measurement/modelling in the
presence and absence of frothers. It was demonstrated that the presence of frothers significantly
diminished the tendency of bubbles to coalesce. Frother effects were also observed to some extent
in bubble break-up. The effect was more pronounced in less than 10% volume fraction break-up.
These further re-states the non-uniform/unequal distribution of frother molecules on bubble
surface prior to breakage i.e., surface tension gradient. To complement the study of Kracht and
Finch (130), Chu et al. (132) showed how frothers reduce bubble size in a break-up mechanism
separately from the coalescence event. They were able to achieve this by considering only the first
bubble breakage. In their findings, the presence of frothers enhanced bulge deformation by creating
a variation in the surface tension, leaving a force in the direction of higher surface tension. Thus,
a surface tension gradient-driven stress is generated which provides an extra energy to the
mechanical stress arising from the flotation’s device geometry, thereby increasing instabilities at

the air/water interface and enhancing smaller bubble size break-up.

2.5.1.1. Frother concentration
Factors such as frother concentration and type also play a vital role in determining bubble sizes

(133). The addition of high frother dosages reduced the mean Sauter bubble size (d32) generated
using jets in a flotation column (134). The authors measured a d3> change from 3.2 mm to 2.4 mm
using 75 ppm of frother, but this led to uncontrolled frothing which can be detrimental to the
operation in many aspects. The effect of frother concentration was also investigated by Kracht and
Finch (130), and contrary to the observations of Finch et al. (129), the authors found that increasing
the concentration did not favor coalescence prevention but decreased bubbles breakage. Regarding
the mechanism, Chu et al. (135) further investigated if surface tension gradients are minimized by

higher frother concentrations. Their findings showed that at high frother concentration, there is a
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sufficient rate of mass transfer which causes frother saturation at the air/water interface, thereby
dampening the surface tension gradient. A diminishing surface tension gradient implies highly
reduced surface instabilities and a low tendency of the frothers to produce small bubbles. It was

already stated that the mass transfer rate is also dependent on the size of the frother molecule (132).

2.5.1.2. Frother types
Chu and co-workers demonstrated how different frothers act to reduce bubble size formed by the

break-up mechanism and how these frothers affect the rate of mass transfer (135). They introduced
the concept of critical break-up concentration (CBC), defined as “effective concentration for
producing the smallest bubble at break-up”, which was also used to describe the actions of different
frothers (MIBC, DF20, F160-13, F150). Although there was no significant difference among all
frothers tested (as they showed a similar trend of initial decrease and subsequent increase of bubble
size), the shorter hydrocarbon chain frothers had a faster mass transfer rate (owing to its short-
chain and less hydrophilic sites to H-bond with water molecules) which translates to lower CBC.
Thus, MIBC requires a low concentration to produce the smallest bubble size, but because of a
high mass transfer rate, a uniform surface concentration is quickly achieved, and the surface
tension gradient is dampened. Hence, the production of small bubbles was hindered when CBC
was achieved, and the bubble size began to increase (a similar behavior was achieved when the
high concentrations of frothers were used). This shows that high frother concentrations and short
hydrocarbon chain frothers are limiting to fine bubble production and are described by the mass
transfer rate concept. Furthermore, Chu et al. (135) established a relationship between CBC (for
single bubbles) and the critical coalescence concentration (CCC) (128). It was observed that
frothers with high CCC tend to have low CBC and vice versa. The break-up strength follows MIBC
< DF250 < F150. When considering both mechanisms of bubble size determination, short
hydrocarbon chains are effective in causing break-up at low concentrations but would require high
concentrations to preserve the bubble size from coalescing. In terms of long hydrocarbon chain
frothers, the prevention of coalescence occurs at low concentrations and would require high
concentrations to reduce bubble size in the break-up mechanism. When different frothers were
compared, some appeared to be more surface-active than others, a different observation from (130).
Di ethoxy-mono propoxy hexanol and mono propoxy-di ethoxy hexanol achieved CCC faster at a
lower concentration than hexanol, di ethoxy hexanol, and MIBC. In a different study by Corona-

Arroyo et al. (136), frothers decreased bubble size at concentrations below and up to CCC. Above
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CCC, there was no observed further decrease in the bubble size, suggesting a uniform surface

distribution of the surfactant at the bubble surface (surface saturation).
2.5.2. Electrolyte species

Sovechles and Walters (137) concluded in their experiments with different salts that their effect
on bubble size is determined by the ionic strength of the solution, an extension of frother’s CCC.
Thus, the higher the ionic strength, the smaller the bubble size. Hence using saline solutions would
decrease bubble size in the absence of frothers, a phenomenon reported by different authors (137,
138), and already applied in the industry with sufficient bubble reduction and good frothing
characteristics (139). However, by combining MIBC with a saline solution (where concentrations
are high enough and coalescence is inhibited), the bubble size was found to increase (138). It is
suspected that both frother and electrolyte solution would increase the total concentration and thus,
high mass transfer rate, thereby creating a uniform surface concentration or interface saturation
and causing surface tension dampening, as explained by Chu et al. (135). In a recent study of
frother and ionic strength combined effect, Corin et al. (140) found that at high concentrations of
both parameters, a stable froth was observed, but the recoveries of copper and nickel were mostly
unaffected, and their grade decreased. Since these studies have demonstrated the effect of high
ionic strength on bubble size reduction (hence improved flotation recovery), regulating frother
usage in such high electrolyte solutions makes sense. This observation is important in operations
that utilize recycled process water and in high saline water regions, as frother consumption should
be reduced. Pan et al., (127) investigated the interaction of different flotation reagents such as
MIBC, potassium amyl xanthate (PAX), and sodium hydrosulphide (NaHS) on the properties of
the air-liquid interface. They found that the combined effect of these three reagents provided more
stability to the bubbles by preventing bubble coalescence, which was determined by the

coalescence time experiments and measurement of the Sauter mean diameter of the bubbles.
2.5.3. Effects of electrolyte species (salts) on bubble zeta potential

As some authors appear to agree with the fact that bulk nanobubbles are electrostatically stabilized
(Section 2.4.2. On the stability of surface and bulk nanobubbles), the discussion is extended to
the study of their zeta potential (82, 121). Bubble zeta potential is essential in mineral flotation as

their charge can determine their interaction with reagents, mineral particles, and other bubbles. In
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froth flotation operations, similarly to large bubbles and microbubbles, the zeta potential of
nanobubbles can also be modulated by various factors such as presence of the salts, surfactants,
and polyvalent cations. When possible, a parallel comparison with microbubbles is given as most
available spargers often generate a broad size range of fine bubbles (141). Some analogous trends
exist as negative values of zeta potential of bulk nanobubbles at alkaline pH have been confirmed
by authors who used different bubble generation techniques with no surfactants or salts (82, 121,
142, 143). However, this is far from real flotation systems as different kinds of salts are introduced
by the use of recycled process water (144), sea water (145), pulp viscosity modifiers (146), and
pH regulators (147). By increasing salt concentration, the magnitude of zeta potential decreases
which reduces the repulsion and stability of bulk nanobubbles (121). The instability can be
explained by the increasing ionic strength of the solution and quantified in terms of the Debye

length (k') as (121)

ekgT (1)
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-1 _—

where I refers to salt ionic strength, € to the medium permittivity, T to temperature, e to the density
of electrons, and kg to the Boltzmann constant. By adding salt into a solution with nanobubbles,
the Debye length reduces. Whereas the adsorption of monovalent ions such as monovalent ions
such as Na" did not impact the zeta potential (reference to the blank test) (143), the presence of
polyvalent cations/metal ions poses an interesting trend which is particularly relevant for sulphide
flotation due to mineral oxidation and dissolution, and the addition of activation agents. The
presence of Mg?* was shown to reverse the zeta potential of air bubbles at alkaline pH values due
to the precipitation of magnesium hydroxide (Mg(OH)2) species at the gas liquid interface,
whereas the decrease in the magnitude at acidic pH values was attributed to specific adsorption of
Mg?>" (148). An example is the effect of trivalent ions such as Fe** which kept nanobubble zeta
potential positive for the entire pH range tested (143). The adsorption of Fe**, Fe(OH)**, and
Fe(OH)™" at pH 7 resulted in a net positive value when the negative inner nanobubble charge was
summed to the positive Fe*" cation species on the outside of the bubble surface. Li and
Somasundaran (149) also observed for microbubbles a charge reversal in the presence of trivalent

13+

aluminium cations which was attributed to the specific adsorption of Al°" and its hydroxo

complexes at the gas liquid interface. These studies (143,149, 148) have shown that pristine air
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bubbles are negatively charged in electrolyte solutions. However, the presence of polyvalent
cations can reverse their charge depending on the concentration of salt and the desired pH range
to work with. Bubble charge modulation could be used in situations where bubble-mineral particle
attachment is difficult due to homo-charge. By reversing bubble charge, improvements may be
observed as now not only hydrophobic interactions will promote the attachment but also
electrostatic interactions. Therefore, it is important the complete understanding of the slurry

composition and how that composition could affect nanobubbles’ behavior in complex systems.
2.5.4. Effects of frothers on bubble zeta potential

Surfactants are also extensively used to stabilize bubbles, and depending on their nature,
nanobubble zeta potential might alter. Zhang et al. (142) showed a nanobubble zeta potential drop
from pH 3 to 12 by using a non-ionic surfactant such as methyl isobutyl carbinol (MIBC at 4.9 x
10"*M). The same authors discussed that it can be applied to other non-ionic surfactants. However,
Elmahdy et al. (150) concluded that non-ionic frothers such as MIBC or heptanol, at concentrations
of the industrial relevant range (< 20 ppm), do not alter the general trend or isoelectric point (IEP)
of air bubbles. Yoon and Yordan (151) showed that IEP of microbubbles shifted to higher pH
values when generated using polyoxyethylene methyl ether (non-ionic) solutions which was
attributed to the high oxygen to carbon ratio in the molecule. When an anionic surfactant such as
sodium oleate (CisH33sNaO; at 1.6 x 10* M) was used, nanobubble zeta potential shifted even
further to more negative values (142). The same result was observed by Calgaroto et al. (82) with
the anionic surfactant SDS (10* M). The sharp drop in zeta potential upon raising anionic
surfactant concentrations results from the adsorption of specific ions on the bubble surface (121).
Those discrepancies call for further investigations, especially regarding the presence of common

frothers such as MIBC

The study of the influence of chemical additives in froth flotation circuits is not limited to changes
in bubble properties such as size and charge. Ang et al. (152) described the detachment of galena
(PbS) particles (-75 +20 um) from bubble surfaces as a function of the frother dosages and types,
during the merging of two bubbles. This could alter important steps during the fine bubble-assisted

flotation of fine particles, such as particle aggregation as well as flotation rates due to changes in
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bubble-bubble interactions (153). More details about these processes are provided in the following

section.
2.6. Fine bubble assisted flotation

Flotation cells designed to generate small bubbles and conventional bubbles were suggested as a
solution to improve mineral recoveries over 35 years ago when Ahmed and Jameson (49) studied
the collision process of fine particles (< 50 pm) with fine bubbles (< 100 um). Several authors
have recently suggested improvements in flotation performance using a similar technique.
Examples are provided in Table 1. Benefits of performing assisted flotation with fine bubbles
include selective separation (84), lower collector consumption (84, 88), and fine particle
aggregation (154). Despite reported benefits and the use of fine bubble generators in real
operations (155), most studies refer to laboratory and pilot plant scales (Table 1). Descriptions of
bubble size distributions in flotation systems are also scarce (83) or not provided likely due to
measurement limitations. Those may refer to low resolution and accuracy in a representative

volume of slurry, and the distinction between fine bubbles and fine mineral particles.

In Table 1, a few different methods for generating fine bubbles are cited, but the list of techniques
is extensive and includes mechanical stirring, variable pressure (dissolved air, jets, and vacuum),
porous medium, ultrasound, and electrolysis as reviewed by Wang et al. (48). Several types of
flotation cells and columns to treat fine mineral particles can be consulted in a recent review by
Hassanzadeh et al. (156). However, the effect of distinct fine bubble generation techniques for the
same ore regarding shear conditions (e.g., hydrodynamics cavitation vs. dissolved air flotation) is
rarely discussed. Ross et al. (12) have hypothesized that high shear methods could assist with
passivation layer and slimes removal and improve mineral liberation. Others have suggested that
fine bubbles generated by hydrodynamic cavitation could desorb (159) or prevent the adsorption
of reagents on mineral surfaces (110). Those “side effects” of flotation with fine bubbles should

be further investigated, especially in systems with slurry recirculation (160).
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Table 1: Selected reported flotation improvements in the literature by fine bubble assisted flotation in the

last five years
Material and Flotation Fine Bubble sizes Flotation Additional Reference
conditions reagents bubble improvemen comments
generation t
Phosphate ore (P Collector  Hydrodyna distribution P from Proved (84)
=10.8% and Fe = Flo-Y-S mic peak (volume 16.15% to selectivity
16.4%) (700 g/t) cavitation frequency) 17.62% and and
dso’=38 pm Depressant ~170 nm Fe from reduction of
pH 9.5 starch (400 (Malvern 6.28% to collector
Denver cell (1 L) g/t) Mastersizer 4.25% by consumption
2000) single and
dual bubble
Microcrystalline Collector  Electrolysis 76 um Mass Electrolysis (154)
magnesite NaOI** (High-speed recovery bubbles
MgCO3 ~95%) (120 mg/L) camera 20 MP  from ~70% promoted
dss" =25 pm Frother Canon EOS 70 to ~80% by particle
pH 10 pine oil D) single and aggregation
Denver cell 3 L) dual bubble,
respectively
Quartz (SiO; = Collector Air-in <50 pm Mass Differences (157)
100%) Flotigam water recovery in mass
dso’=38 pm EDA (10 micro- from ~19% recovery
Agitair LA-500 g/t) dispersion to ~34% by reduce at
cell (1.7 L) generator single and high
3 min flotation (Turboflot dual bubble, collector
time service respectively dosages
Company)
Sulphide ore Collector Air-in <50 pm Curecovery Metallurgical (158)
doy’ =44 pm SBX™ (0.2 water by ~32%, Pb recovery
Pneumo- g/kg) micro- recovery by  improvement
mechanical cell Depressant  dispersion ~40%, Zn s even at low
3L) Na»OsSi generator recovery by bubble
At 3 min flotation (0.3 g’/kg)  (Turboflot ~25%,and  dosages (0.1
time Frother service Fe recovery L/kg)
Aeroflot Company) by ~11%
(0.03 g/kg)

The main reason for mass and metallurgical recovery improvements observed in Table 1 is

believed to be a two-stage process (Figure 10.a), which has been a topic in recent reviews (48,

117). Research has suggested that fine bubbles can act as bridges that enhance particle-particle

interaction to form aggregates (56, 161, 162). With small bubbles adsorbed and/or nucleated on

the surface (see Section 2.4. Fine bubbles in froth flotation) (Figure 10.a), the approach of two
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particles causes the bubbles to coalesce and generate an attractive capillary force, as shown in

Figure 10.b (163, 164, 165).

1. Bubble Frosting 2. Enhanced Collision 3, Enhanced Attachment o Water
through Aggregation through Bubble Coalescence

w Millimeter size

Flotation Bubble

. i 6 izl ) Micra Bubble
Particle Particle 4

Figure 10: Schematic representation of processes occurring during fine bubble assisted flotation (a)
detailing aggregation of fine bubble-frosted mineral particles via capillary bridging (b). From (166).

The calculation of capillary force (Fcap), illustrated in Figure 10.b.2, consists of the Laplace
pressure force (Fp) and the surface tension force (Fsr) with Fp defined as (167)
1 1 (16)
Fp ~ RZ.2 (— + —)

P M. 4Yw R1 R2
where Rs is the radius of the air-solid contact area assuming a flat surface, y, is the air-water
surface tension, and is the curvature of the air-water interface. In Figure 10.b.2, the contact angle
(0) is high enough to generate a curvature concave into the capillary, R, is negative, and the
curvature is positive, thus generating an attractive Laplace pressure force. On the other hand, Fsr

is always attractive calculated as (167)

For a given volume of capillary, as the two particles approach closer, Rs increases. As a result, the
overall capillary force increases. When the two particles are in contact as shown in Figure 10.b.3,
the capillary force reaches the maximum. Assuming Ri’ >> Ry’, the capillary force can be

estimated as (167)
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Feap = 2mywRp (18)

where the force only depends on the radius of the particles (Rp). Such a capillary force is strong
enough to hold two spherical silica particles of about 2 mm against the gravitational force. In
reality, the capillary force is often much smaller due to the lower air-solid contact area from surface
roughness. Despite that, the surface fine bubbles can hydrodynamically enhance and stabilize the

accumulation of particles, forming bubble-particle aggregates.

Experimental investigations into the fine-bubble-assisted agglomeration phenomenon were
confirmed using image analysis (168 — 170). However, a further demonstration of the effect of fine
bubbles to selectively aggregate particles of different physicochemical surface properties is still
required. This is extremely relevant to mineral flotation as particle morphology (shape and
roughness) has been proved to influence particle aggregation in the absence of fine bubbles (171).
Additionally, the size of collector chains might control the ability of fine mineral particles to form
aggregates. Overall, the longer the hydrophobic chain of the collector, the bigger the aggregate.
For instance, size improvement using oleate as a collector resulted in a higher probability of
collision between dolomite particles (dso = 14 um) and bubbles due to particle aggregation in a
micro-flotation set-up (172). This process was independent of the interaction mechanism between

the collector active group and mineral surfaces (172).

With an increased apparent size, mineral aggregates have a higher efficiency of collision with
conventional size bubbles (Equations 6-8). The presence of frosted fine bubbles on mineral
surfaces appears to also enhance the interaction of aggregates with coarser bubbles that could
easily float (Figure 10.a). In this last stage, discussions of the fundamental mechanism of this

interaction are ongoing as recently pointed out in Zhang et al.’s review (117).

Although small bubbles can easily collide (Equations 6-8) and attach onto mineral particles, their
low volume cannot provide sufficient buoyancy force to lift the aggregates up. At this point, large
flotation bubbles of millimeter sizes come into play to complete the flotation process. The role of
small bubbles in the attachment process between particle aggregates and large flotation bubbles is
explained by fine bubbles helping the aggregates adhere to large flotation bubbles (Figure 10.a)
by reducing the induction time, thereby enhancing attachment probability (97, 165, 169). As
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previously explained (see Section 2.3. Flotation mechanism), the induction time is determined by

the thinning of the liquid film trapped between particles and bubbles (173 — 175).

For a millimeter size bubble colliding with a flat particle surface (i.e., the bubble is much smaller
than the particle), typically, it takes a few seconds for the thin liquid film to reach its critical rupture
thickness (176, 177). The time is reported to be slightly shorter (hundreds of milliseconds) if the
particle is spherical (178). When a surface microbubble (~10 pm) larger than the typical film
thickness (~1 pum) is present on the particle surface, the situation switches from large bubble-
particle attachment to large bubble-surface fine bubble coalescence. This faster attachment was
recently reported by Li et al. (166) comparing the sliding velocity of a millimetre bubble on clean
glass (contact angle 10°), hydrophobized glass (contact angle 45°), and fine bubble-frosted glass
surfaces (Figure 11). In a hydrophilic glass, no attachment was observed during the 120 ms
recording, while bubble attachment happened under 100 ms on the hydrophobized glass. On a fine
bubble-frosted surface, bubble attachment occurred approximately five times faster at 20 ms. If
the coalescence time is significantly shorter than the reported bubble-particle attachment time (a

few milliseconds), mineral flotation can be enhanced.
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Figure 11: Designed bubble sliding experiment setup (a) to observe the induction time differences of the
attachment of a millimeter bubble on a clean glass surface, hydrophobized glass surface, and a fine bubble-

frosted glass surface (b). Extracted from (166).
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Extensive research has been done on bubble coalescence (179 — 184). These works revealed the
complex effect of hydrodynamics, surface deformation, and surface forces on bubble-bubble
interaction (Figure 12.a). For instance, the dynamic evolution of the thin liquid film trapped
between two millimeter-size bubbles was directly observed using the Scheludko cell (183), while
the time dependent forces between micrometer-size bubbles could be measured by AFM (179,
184). However, the experimental collision speeds were limited to below 0.1 mm/s. A new
experimental method called Dynamic Force Apparatus (DFA) (180), which allowed higher
collision speeds to mimic industrial operation conditions, was applied to achieve the simultaneous
measurements of interference fringes and interaction forces at bubble speeds on the order of 1
mm/s. The interference fringes provided the asymmetric variation of the thin film thickness with
time (179). In this experiment, the coalescence time between a micrometer surface bubble (30 -
700 um) and a large bubble (1.2 mm) was shown to be size-dependent (185). In other words,
shorter coalescence times were observed for surface bubbles < 100 um. This reinforces the faster
attachment of large flotation bubbles on bubble-frosted mineral surfaces and adds the importance
of fine bubbles to this process. However, those studies have a very fundamental basis and usually
use hydrophobized glass surfaces (166, 185). To this date, it appears that no study of bubble-bubble

interaction included the use of minerals as the solid substrate.

Overall, when two bubbles approach, a thin liquid film forms between them and starts to drain.
These processes culminate in the deformation of the large bubble due to hydrodynamic pressure,
disjoining pressure, and capillary forces (Figure 12.a) (179). As the drainage process evolves,
several other factors influence bubble-bubble coalescence, including viscous forces and the
bubble-liquid surface tension (Figure 12.a). Another important factor that reduces the drainage
velocity is the presence of reagents (immobile surface) as can be seen in Figure 12.d and Figure
12.e. Differences in the shear-stress at the solid-liquid interface due to the presence of surface
bubbles have also been discussed by Bremond et al. (105). Surface forces (disjoining pressure)
between both bubbles such as Van der Waals (VDW) forces and the electric double-layer (EDL)
forces also play a role in the coalescence process (Figure 12.b). However, for dynamic systems,
the EDL forces are often neglected (180) and the VDW forces are the major contribution, resulting

in both bubbles attraction.
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The presence of a surface fine bubble generates an excess of pressure inside the trapped liquid film
that adds to the disjoining pressure (Figure 12.c and Figure 12.¢). The smaller the surface bubble,
the higher the Laplace pressure which explains the faster film drainage with smaller bubbles (179)
compared to the case without surface bubbles (Figure 12.b and Figure 12.d). All these
assumptions are part of the Stokes-Reynolds-Young-Laplace (SRYL) model (179) and its
agreement with the experimental results provided by Liu et al. (185) validates it. A detailed

mathematical description can be consulted elsewhere (179, 186).

a | Large bubble deformation
Iydrodynamic pressure
Disjaining pressure

Liquid film drainage
Wisonsity
Bubble-liquid surface tension
i i Laplave pressure
Solid Surface fine bubble
g <]
T Large bubble Large bubble
\_/\/ \A\/
PR Disjoining —
Sm—
———— Disjoining I Pressures —eee Drainage velocity
i Pressure .
|

Surface fine bubble

Solid Solid
d e
| Large bubble Large bubble
W\/
+——— Disjoining g +———— Disjoining S—
e Pressure — T Pressures — Drainage velocity
p— —_— -— —_—

|

Solid

Figure 12: Schematic process of liquid drainage when a large air bubble approaches a solid surface
without (b) and with (c) a surface fine bubble, highlighting the main forces involved (a). Note that the
situations (d) and (e) refers to change in drainage velocity in case of immobile surfaces. Compiled from
(179, 186).
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2.7. Introduction to flotation gasses for producing conventional and fine bubbles

Regardless of gas type, the role of fine bubbles in enhancing flotation kinetics, especially for fine
minerals, has been a great part of mineral processing studies in recent decades. Fine bubbles can
bridge water and hydrophobic minerals which has been demonstrated by some studies. Zhang and
coworkers used a tapping mode AFM imaging to discover the thin nano-layer gas phase of about
5 — 80 nm produced at the interphase between a surface that is hydrophobic and water surface
(187). Using sum frequency vibrational spectroscopy (SFVS) and to support the AFM studies,
another study was able to demonstrate that the presence of water exclusion zone at the hydrophobic
silica surface (due to no hydrogen bonds) facilitates bubble attachment upon contact resulting to
film thinning and rupture (188). This means that fine bubbles promote its interaction with a
hydrophobic surface via van der Waals forces, thereby acting as a bridge for improved bubble
attachment and flotation recovery. Thus, formation of a bubble-particle attachment in the flotation
process is when there is thin liquid film rupture at the surface of the hydrophobic mineral and a
three-phase contact line begins to form and develop (16). In terms of producing fine bubbles,
carbon dioxide readily dissolves and generates finer bubbles than other gases used in mineral

processing such nitrogen gas, oxygen and in most cases, air (9 — 11).

Aside from improved solubility and ability to produce finer bubbles, there are other reasons why
carbon dioxide is being considered as a better alternative to conventional gases (like air and
nitrogen) used in mineral processing. Due to different species of CO> gas present when dissolved
in water, they can interact with divalent cations in ore suspensions and reduce their negative
impacts (189). At the same time, CO> can be permanently stored in mineral form as carbonates, a
strategy to mitigate GHG emissions.!” Divalent cations usually present in process waters promote
the slime-coating of valuable minerals and negatively impacts their recovery, for example, the
presence of Ca*" in solution reduces phosphate concentrate (18, 189). Divalent cations (Ca*" and
Mg?*") are reported to have a detrimental effect on the separation and rheology of ultramafic nickel
ores under ordinary conditions (i.e. with air as a flotation gas) (190 — 192). Therefore, addressing
the issue of high slurry viscosity and slime-coating of valuable minerals contributed by these
divalent cations can be achieved when COz is introduced as an alternative gas, specifically in the
flotation system. Application of CO; to achieve these benefits requires fundamental understanding

of CO: properties and interactions with mineral surfaces.
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2.7.1. CO2 unique characteristics as a flotation gas

As repeatedly mentioned, one of the distinguishing properties of CO> compared to other gasses
applied in flotation systems is its enhanced solubility (9 — 11). Table 2 shows the solubility of
different gasses dissolved in 100 mg of water at 20 °C and 1 atm total pressure of the solution
(193). It is evident that the solubility of carbon dioxide is higher than other gasses like nitrogen
used in mineral processing. Certain interactions contribute to higher solubility of CO, compared
to other gasses used in flotation systems. Carbon dioxide has a partial polarization due to its oxygen
atom with partial negative charge and readily reacts more with water molecules which also possess

partial charge (194).

Table 2: Solubility of gasses (g) dissolved in 100 g of water at 1 atm and 293 K. Modified from (193).

Gas Solubility
Carbon dioxide 0.0169
Nitrogen 0.0019
Oxygen 0.0043

The solubility of CO> gas in water is about 20 times greater than that of air in water, and the amount
of dissolved CO; depend on the conditions of the system (9). For example, the solubility of CO»
gas and the production of CO> bubbles for froth flotation would depend on the type of bubble
generation system, concentration, types of reagents, pH, pressure, temperature etc., (Table 1). To
maintain the use of dissolved CO», certain conditions promoting its solubility in water should be
employed and the other unfavorable conditions should be avoided. For instance, increasing the
temperature of a system with dissolved gasses increases the mobility of the molecules and thus,
forces the gas molecules to escape instead of remaining in the solution (10). This decreases the
solubility of CO; in water. In a chemical equilibrium state, increasing the concentration of carbonic
acid will also cause an increase in CO2 gas (194). Whereas, increasing the pressure of CO> gas will
increase COz solubility and produce more carbonic acid which is an interpretation of Henry’s law
on partial pressure and solubility of gasses (194). CO> has high partial pressure which increases

its solubility in water.!® Having higher gas solubility enhances the production of finer bubbles
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required for processing fine mineral particles (10, 11). The equation that expresses the solubility

of CO» in water is given by Equation 19 (194).
CO2 @ +H20 —  H20C03(@aq (19)

At any given condition, there are different species of CO2 which are in equilibrium with each other.
Carbonic acid is initially formed as a result of the interaction between CO» and water, which then
creates room for more COx> to dissolve as defined by Le Chatelier’s principle (194). At neutral pH,
carbonic acid is deprotonated and is in further equilibrium with bicarbonate which is also in
equilibrium with carbonate at higher pH (Figure 13) (23, 194). Thus, the ability of CO: to form
different species is another distinguishing feature from other flotation gases. The complete

equilibrium is given as (Equations 20 - 22) (194)

CO2@+H20 —  H20C03(@aq (20)
H2C03 —» HCOsz + H* (21)
HCO3» — CO3% +H* (22)

As already mentioned, temperature changes have a huge effect on the solubility of any gas (195),
and this has been demonstrated in a recent study (10). They identified an optimum saturation
temperature of 4 — 7 °C which caused more CO; saturation in the deionized water and rapid
increase in flotation recoveries to over 85% in 10 s. As the temperature increased to more than
30 °C, the recovery largely reduced to less than 60% in 120 s. CO> gas has high entropy and by
increasing the temperature, its equilibrium is shifted towards the free CO2 (196). Thus, to consider

its carbonation application, optimum parameters values like the temperature need to be understood.
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Figure 13: Species of CO; in water at different pH values. Extracted from (23).

It was also shown that CO» gas phase has a long life which can be attributed to the fact that CO-
average density is close to the atmospheric pressure (187). Through different experimental
procedures (IR, optical images, and AFM) with the same conditions, they demonstrated that stable
nanoscale gas bubbles are present at hydrophobic interfaces of methylated silica spheres and water.
The CO> bubbles had a large radius of curvature R (approximately 4 pm), which is a condition
required to maintain a stable bubble (197) and are not under high pressure. This is because highly
curved bubbles with a small radius of curvature of between 10 nm and 100 nm have high LaPlace

pressure resulting in a shorter lifetime (1 to 100 ps) or faster collapse (198).

2.7.2. Differentiating CO2 from other gasses using surface studies or interactions with

mineral surfaces

Bubble attachment studies can be used to differentiate CO; and other gases. Bubble attachment
time in CO; saturated solutions is shorter when compared to other gasses, in N> saturated solution
for example (16). A gas bubble having a shorter attachment time (usually less than 20 ms) with a

mineral particle or surface indicates that there is strong affinity between them which translates to
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good flotation recovery and vice versa for bubble attachment time of 20 ms and above (199).
Attachment studies revealed that the bubble attachment time in CO> saturated solution with pyrite
particles is about 5 ms, while an attachment time of 30 ms was recorded for N> saturated solution
(16). Surface areca and bubble attachment measurements on coal surfaces indicated that carbon
dioxide exhibits a high adsorption potential and thus, higher surface areas than nitrogen and air
(17). The attachment time for these CO> bubbles was found to be about five times shorter than that
of air and nitrogen, which translates to the ability of CO; bubbles to further improve film rupture
and formation of three-phase contact line. This re-emphasizes the strong affinity of carbon dioxide

on hydrophobic mineral surfaces.

In another study, saturating the solution with COz prior to nitrogen flotation, produced fine bubbles
which nucleated on the hydrophobic surface of pyrite that has been treated ultrasonically, thereby
enhancing attachment of the pyrite particle-N> bubble, promoting pyrite particle-particle
aggregation, and generally improving flotation recoveries (10). The bubble attachment time was
less than 10 ms for over 80% successful attachment. Similarly, Snoswell and coworkers performed
experiments to demonstrate the formation or nucleation of CO; nanobubbles at the relatively
hydrophobic fresh pyrite surface as soon as the CO: saturated solution encounters the pyrite
surface (11). This resulted in short bubble attachment time and more attractive behaviour between
the particles. In comparison to the nitrogen-saturated coal surface which exhibited poor bubbles
nucleation, CO»-treated coal surface showed an enhanced bubbles nucleation and growth (17). As
demonstrated by Vaziri Hassas and coworkers, CO; bubbles have also shown to possess higher
elasticity because the bubbles showed elongation behaviour after collision and attachment with the
mineral particles (16). An explanation given was that part of kinetic energy is utilized in surface
deformation for the so-called elastic CO> bubbles, thereby reducing the probability of the bubbles

to bounce back after collision.

Surface charge experiments have indicated that CO2 bubbles have negative zeta potential which
explains their attachments to hydrophobic mineral surfaces and their ability to improve
hydrophobicity on some oxidized mineral surfaces (24). Contact angle measurement with a
goniometer on coal surfaces revealed a higher contact angle of more than 45° for CO> bubbles,
while that of nitrogen and air were below 40° (17). When the contact angle of different gases was

simulated on pyrite surface using Molecular Dynamic Simulations, it was observed that CO»
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bubbles exhibited approximately 180° and N> bubbles formed a hemispherical shape with an angle
of 90° (16). This means that CO; bubbles are more hydrophobic and would enhance hydrophobic
interactions with valuable minerals. Measuring CO2 and N> bubble sizes generated by the same
method revealed that the CO» bubbles were < 20 um up to 1 mm, while that of N> bubbles were
larger (more than 1 mm). Finer bubbles are necessary to enhance fine mineral recovery by
increasing their attachment, aggregation, and floatability. Hence, application of carbon dioxide as
a flotation gas would be beneficial in processing low-grade ores that require fine grinding to

liberate fine valuable minerals.

Therefore, enhanced solubility of CO; is important to phenomena such as hydrophobicity of
mineral surfaces. As already indicated, CO: dissolves readily in water and can form fine bubbles
more than most gasses (10, 11). Fine bubbles enhance flotation kinetics by promoting aggregation
of fine mineral particles (7, 8), and by depositing on the surface of mineral particles which
increases mineral hydrophobicity. Gaseous CO2 shown as a rotational fine structure from the
infrared spectrum measurements in an attenuated total internal reflection (ATR) setup, are present
at the interface of hydrophobic particles like the methylated silica spheres dispersed in aqueous
10* M solution at pH 5.6 (187), forming tiny submicron bubbles at the surface and enhancing
aggregation of the silica particles (200). As summarized in a previous study, the formation of fine
bubbles on the surface of hydrophobic particles enhances the interaction between the mineral
particles, which also increases the aggregation kinetics as the CO» concentration increases (201).
As CO; is continuously adsorbed on hydrophobic surfaces or sites, nucleation, and diffusion of
COz nanobubbles bubbles follows immediately at those sites, and they continue to grow and spread

on these hydrophobic surfaces thereby enhancing their aggregation (97, 195, 202).

Understanding these unique properties of CO2 and their interactions with mineral surfaces
explained in these two sections (2.7.1. CO2 unique characteristics as a flotation gas and 2.7.2.
Differentiating CO2 from other gasses using surface studies or interactions with mineral surfaces)
are important in establishing their application in mineral processing or mining operations. These
properties are summarized as: increased solubility leading to fine bubbles generation, ability to
form different species and act as a buffer, long life, and enhancing mineral hydrophobicity,

attachment, and aggregation.
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2.8. Application of CO: in the mining industry

CO; has been applied in some mining related or research settings for different purposes including
in flotation systems for the processing of minerals and treatment of wastewater. It has also been
applied in many other ways such as in tailings management or its storage in geological units as a

carbon capture strategy. These applications of CO; are explored in this section.
2.8.1. The use of CO: in mineral processing and in wastewater treatment

The use of COz as a flotation gas has been reported in some literature for the recovery of different
minerals. Researchers have identified many ways in which CO> can be beneficial which include
acting as a pH modifier (20, 21), functioning as a depressant (18, 19), or simply being used as a
flotation gas (15, 16). Table 3 summarized some applications of CO; in flotation systems. In an
experiment to investigate CO; attachment at pyrite surfaces in the absence of a collector (the effect
of CO; on the flotation of pyrite), it was reported that the formation of CO; nanobubbles at the
surface of the pyrite improved the flotation recovery of pyrite (16). However, flotation was
impacted at alkaline pH values even after sonication treatment due to stabilization of hydroxide
species on the pyrite mineral surface which reduced the hydrophobicity of pyrite and the ability of
the CO2 bubbles to attach to them. Poor flotation recoveries at high pH values when carbon dioxide
is used remains an area to be addressed in mineral processing. Another study reported improved
coal recovery by floating with CO» than with air or nitrogen gas (17). They revealed that CO»
indicated a high adsorption potential by having larger surface areas on coal surfaces than air and
nitrogen as was observed from surface area measurements. Bubble attachment time also revealed
a much less time of 20 ms for CO,, as well as development of bubbles and nucleation on CO»-
saturated coal surface. These observations indicated increased film rupture in CO»-assisted
flotation necessary for improved recovery which was also observed in the previous study of pyrite

flotation experiments.

The use of COz in coal flotation provides an advantage of processing of oxidized and finely ground

coal particles (17). They demonstrated that even without addition of a collector and a filtration
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stage, subjecting coal particles to CO; conditioning and flotation yielded a far better recovery plus

a reduced ash content than air-assisted coal flotation.

CO; can also act as a pH modifier. Klein and Pawlik defined a pH modifier as a dissolved inorganic
ion that has the capability of acting as either a dispersant or a coagulant (203). They explained
that for coagulation to occur, it means that zeta potential is zero at a certain pH called isoelectric
point. Whereas dispersion or electrostatic repulsion occurs by increasing or decreasing the zeta
potential from point zero. Thus, it is important to understand what the intended use of COx is at
any given time and in any given system. In a two-stage flotation process of siliceous carbonate
phosphate ore for example, CO, was used as pH modifier to concentrate apatite, specifically to
float calcite/dolomite followed by apatite flotation with other additives (18). In this case, CO2 was

used as an apatite depressant.

Table 3: CO; application in mineral processing and wastewater treatment.

Material Function Flotation pH Findings Reference

CO; flotation was better than air
flotation at low gas dissolution/
conditioning pressure.

. Dewatering was improved b
Waste activated g P y

sludge (WAS) flotation gas 6.7t0 7.1 increasing the concentration of (9,207)

the WAS by 7 - 10 times.
Average diameter size of the CO,

bubbles is between 150 - 250
micron.

Initial stage flotation of
calcite/dolomite, then apatite

Siliceous . .
. flotation with corn starch as
carbonate pH modifier - . (20)
hosphate ore depressant and a combination of
pRosp fatty acid soaps and

sulphosuccinate as collectors.

Direct apatite flotation with corn
Carbonate

H lat - tarch t 21
phosphate ore pH regulator starch as depressant and (21)

sulphosuccinate as collector.

The first stage flotation, CO»,

was used in a mixture with
Carbonaceous .
coconut soap to collect calcite

. 18,1
and depress apatite. (18,19)

uranium- depressant 8 approx.

hosphat
phosphate ore The next stage involved apatite

flotation with sulphosucinnate as
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the collector and cornstarch as
depressant.

Carbonaceous
uranium-
phosphate ore

flotation gas

8.5

Bench scale calcite flotation with
coconut fatty acid as a depressant
and CO; was injected through the
bubble generation system to
concentrate apatite.

(15)

Pyrite minerals

flotation gas

CO; functioned as a collector
when bubbled and led to the
formation of CO, nanobubbles at
the surface of the pyrite improved
the flotation recovery of pyrite.
As the pH (6 and 10) increased,
the flotation recovery of pyrite
reduced.

(10, 16, 24)

Coal

flotation gas

There was shorter attachment
time, bubbles development and
nucleation on CO,-saturated coal
surface, resulting in improved
coal flotation as compared to air
and nitrogen.

17)

Sphalerite

Pre-
condition/pre-
saturation via

HIC

Increased CO; solubility and fine
CO; bubbles which resulted to
enhanced aggregation and
flotation kinetics

(22)

Ultramafic
nickel ores

For pre-
condition/pre-
saturation

10.1

Enhanced nickel recovery and
grade while suppressing the
gangue mineral recovery.
CO; was simultaneously captured
as magnesium and calcium
carbonates.

(23)

In the first step of realizing carbon storage and improving nickel recovery from ultramafic ores,
Wani and coworkers have been able to demonstrate that conditioning of the flotation pulp with
COgz prior to air flotation suppressed recovery of the gangue MgO material, thus reducing viscosity
and yield stress, improved nickel grade and recovery, and captured CO: in the form of MgCO3 and
CaCO3 (23). The study has therefore provided a strong background for the potential use of CO> in
mineral processing operations and specifically, its potential use as a flotation gas in processing
ultramafic ores. Another important information obtained from this study is that pre-conditioning

with CO» at pH 10.1 should also make flotation at pH 10.1 possible, which is the optimal flotation
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pH for nickel recovery (204). Thus, a combination of pre-conditioning with CO> and its use as a
flotation gas can improve the overall process of nickel recovery and increase storage of CO; in the
form of MgCO3 and CaCOs. This promising method will contribute to mitigating climate change
effects caused by carbon emissions from mining and mineral processing operations. It will also

provide a new idea for mining companies to capture emitted CO» from their processes.

Interestingly, the use of CO» for both precondition and as bubbles has been attempted to float
pyrite samples in a different study (24). They found out that the fresh pyrite samples were
recovered at both acidic and alkaline conditions even when the froth stability was negatively
impacted at pH 10. They argued that the reason for pyrite recovery at pH 10 (with poor froth phase)
can be linked to the nucleation and growth of CO fine bubbles on pyrite surfaces which increased
the hydrophobicity of pyrite particles and promoted bubble-particle attachment. Thus,
investigations at different pH values exhibited different flotation behaviours when CO» was used
to float some sulphide minerals. CO- flotation of pyrite at pH 3, pH 6, and pH 10 revealed that the
repulsive interaction between pyrite particle and pyrite surface increased as the pH increases (16).
A similar result was confirmed by Ozun et al. (10) where at high pH values, the CO» flotation of
pyrite is impacted due reappearance of oxidized mineral surface even after sonication treatment.
The sonication of the pyrite was only able to maintain a hydrophobic surface at a low pH (pH 3)
regardless of the treatment time. Longer sonication time above 60 mins even impacted recovery
negatively at this pH. It was observed in their study that there was strong buffering capacity of
CO, saturation at pH 4, meaning that a huge amount of basic solutions is required to attain higher
pH values. The implication is that at basic pH values, CO: flotation can be affected. This supports
a previous study, where they reported that the resulting effect of increasing pH is high oxidation
of the pyrite surface, thereby increasing the hydrophilicity (or reducing the hydrophobicity) of the
pyrite surface (205).

In a study carried out by Tabor and coworkers, they summarized that at below pH 6 or an acidic
pH, CO2 nanobubbles are more stable, while the carbonic acid (H.CO3) and bicarbonate (HCO3 ™)
species dominate at higher pH values (206). Thus, more studies are needed to understand the
behaviour of CO; at alkaline conditions as some sulphide minerals are floated better at pH above
6. Poor froth stability and decreased flotation recoveries for COz-assisted flotation at pH 10 has

been a common issue for researchers and more studies are required to fill this gap. However, CO>
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flotation at pH 10.1 remains to be explored for ultramafic ores and this thesis is aimed at

investigating that.

Although CO; already produces smaller sized bubbles than other flotation gases, certain methods
can be used to enhance the production of CO; fine bubbles or other gasses bubbles which have
been discussed in Section 2.6. Fine bubble assisted flotation and Table 1. Studies have employed
high intensity conditioning (HIC) through hydrodynamic cavitation to produce smaller air bubbles
(22, 84). Through hydrodynamic cavitation, HIC can produce small size bubbles when a gas
dissolves in water. Since the poor solubility of air in water under ambient conditions does not
improve flotation of fine particles by hydrodynamic cavitation, the higher solubility of CO2 makes
it more suitable for saturation prior to HIC providing a better hydrodynamic cavitation. In essence,
the CO; option will produce more smaller bubbles thereby promoting fine particle aggregation. In
their experiment, they showed that saturation of the slurry with CO; addresses the limitation of use
of air as a saturation gas. Therefore, an increased solubility of CO; resulted in a more efficient
aggregation and enhanced flotation of fine sphalerite. A smaller bubble size, and higher collected

gas volume was also observed for COx.
2.8.2 Application of CO:z: in tailings management or for decarbonization purposes.

Studies have explored ways to remove carbon dioxide from the atmosphere, process or make them
less harmful. For example, a laboratory-scale study used ultrasonic bathing and excitation reaction
with a flotation cell to promote the dissociation of CO; gas into a harmless form (C + O2) using
copper catalyst, as well as demonstrating the ability of monoethanolamine to absorb CO> gas when
excited (208). In the mineral processing and mining industries, CCUS technologies are rapidly
progressing. For instance, direct carbonation of many fly ash or coal tailings in coal power plants
1s now considered as studies have shown it is feasible, due to the high CO, adsorption capabilities
of these materials (209). The studies showed that the fly ash contains oxides of calcium and
magnesium which are able to fix CO> forming calcium and magnesium carbonates respectively as
shown in equation 5 and 6 respectively (194, 210, 211). This provides a stable mineral carbonation
process. Hence, the consideration for the direct carbonation of geological formation due to

presence of oxides calcium and magnesium in silicate minerals distributed worldwide.
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Ca?+ +C032- - (CaCOs3 (23)
Mg?+ + CO3% — MgCO; (24)

A big advantage of mineral carbon storage in a chemical process like this is that they are
thermodynamically stable and they possess the ability to bring about carbon neutrality (196). This
is because there are abundant oxides of calcium and magnesium in silicate minerals that easily
react and bind to CO; under ambient conditions like those found in ultramafic nickel deposits
(serpentine, Mg3Si205(OH)4) in the earth’s mantle (212). The thermodynamic stability also
minimizes the risk of accidental release of CO2 because this carbonation reaction is not easily
reversed, and the CO; is not kept in free phase. The GHG emission contribution from mining
operations can be completely addressed if these deposits with oxides of calcium and magnesium
are optimized for absorbing and storing carbon. Similarly in the oil industry, a decarbonization
approach referred as CO; enhance oil recovery is being used to simultaneously store carbon and
recover oil (213), due to similar composition found in those oil deposits. To fix CO; released from
burning one ton or carbon will require 3.3 of MgO (equivalent to 4.7 t of CaO). Thus, Lackner and
coworkers summarized several considerations for mineral carbonation (196). They include: (a)
direct carbonation of ground mineral samples in a gas-solid reaction process; (b) carbonation of
oxides/ hydroxides of calcium and magnesium; (c) carbonation of Mg(OH); in a non-aqueous
environment under high pressure; (d) carbonation of Mg(OH): in a aqueous environment at low
temperatures; and (e) Using high temperatures to directly inject CO> into underground reservoirs
that contain calcium bearing minerals. One of these considerations can be employed when

designing carbonation strategies for tailings or waste rocks.

Interestingly, ultramafic nickel ores contain oxides of magnesium which makes them suitable for
carbon storage opportunities. By using CO; as a flotation gas in processing ultramafic nickel ores,
such opportunities can be explored simultaneously with flotation benefits. Ultramafic nickel ores
and how CO: flotation can be used to enhance nickel recovery are discussed in the following

section.
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2.9. The complexity of nickel bearing minerals and the role of COz bubbles.

Nickel containing ores such as ultramafic nickel ores are distributed at several locations worldwide.
Due to the high content of serpentine (> 50 wt.%) and low content of pentlandite (< 5 wt.%) (214),
found in the Thompson Nickel Belt located in the Manitoba province of Canada (6, 215, 216),
extraction of nickel from this ore and other ultramafic ores poses a difficult task. Although it
possesses the alkalinity property needed to store CO., serpentine (Mg3Si>2Os(OH)a4) is an unwanted
phyllosilicate mineral in this ore which negatively influences processing of ultramafic nickel ores
and recovery of nickel (190). Serpentine comprises of an octahedral brucite (Mg(OH)2) sheet
(Mg(OH),) and a tetrahedral silica (SiO2) sheet in a 1:1 arrangement and are joined by van der
Waals forces (214). There are three polymorphs of serpentine in the form of fibrous chrysotile,
corrugated antigorite, and platy lizardite (23). Due to these different polymorphs, they can form
long/tiny fiber networks that increase slurry viscosity, a fiber-bubble aggregate to be collected in
the concentrate, or contribute to yield stress issues (191, 217, 218). Thus, besides the problem of
ultramafic ore being a low-grade ore source for nickel, there is an issue of slime coating of the
valuable pentlandite mineral by serpentine due to fine grinding required to release the valuable
mineral, which increases the production of serpentine slimes (23). Under the normal flotation pH
(alkaline conditions) for sulphide minerals, serpentine’s surface is positively charged due to the
presence of the magnesium cations (Mg?") (14), which further increases slime-coating of valuable

minerals.

Slime coating of the pentlandite mineral can be contributed by both Mg** from the serpentine
mineral, and Ca** from recycled process water where lime is used as pH modifier (23). Slime
coating of valuable minerals by slimes has been a repeated occurrence in the industry over the
years. As such, several works using different methods have been carried out to mitigate the slime
effect. Yu et al. (219) reviewed and summarized some of the methods used to reduce slime coating
of valuable minerals in froth flotation. They broadly classified them into chemical and physical
means. Chemical methods include the use of dispersant and clay binder, while physical methods
include high intensity conditioning (HIC), desliming before flotation, ultrasonic treatment, and
addition of another mineral. They emphasized more on HIC because it was found to enhance
flotation not just by reducing slime coating, but also by facilitating the diffusion of soluble

collectors and particle collision with oily collectors. Thereby, concluding that the physical methods
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are more effective. CO, will produce finer bubbles than other gases when combined with HIC
because of higher solubility of CO> gas. Some other techniques to improve flotation of ultramafic
nickel ore have also been reported. Uddin et al. (220) reported the use of sulphuric acid and
mechanical treatment to improve MgO-pentlandite separation and nickel recovery. However, high
costs of acids and new equipment to withstand acid attack becomes a problem. They also reported
that some of the nickel is lost to solution. In an experiment performed by Yang and coworkers,
they used vinylimidazole polystyrene nanoparticles as a collector to selectively adsorb onto
pentlandite surfaces, by binding nickel ions to imidazole groups, thereby improving flotation of
ultramafic nickel ores (216). A major issue reported by the author is the high dosage requirement
of this collector making it very expensive. Other pre-treatment methods like microwave heating
have been reported to reduce ore yield stress and slurry viscosity of ultramafic suspensions, thereby
converting serpentine to olivine (a non-problematic mineral in ultramafic nickel ore processing)
(190, 214). However, these methods even though they helped in treating serpentine, they have not
been fully demonstrated to effectively improve flotation of pentlandite. The success from the use
of NaCO;3 as both a dispersant and pH modifier as reported by Gibson et al. (145), highlighted the

potential use of CO as a flotation gas.

In addition, addressing the issue of poor flotation kinetics of low-grade ores like the ultramafic
nickel ores have also been demonstrated by other studies and they include the reduction of bubble
sizes by dissolved air flotation (221), electroflotation (222), oscillatory air supply (223) and
hydrodynamic cavitation (224), the increase of apparent size of particles by flocculation and
hydrophobic aggregation (225, 226), and the intensification of particle collisions via turbulent
flotation (62). As has been clearly demonstrated in the preceding sections, the use of fine bubbles
can be applied as a desliming strategy to improve fine mineral flotation. Studies have shown that
the addition of fine bubbles promotes improvements in fine mineral flotation recovery by
enhancing fine particle aggregation (7, 8), but the “dispersing or desliming” ability of these fine
bubbles is not fully investigated. In a high shear environment, Ross et al. (12) indicated that
bubbling the system with fine air bubbles at high shear and dissipation rates could enhance the
removal of oxidized layers and slimes from the minerals’ surfaces, thereby improving the flotation
kinetics. Due to the higher solubility of CO2 gas and its ability to produce fine bubbles than other
gases used in mineral processing (9 — 11), it provides a better alternative to processing ultramafic

nickel ores. CO» bubbles will assist in desliming pentlandite surface by precipitating magnesium
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cations as mineral carbonates as well as increasing the aggregation, hydrophobicity, and

floatability of pentlandite minerals

As pointed out by Chipakwe et al. (89), use of fine bubbles in combination with flotation reagents
can further help to float valuable minerals. Complex ores such as ultramafic nickel ores therefore
require special treatments with modifiers to target serpentine, rendering them more hydrophilic
and facilitating improved recovery of nickel minerals. A special serpentine depressant called

sodium tripolyphosphate (STPP) is explored further in the next section.

2.10. STPP reagent and its role in addressing the complexity of nickel bearing

minerals.

STPP (NasP3010) possess the ability to adsorb on serpentine’s surface and trigger the dissolution
of magnesium cations, thereby changing the charge from positive to a negative charge to reduce
its slime coating on valuable sulphide minerals (14). Sodium tripolyphosphate, STPP also known
as triphosphate (V) pentasodium, is an inorganic compound with wide applications such as in
ceramics production, component of both household and industrial cleaning substance, as well as
present in many food substances of animals and humans (14, 227 — 238). It has also been used to
enhance anti-corrosive performance of waterborne epoxy coatings (228). From its name, STPP is

a sodium containing compound with three phosphate groups with five sodium (Figure 14).

O- Na*

Figure 14: Structure of Sodium Tripolyphosphate. Drawn from (14, 235).

It is an amorphous linear polyphosphate molecule and due its Na;POy at each end of the molecular

structure, it dissolves quickly in water (14, 227, 231). Early studies pointed out the complexing
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abilities of phosphates towards magnesium and calcium cations (236), and a more recent study by
Chen and co-workers demonstrated the ability of a trisodium phosphate (Naz;POs) to complex
magnesium cations which subsequently improved the flotation of pyrite (238). STPP is one of such
phosphate compounds that has also been employed to chelate these divalent cations in many
mineral processing applications. Table 4 below summarizes some applications of STPP in mineral

processing where it has mostly been used as a depressant in the flotation of Ca-bearing minerals.

Table 4. Application of STPP in mineral processing

Mineral or non-mineral system Function Reference
Pyrite-serpentine serpentine depressant (14)
Yttria-stabilized zirconia suspension dispersant (230)
Skim milk powder (SMP) dispersant (232)
Magnesite-calcite calcite depressant or inhibitor (233)
Scheelite-calcite calcite depressant or inhibitor (234)
Magnesite-dolomite depressant (235)

STPP can interact and form complexes with or chelate calcium ions (232) and magnesium ions
(14), thereby reversing the surface charge on the divalent cations bearing gangue minerals. By
promoting surface charge reversal of the gangue minerals, their electrostatic interactions with
valuable minerals are decreased and the floatability of the valuable minerals is enhanced.
According to Li and coworkers, STPP has an enhanced efficiency to depress serpentine than other
known serpentine depressants like sodium hexametaphosphate (SHMP) due to the increased
capability of the ring phosphate groups to chelate magnesium ions on serpentine surfaces (14).
They also highlighted that STPP are not easily decomposable and in their results, they
demonstrated that STPP depresses more serpentine than other serpentine depressants like SHMP
and citric acid (CA) under similar conditions, thereby achieving better flotation benefits.
Interestingly, the improved flotation recovery and faster flotation rate obtained in the study was
achieved at lower STPP concentration (25 mg/L) when compared to the other depressants’
concentrations (CA-40 mg/L and SHMP-60 mg/L) (14). Upon interaction with STPP, the

magnesium cations present on the surface of serpentine minerals can be chelated with the oxygen
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anion present in STPP, thereby leading to the formation of a P-O-Mg type of bonding (14). This
implies that when STPP is adsorbed onto serpentine surfaces, it reduces the interaction between
serpentine and pentlandite minerals, and subsequently increases the amount of free pentlandite that

reports to the froth.
2.11. Summary and next steps

The recovery of fine particles by froth flotation poses complex challenges. A lot of work has been
done in the last two decades, especially in the last five years as highlighted in Section 2.1.
Introduction to mineral processing and froth flotation to 2.2. Principles of froth flotation. The use
of fine bubbles is one of the factors that could help boost mineral recoveries but some of its
mechanisms of action are still unknown. For that reason, this literature review attempted to “bridge”
fundamental research about fine bubbles with some aspects that could influence froth flotation

while, in parallel, identified potential future research.

A description of the main forces present during the interaction of a falling particle and a rising
bubbles is provided in Section 2.3. Flotation mechanism followed by a discussion about the
characteristics of mineral particles and bubbles that affect the collision and attachment sub-
processes. Overall, the probability of collision increases when bubble size decreases. The
attachment probability is also higher for smaller bubbles due to a faster establishment of a wetting
perimeter. However, research focusing on particle-bubble collision and attachment in the presence
of reagents (e.g., frothers and collectors) is still necessary since bubble surface mobility may

become an essential factor when bubble size decreases.

As bubble characteristics are considered key in this literature review, the process of formation of
bulk and surface bubbles is outlined in Section 2.4. Fine bubbles in froth flotation considering the
classic nucleation theory. The presence of pre-gas cavities and particles assist with bubble
cavitation by decreasing the energy barrier and demand for dissolved gas. In terms of froth flotation,
the goal is to generate surface fine bubbles on target fine mineral surfaces that could promote their
aggregation, increasing the chances of collision with larger bubbles. The presence of surface fine
bubbles also promotes a faster rupture of the thin liquid film with a conventional bubble due to

bubble-bubble coalescence as has been recently proven (see Section 2.4.2. On the stability of
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surface and bulk nanobubbles). The smaller the surface bubble, the faster is the attachment to a
larger bubble. Factors that alter the bubble properties with special attention to different frothers
and electrolyte species were discussed in Section 2.5. Chemical factors affecting bubble
properties. Fine bubble assisted flotation was then introduced into the subsequent section (Section
2.6. Fine bubble assisted flotation) demonstrating all the flotation benefits achieved by employing
fine bubbles. In that context, the literature review then explored the use of CO> as a flotation gas
because of its many unique properties including acting as a pH modifier, enhanced hydrophobicity,
increased solubility and the ability to produce finer bubbles (sections 2.7. Introduction to flotation
gasses for producing conventional and fine bubbles to 2.9. The complexity of nickel bearing

minerals and the role of CO2 bubbles.).

However, using the fine bubble assisted approach regardless of the gas type, performance issues
with selectivity in real ores may be a reality as penalties in concentrate grades were observed due
to higher overall mass recovery. One of the reasons could be the poor understanding of surface
bubble nucleation and/or bulk bubble adsorption on mineral particles. For instance, it is completely
unclear if surface nucleation is a function of surface hydrophobicity only or also surface roughness.
Questions such as “What would rule fine bubble selectivity in a more complex environment?” still
remain, hindering the development of more efficient flotation systems. Some additional topics to

be addressed are listed below but are not limited to them:

1. The effect of different physicochemical properties of mineral surfaces on selective
aggregation using fine bubbles is still required.

2. It would also be beneficial to explore the stability of the froth phase in a CO»-assisted
flotation system (especially with respect to different frothers), as this will further enhance
recovery of valuable minerals.

3. While fundamental stability studies seem to focus on justifying their existence, for froth
flotation, to know how stable they are under different conditions (e.g., shear and reagents)
would be relevant.

4. Investigating the effect of fine bubbles characteristics (type, composition and generation
strategy) on the slime coating removal on valuable mineral’s surface.

5. It may also be beneficial to study functionalization of bubbles to increase their selectivity

for valuable minerals.
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Many of these fundamental studies are still required to properly understand fine bubble or CO»
assisted flotation. By understanding these fundamentals, it will increase their wide acceptance in
the mining industry and the subsequent commercialization of these technologies. Despite all
challenges and research gaps, fine bubbles assisted flotation is undoubtedly a crucial technology
in the context of froth flotation of fine and low-grade ores. Because of its ability to produce finer
bubbles than other gasses, CO; assisted flotation even presents an added advantage in terms of
improving hydrophobicity and recovering more valuable minerals. It has been used for pre-
saturation (on in the conditioning stage) as well as a flotation gas for a variety of ores. In a
pentlandite-serpentine mineral system, CO2 gas has never been used as a flotation gas but has only
been used to condition the mineral suspension and has shown to enhance pentlandite recovery.
This opens the possibility to further explore the use of CO: gas in improving recovery in
serpentine-pentlandite mineral systems or in ultramafic nickel ores. Thus, a combination of pre-
conditioning with CO> and its use as a flotation gas can improve the overall process of nickel
recovery and increase storage of COz in the form of MgCO3 and CaCOs. It was also established
that using STPP as a serpentine depressant would go a long way and further increase the flotation
recoveries of pentlandite (Section 2.10. STPP reagent and its role in addressing the complexity of
nickel bearing minerals.). Since this modifier has never been tested for a serpentine-pentlandite
mineral system or in ultramafic nickel ores, it serves as a novel reagent to be employed in this

study.

Therefore, it would be interesting to explore the use of STPP in a pentlandite-serpentine system as
a serpentine depressant, and the use of CO; as a flotation gas. The following experimental study
highlights the valuable mineral recovery and gangue mineral suppressive capabilities of both CO»
and STPP by performing zeta potential measurements, flotation tests, and XPS analyses. The

methodology and results are presented in the subsequent sections.
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3. Materials and Methods

3.1. Materials
3.1.1. Ore samples

The mineral samples used in this research were obtained as separate minerals from various
companies (Table 5). Pentlandite was obtained from the Vale Voisey’s bay operations, and the
serpentine samples were supplied by FPX Nickel from their Baptiste deposit in British Columbia,
Canada. Brucite samples were obtained from Fengcheng City Hequi Brucite Mining CO., Ltd.,
while silica samples were purchased from US Silica. Further size reduction of the samples
(pentlandite and serpentine) involved crushing and pulverizing using a bb 200 jaw crusher and a
dm 200-disc mill. Further classification was necessary to produce mineral samples in the range
required for specific tests. The milled samples were then classified using the Ro-Tap method to
obtain -38 pm samples used for flotation tests and XPS measurements. The particle size chosen
for flotation tests was because they partly fall within the optimum size range of 20 to 300 um for
flotation (33 — 36). This was also to mimic similar size ranges studied by Senior and co-workers,
where they demonstrated that pentlandite samples of -2 um had poor floatability (< 40%), that of
- 10 pm had flotation recoveries of < 60%, and pentlandite sample sizes ranging from 15 to 80 um
were nearly recovered (58). Since the chosen feed size of -38 pum is not optimal, flotation
recoveries under normal conditions (air flotation) should be impacted, and it would make sense to

test the effects of STPP and CO> with this particular feed size.

The -38 um powdered mineral samples were further reduced with mortar and pestle to obtain less
than 2 pm particle sizes required for zeta potential measurements. To remove possible surface
oxidation of the pentlandite samples, the samples were washed in 0.1 m hydrochloric acid (HCI)
solution for about 6 h, rinsed with deionized (DI) water, freeze-dried for 48 h, and was stored in a
-80 °C freezer prior to experiments. Mineralogical characterization of samples was performed by
X-ray diffraction (XRD) with a Bruker D8 Discover diffraction system at 2theta range of 5 and 80
degrees, 0.05 step size and 3 degrees/min scan speed (239). The obtained data was evaluated using
the DIFFRAC.EVA software to identify the mineralogical phases, peaks and plot of the XRD

patterns which are presented in Section 4.
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Table 5: Composition of the mineral samples

Chemical

S 1
ampies Formula

XRD Composition Company

Chrysotile, antigorite and

Serpentine Mg3S1,05(OH)4 lizardite FPX Nickel
Pentlandite (Fe,Ni)oSg Pentlandite and pyrrhotite Vale
Silica SiO, Quartz US Silica
F h ity Hequi
Brucite Mg(OH): Brucite engcheng City Hequi

Brucite Mining Co. Ltd

3.1.2. Reagents

Flotation reagents (Table 6) including methyl isobutyl carbinol (MIBC) and potassium amyl
xanthate (PAX) were supplied by Flottec. Reagent-grade hydrochloric acid (HCI) was supplied by
ACP Chemicals, while sodium hydroxide (NaOH) was obtained from Fisher Scientific. Both were
used as pH modifiers for all experiments performed in this work. Analytical grade Sodium
tripolyphosphate (STPP) of > 98.0% purity was purchased from Fisher Scientific and was used as
serpentine depressant in this work. Research grade carbon dioxide cylinder from PRAXAIR was

supplied by Linde Canada Inc.

Table 6: Composition of the flotation reagents

Chemical % purity by

Reagent formula weight Function Brand
Methyl i 1 inol
ethy 1(s§/[b}1}13té)carb1no CsH140 >98.5% Frother Flottec
Potassi 1 that
0 assmr?;jgz) HEE oK OS; > 90% Collector Flottec
ACP
H hloric aci HC1 —509 H ifi
ydrochloric acid C 30 -50% pH modifier Chemicals
Fish
Sodium hydroxide NaOH 2% pH modifier oher
Scientific
Fish
STPP NasP3010 > 98.0% Depressant .1s e.:r
Scientific
.. Flotati
Carbon dioxide gas CO2g) 99.998% Oation gas PRAXAIR

and depressant
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3.2. Experimental Procedure
3.2.1. Zeta potential measurements

Zeta potential measurements were performed using the Malvern Zetasizer Nano Particle
characterization system (240). The device uses micro-electrophoresis, which means that the
electrophoretic mobility is determined by performing an electrophoresis experiment on colloidal
samples and measuring the velocity of the samples using Laser Doppler Velocimetry. The device
measures the zeta potential by obtaining the electrophoretic mobility which is then converted to

zeta potential by applying the Henry’s equation as shown in Equation 25.

f(Ka) (25)

Ue = 2¢ 3

where,

{ = zeta potential

U. = electrophoretic mobility

€ = dielectric constant

M = viscosity

f(Ka) = Henry’s function.

When the Henry function f(ka) = 1.5, it is referred to as the Smoluchowski approximation or limit
which is appropriate for measuring zeta potential of aqueous media with moderate electrolyte
concentrations. By performing zeta potential measurements, it allows us to predict the interaction

of different gangue minerals with the valuable mineral, thus, being able to determine those gangue

minerals that can slime coat the valuable mineral at different pH values.
3.2.1.1. General conditions for the zeta potential measurements

To perform the zeta potential measurements for any of the experimental types, 40 mg of each
mineral samples (serpentine, pentlandite, silica, and brucite) was added into a 100 mL beaker
containing 40 mL KCIl solution in the presence or absence of serpentine depressants. The pH of
the individual mineral suspension was adjusted to pH 10.1 with NaOH (or HC] when necessary)
and stirred for 30 mins using a magnetic stirrer. The suspension was then allowed to settle for 10
mins, the supernatant collected and sonicated using Fisherbrand CPX5800 Ultrasonic Bath to

remove any bubbles before zeta potential measurements. All experiment types were performed in

63



triplicates. Specific conditions for each experiment type are explained below and summarized in

Table 7.
3.2.1.2. Baseline experiments

For the baseline case, no reagent for serpentine depression was used. 40 mg of mineral samples
were simply added into a 100 mL beaker containing 40 mL KCI solution only. The pH of the
suspension was adjusted to pH 10.1 with NaOH (or HC] when necessary) and stirred for 30 mins
using a magnetic stirrer. The suspension was then allowed to settle for 10 mins and the supernatant
was collected for zeta potential measurements. Prior to measurements, the collected supernatant

was sonicated using Fisherbrand CPX5800 Ultrasonic Bath to remove any bubbles.
3.2.1.3. STPP effect

For the STPP case, different concentrations of STPP ranging between 5 mg/L to 100 mg/L. were
investigated to determine the optimum concentration for serpentine depression. Actual STPP
concentrations that were investigated include: 5 mg/L, 10 mg/L, 15 mg/L, 20 mg/L, 25 mg/L, 35
mg/L, 50 mg/L, 80 mg/L, 100 mg/L. The optimum concentration of 50 mg/L. STPP was then
applied to other minerals (pentlandite, silica, brucite) to investigate their responses. All other

conditions are the same as highlighted in the general conditions and in Table 7.
3.2.1.4. CO: effect

In the CO; case, CO2 gas was continuously bubbled for about 5 mins while stirring and adjusting
the pH to 10.1 with NaOH. Thereafter, the suspension was stirred further for another 25 mins and
allowed to settle for 10 mins prior to measurements. Every other condition is the same as

highlighted in the general conditions and in Table 7.

Table 7: Experimental conditions for zeta potential measurements

Experiment Reagent Amount Electrolyte
) Volume . pH
types (Depressant) of mineral concentration
Baseline case None 40 mg 40 mL 10 mM KCl 10.1
STPP case STPP 40 mg 40 mL 10 mM KCl 10.1
CO; case CO2 40 mg 40 mL 10 mM KC1 10.1
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3.2.2. Microflotation tests

Microflotation experiments were performed in a 120 ml column with a collection chamber and a
tube opening fitted at the upper part of the column to allow collection of the froth (Figure 15). A
frit was constructed at the lower part of the column which allowed bubbles to be produced when

flotation gas was introduced at the lower tube opening.

Collection of froth

. . Froth formation
Pentlandite-serpentine

suspension

Gas injection (air or CO,)
4EEE—

Figure 15: Setup of the microflotation experiment.

All experiments were performed with a 1.5:1 mass ratio of serpentine and pentlandite in 10 mM
KCI solution as background electrolyte at pH 10.1. Since the samples are obtained individually,
the ratio of 1.5:1 was chosen to imitate the concentrations of serpentine and pentlandite in a real
ultramafic nickel ore (204). Another reason is to maintain similar conditions used in a previous
study (23), so as to provide direct comparisons while adjusting to a novel reagent (in this case,
STPP), feed size and flotation gas in the serpentine-pentlandite mixture. Thirdly, is to keep the
elemental concentrations above detection limits. The choice of pH 10.1 was based on the industrial
flotation pH of ultramafic nickel ores (204). They confirmed from their metallurgical tests that
flotation at pH 10.1 reduces the positive charge of serpentine, thereby reducing the serpentine-
pentlandite electrostatic attraction and has remained the optimal pH in the industrial flotation

circuits.

A feed particle size of -38 pm was used in the flotation tests and the rationale for the choice has
been explained in Section 3.1.1. NaOH and HCl were used as pH modifiers, while methyl isobutyl
carbinol and potassium amyl xanthate were used as frother and collector respectively. High mass

recoveries using smaller bubbles for flotation in the presence of MIBC frother were readily
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associated with better recovery of — 38 um fractions (89). It has been repeatedly pointed out by
several studies that frothers help to reduce and stabilize bubbles, especially MIBC and hence the
reason MIBC frother was chosen for this thesis (135, 138, 142). PAX belongs to the xanthate
family of collectors which adsorbs preferentially on sulphide minerals and helps to improve their
recovery (35). The experiments are performed in triplicates to increase accuracy. The different
flotation experimental types with varying conditions used in this thesis are presented in the Table

8 below.

Table 8: Four conditions used in the flotation test.

Experiment type Gas Depressant Description
Baseline Air none Serpentine and pentl'andite mixture in air
flotation.
i landi L of
Air + STPP Air STPP Serpentine, pen.t agdlte anq 50 mg/L o
STPP in air flotation.
Air+ CO» Air CO, Serpenti'nf:, p.entlan.dite anq 5 min.s of CO2
conditioning prior to air flotation.
Serpentine, pentlandite and 5 mins of CO
CO; only CO; CO; P P 2

conditioning prior to CO; flotation.

3.2.2.1. Experimental procedure for the baseline case

Five g of the mineral suspension at 1.5:1 ratio of serpentine and pentlandite respectively, were
prepared in a beaker containing 45 mL KCI solution (10 mM) as background electrolyte. 20 mL
of the solution was then used to rinse the beaker after transfer and make up to 65 mL total volume.
Prior to flotation cell transfer, 75 ul of PAX collector was added in the beaker, pH was adjusted
10.1 with NaOH or HCI solution and the suspension was conditioned for about 4 mins. Thereafter,
the suspension was transferred to the microflotation cell and the flowrate at was maintained
between 0.2 L/min and 0.4 L/min. This was followed by the addition of one drop of MIBC frother
and 1 min conditioning time before the flow rate was increased to 0.6 L/min, and time started. The
flotation gas employed in the baseline experiments is air. The froth was collected, and the froth

collection time was recorded accordingly. The process was repeated and a maximum of four
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concentrates were collected for each experiment. The experiments were performed in triplicates.
The concentrate obtained from the flotation experiments was dried overnight at 60 °C, and the
dried samples were weighed, and analyzed using inductively coupled plasma optical emission

spectrometry (ICP-OES).
3.2.2.2. Experimental procedure for air + STPP

The experimental procedure follows the same steps in the baseline case except that there is addition
of STPP as serpentine depressant in this case. The addition of STPP occurs during the same time
as the addition of 75 ul PAX collector. Every other condition and steps remain the same as the

baseline case.
3.2.2.3. Experimental procedure for air + CO2 and CO: only

Just like the air + STPP and baseline cases, the experimental procedure follows the same steps but
with some parameter changes. In the case of air + CO2, CO, was employed as a serpentine
depressant with air as the flotation gas. While for CO2 only case, CO2 was used for both

conditioning (i.e., as a serpentine depressant) and as a flotation gas.
3.2.3. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

To determine the recovery and grade of the nickel-bearing pentlandite and quantify the Mg-bearing
gangue mineral (serpentine), the overnight dried samples from the flotation tests were subjected
to ICP-OES analysis. The instrument is Thermo iCAP 6300 Duo (N. America) inductively coupled
plasma-optical emission spectrometer manufactured by Thermo Fisher Corp. Registration No.
441506, SOLAAR House, 19 Mercers Row, Cambridge, CB5 8BZ, United Kingdom, 2012 (241,
242). ICP-OES uses an analytical method used to determine dissolved metals like nickel and
magnesium in aqueous solutions 2012 (241, 242, 243). To perform ICP-OES analysis, about 0.1g
of the dried mineral samples were digested overnight in 5 mL of trace metal grade concentrated
HNOs3 and diluted to 25 mL with milliQ water (EPA 3051a modified; EPA 6010d modified). The

results are presented appropriately.
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3.2.4. X-ray Photoelectron Spectroscopy (XPS) tests

XPS is an analytical method used to identify any alterations in the chemical compositions of
sample surfaces, such as mineral powder (14, 237, 244). Thus, the XPS test were performed on
serpentine minerals to demonstrate how the chelating group present in the reagents would react
with the ions on the surface of serpentine. In this study, XPS tests are performed on both pretreated
and non-treated mineral samples (Table 9), following similar experimental procedure in a previous

study (14).

To get the samples ready for XPS analysis, 1 g of mineral was added to a 40 mL deionized water
in the presence or absence of a depressant, the pH adjusted to 10.1 with NaOH or HCI solution
and the suspension was continuously stirred for 5 min. For the STPP case, 50 mg/L of STPP
depressant was used. In the CO; case, the suspensions were continuously bubbled with CO> gas as
a depressant for 5 mins while stirring and the pH was maintained at pH 10.1 with NaOH or HCl
solution. The baseline case did not employ the use of any depressant. After 5 mins stirring or
conditioning, the suspension was filtered, the mineral samples were dried below 40 °C in a vacuum

oven, and the dried mineral samples were vacuum preserved prior to XPS analysis.

Table 9: Experimental conditions for XPS tests

Baseline STPP Case CO:z case
Mineral sample lg lg lg
Reagent none 50 mg/L STPP 5 mins of CO: conditioning
pH 10.1 10.1 10.1
DI water 40 mL 40 mL 40 mL

Room-temperature XPS experiments of the serpentine samples in the absence and presence were
performed using Kratos Axis (Ultra) spectrometer (245) with monochromatized Al Ko (hv =
1486.71 eV). The spectrometer was calibrated by the binding energy (84.0 eV) of Au 4f7/2 with
reference to Fermi level. The pressure of the analysis chamber during experiments is better than
5x10-10 Torr. A hemispherical electron-energy analyzer working at the pass energy of 20 eV was
used to collect core-level spectra while survey spectrum within a range of binding energies from
0 to 1100 eV was collected at analyzer pass energy of 160 eV. Charge effects were corrected by
using C 1s peak at 284.8 eV.
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A Shirley background was applied to subtract the inelastic background of core-level peaks. Non-
linear optimization using the Marquardt Algorithm (CasaXPS) was used to determine the peak
model parameters such as peak positions, widths and peak intensities. The model peak to describe
XPS core-level lines for curve fitting was a product of Gaussian and Lorentzian functions.
CasaXPS was used for component analysis to fit the spectra of C 1s with peaks related to different

chemical bonds.

Compositions were calculated from the survey spectra using the major elemental peaks and
sensitivity factors provided by the database (Appendix 1 and 2). Baseline values are duplicate
values of sl and s2 from Appendix 1, STPP case values are duplicate values of s4 and s5 from
Appendix 1, while CO; case values are duplicates of s8 and s9 from Appendix 2. These duplicate
values of the different experiments were then compiled in Table 11 for Mg 2s peaks. Average
composition values of the Mg 2s peaks (Table 11) were then used to produce plots for raw area

(Figure 30), atomic and mass concentrations (Figure 31).
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4. Results and Discussion

4.1. X-ray Diffraction (XRD)

The mineral samples were subjected to XRD, and the pattern revealed the three polymorphs of

serpentine namely: chrysotile, antigorite and lizardite (Figure 16a). Chrysotile and antigorite are

monoclinic in their crystal lattice while lizardite exhibits a hexagonal crystal lattice. Peaks at 12°,
19.8°, 24.3°, 35.4°, and 60.1°corresponds to chrysotile, peaks at 12.1°, 24.7°, and 35.6°
corresponds to antigorite, while lizardite peaks at 12.2°, 24.5°, 35.8°, 42°, 50.9°, and 59.9°. For

the pentlandite sample, patterns of pentlandite and pyrrhotite with cubic and orthorhombic crystal

lattice respectively, are shown in (Figure 16b). Pentlandite peaked at 15.3°, 39.1°, 29.4°, 30.8°,
46.9°, 51.4°, 72.1°, and 75.6°, while the peaks at 29.9°, 33.8°, 43.7° and 53° corresponds to

pyrrhotite. Sharp peaks at 20.8° and 26.6° were detected for quartz in the silica sample (Figure
17a), while peaks for brucite occur at 18.6°, 38°, and 50.8° (Figure 17b). Both silica and brucite

samples have hexagonal crystal lattices.
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Figure 16: XRD pattern for mineral samples (a) Serpentine and (b) Pentlandite. Ctl = chrysotile, Atg =
antigorite, Lz = lizardite, Pn = pentlandite, Py = pyrrhotite
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Figure 17: XRD pattern for mineral samples (a) Silica and (b) Brucite. Qz = quartz, Brc = brucite

4.2. Zeta potential
4.2.1. Mineral sizes used in zeta potential measurements

Table 10 which shows the mean particle sizes of the mineral samples used for zeta potential
measurements, were also determined with the Malvern Zetasizer (240) and it revealed that the

pentlandite samples were 881 nm and serpentine samples were 1799 nm, while that of brucite and

silica samples were 700 nm and 1048 nm respectively.

Table 10: Mean particle sizes of mineral samples used in the zeta potential experiments.

Mineral Mean Particle Size (nm)
Serpentine 1799
Pentlandite 881
Brucite 700
Silica 1048
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4.2.2. Zeta potential measurements under normal conditions (baseline experiments)

These mineral samples of different sizes below 2 microns were subjected to zeta potential
measurements using conditions stated Table 7 and described in Section 3.2.1.2. As seen from
Figure 18a & Figure 18b, the zeta potential for serpentine showed a positive charge while that of
pentlandite exhibited negative charge at pH 10.1. Studies have also shown that serpentine
maintains a positive zeta potential over a wide pH range without or little treatment (246, 247).
Brucite showed a slightly positive charge while silica samples exhibited the most negative charge
at the same pH 10.1(Figure 18a). The positive brucite plane and the negative silica plane creates
a negative interaction energy which means that serpentine exhibits attractive forces which results
in an agglomerated microstructure and hence, the reason why serpentine has a positive zeta

potential value (246, 247).

In the aqueous solution, the hydroxyl group of the brucite plane dissolves easily and leaves behind
magnesium cations on the surface of serpentine, thereby creating a positive charge and determining
the serpentine’s surface charge (247). The positively charged serpentine surface contributed by the
magnesium cations attracts the negatively charged pentlandite surface which would impact
pentlandite’s recovery in flotation systems. It indicates that there would be a heterogeneous
agglomeration between pentlandite and serpentine meaning that serpentine will slime coat
pentlandite particles through its brucite plane resulting in negative total interaction energy for
brucite with pentlandite i.e., attractive force or electrostatic attraction (23, 246, 247). Due to this
electrostatic attraction between serpentine and pentlandite minerals, more serpentine is expected
to report to the froth phase together with any pentlandite mineral that eventually attaches to the
gas bubbles in the flotation system. In addition, the action of magnesium cations by forming
magnesium monohydroxide complexes (Equation 26 ) on the surface of pentlandite renders it
hydrophilic and makes it unable to float (23).

(26)
Mg+ + OH~ - Mg(OH)*

Moreover, the action of the magnesium monohydroxide also prevents pentlandite from interacting
properly with the PAX collector, which in turn impacts its recovery (23, 248, 249). That implies

that only fewer free pentlandite minerals are available because the pentlandite minerals are either
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being attached to serpentine or they are being rendered hydrophilic, thereby reducing the recovery

of pentlandite as well as diluting the nickel grade.
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Figure 18: Zeta potential measurements of mineral suspensions (a) serpentine, pentlandite, brucite and
silica (b) serpentine and pentlandite only.

40 mg of mineral sample was added into a 100 mL beaker containing 40 mL of KCI solution in the absence
of serpentine depressants at pH 10.1, stirred for 30 mins and allowed to settle for 10 mins prior to zeta
potential measurements. The values are average of triplicates = SD (standard deviation). More details in

Table 7 and described in Section 3.2.1.2.
4.2.3. Effect of STPP on zeta potential measurements (STPP experiments)

Upon introduction of STPP following experimental conditions in Table 7 and Section 3.2.1.3, the
zeta potential of serpentine decreased to about 1 mV at 5 mg/L of STPP (Figure 19). Further
increase in STPP’s concentration resulted to a charge reversal of serpentine from a positive zeta
potential to a negative zeta potential of -21 mV at 10 mg/L which clearly continued to change until
above a concentration of 50 mg/L at which no significant difference in the zeta potential was

further observed. At 50 mg/l, the zeta potential attained an optimum value of -54 mV and even
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when the STPP concentration was doubled to 100 mg/L, only a minor difference of -2 mV was
observed. At this optimum concentration (50 mg/L) of STPP for serpentine’s charge reversal, zeta
potential of brucite also reversed from a slightly positive potential of 8 mV to highly negative
potential of -51 mV (Figure 20). The zeta potential magnitude of pentlandite changed from -18
mV to -53 mV, while that of silica remains unaffected at -77 mV (Figure 20). STPP was able to
complex Mg?" on the surface of serpentine through its phosphate groups (Equation 27), forming
a P-O-Mg bond and enhancing the positive charge reversal on serpentine’s surface (14).

(27)
3Mg2+ + 2P04" — Mg3(P04),
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Figure 19: Zeta potential measurements of serpentine suspensions at different concentrations of STPP.

40 mg of mineral sample was added into a 100 mL beaker containing 40 mL of KCl solution in the presence
of serpentine depressant (STPP) at pH 10.1, stirred for 30 mins and allowed to settle for 10 mins prior to
zeta potential measurements. The values are average of triplicates £ SD. More details in Table 7 and

described in Section 3.2.1.3.
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By reversing the charge of serpentine from a positive to a negative zeta potential, STPP should
depress serpentine and prevent slime coating of pentlandite in flotation tests. It also indicates that
the attractive interaction or heterogeneous agglomeration between serpentine through its brucite
plane and pentlandite samples are reversed or prevented. This implies a positive total interaction
between serpentine and pentlandite i.e., a repulsive force (23, 246, 247). The more negative zeta
potential behaviour of pentlandite samples after STPP introduction also indicates an enhanced
floatability and recovery of the nickel mineral. The implication is that freer pentlandite should be
reported to the froth, thereby increasing both recovery and grade. To test this hypothesis and
provide further proof of concept, the optimum STPP’s concentration (50 mg/L) was employed in

the flotation tests and XPS analysis.
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Figure 20 Zeta potential measurements of different mineral suspensions in the presence of STPP.

40 mg of mineral sample was added into a 100 mL beaker containing 40 mL of KCI solution in the presence
of serpentine depressant (STPP) at pH 10.1, stirred for 30 mins and allowed to settle for 10 mins prior to
zeta potential measurements. The values are average of triplicates + SD. More details in Table 7 and

described in Section 3.2.1.3.
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4.2.4. Effect of CO:2 gas on zeta potential measurements (CO:2 experiments)

Additionally, the effect of CO» gas after 5 mins conditioning was also investigated with regards to
experimental conditions in Table 7 and Section 3.2.1.4, and the results revealed a zeta potential
value of -30 mV, - 34 mV, -23 mV, -50 mV for serpentine, pentlandite, brucite, and silica
respectively (Figure 21). By also reversing the charge of serpentine from a positive to a negative
zeta potential, CO, facilitated serpentine depression and should prevent slime coating of
pentlandite by serpentine in flotation tests. It is also an indication that the negative total energy
interaction or heterogeneous agglomeration between serpentine through its brucite plane and
pentlandite samples are reversed or prevented. Thus, implying a positive total interaction energy
between serpentine and pentlandite i.e., a repulsive force. Therefore, a few minutes conditioning
of the mineral suspension with CO; gas reverses the charge on serpentine’s surface, thereby
limiting slime coating on pentlandite’s surface and enhancing overall pentlandite recovery plus
grade. It can therefore be inferred that the detrimental effects (slime coating effect) caused by the
presence of magnesium cations can be addressed by conditioning the mineral suspension with CO»,
which converts the magnesium cations into mineral carbonates (Equation 24), and remove any
metal-monohydroxide complexes on the surface of pentlandite (23). Hence, the use of CO; as both

a conditioning reagent for serpentine suppression and its use as a flotation gas is also explored.
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Figure 21: Zeta potential measurements of different mineral suspensions after conditioning with CO; gas.
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40 mg of mineral sample was added into a 100 mL beaker containing 40 mL of KCI solution which was
then conditioned with CO: gas for 5 mins at pH 10.1, stirred for 30 mins and allowed to settle for 10 mins
prior to zeta potential measurements. The values are average of triplicates = SD. More details in Table 7

and described in Section 3.2.1.4.

4.3. Flotation tests

4.3.1. Flotation response of serpentine-pentlandite suspensions under normal conditions

(baseline case)

The flotation response of pentlandite and serpentine were monitored by following the recovery of
nickel (Ni) and magnesium (Mg) respectively from the collected concentrate using experimental
conditions explained in Section 3.2.2.1 and Table 8. ICP-OES analysis of the dried samples from
flotation tests revealed that after 460 seconds, a maximum nickel recovery of 68% as well as a

magnesium maximum recovery of 77% was achieved for the baseline case (Figure 22).

This result therefore confirms a heterogeneous agglomeration between pentlandite and serpentine
meaning that serpentine slime coats pentlandite particles through its brucite plane resulting in
negative total interaction energy for brucite with pentlandite i.e., attractive force (23, 247). The
attractive force resulted in a significant and even higher amount of serpentine that reported to the
froth and was collected as concentrate. Through this attractive force, freer pentlandite were
reduced and most pentlandite samples reported to the froth together with serpentine particles via
the heterogeneous agglomeration. This indicates that the positively charged serpentine has a strong
slime coating effect on pentlandite, impacting its recovery and grade (Figure 28), thereby

validating the results from zeta potential measurements in Section 4.2.2.

The results from the baseline case also indicate that there is a poor collision probability and
attachment efficiency for the air bubble-mineral interaction (8, 199, 202) which produced low

pentlandite flotation recoveries.
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Figure 22: Cumulative nickel and magnesium recoveries vs flotation time for the baseline case (ie., air
flotation with no depressant).

5 g of mineral suspension at 1.5:1 ratio of serpentine and pentlandite in 65 mL KCI solution (10 mM) at
pH 10.1. NaOH and HCI were used as pH modifiers, while MIBC and PAX were used as frother and
collector respectively. A feed particle size of —38 um was used in the flotation tests. The values are average

of triplicates = SD. More details are provided in Section 3.2.2.1 and Table 8.

High collision probability as well as increased attachment efficiency between air bubbles and
mineral particles are required to improve flotation recovery. In this case in particular, the slime
coating effect of serpentine plays a significant role in reducing the recovery of pentlandite by either
rendering them more hydrophilic or preventing them from attaching to the air bubbles. To prevent
or reduce the effect of serpentine on pentlandite’s surface, serpentine depressants are planned in
the subsequent experiments. In the next section (4.3.2) in particular, STPP is used to selectively

interact with serpentine’s surface to reduce their heterogeneous agglomeration with pentlandite.
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4.3.2. Flotation response of serpentine-pentlandite suspensions using STPP as serpentine

depressant (Air + STPP experiment)

Upon the introduction of STPP using experimental conditions explained in Section 3.2.2.2 and
Table 8, the slime coating effect on pentlandite’s surface was reduced and the overall nickel
recovery increased to 83% from baseline of 68% while magnesium recovery decreased to 72%
from 77% in the baseline case, thereby reducing the amount of serpentine in the concentrate
(Figure 23). The result demonstrates that as attractive forces (and thus, the heterogeneous
agglomeration) between the serpentine and pentlandite were being reversed, free pentlandite
minerals are released and are able to attach to the air bubbles. The resulting effect is that more
pentlandite were reported to the froth phase and are collected in the concentrate compared to the
baseline case. Once there is free pentlandite in the suspensions, they are able to attach to the air

bubbles through hydrophobic interactions.

In a previous study by Li and co-workers, they demonstrated the ability of STPP to reverse surface
charge of serpentine and subsequently increased the floatability of pyrite (14), which correlates to
the results in this study. This means that the phosphate groups in STPP were able to interact with
magnesium cations (which contributes to slime coating) (231, 232), and facilitate the charge
reversal of serpentine (14), thereby reducing the heterogeneous agglomeration between serpentine
and pentlandite. By doing so, freer pentlandite particles are released in the suspension and are able
to attach to the air bubbles which subsequently report to the froth phase and are collected. At the
same, the amount of serpentine reporting to the froth is reduced because their charge has been
reversed and their electrostatic attractions with pentlandite particles has been reduced by their

interaction with STPP.
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Figure 23: Cumulative nickel and magnesium recoveries vs flotation time for Air + STPP case (ie., air
flotation with STPP as the depressant).

5 g of mineral suspension at 1.5:1 ratio of serpentine and pentlandite in 65 mL KCI solution (10 mM) at
pH 10.1. NaOH and HCI were used as pH modifiers, while MIBC and PAX were used as frother and
collector respectively. A feed particle size of —38 um was used in the flotation tests. The values are average

of triplicates = SD. More details are provided in Section 3.2.2.2 and Table 8.

4.3.3. Flotation response of serpentine-pentlandite suspensions using CO: as a serpentine

depressant (Air + CO:z experiments)

Owing to the ability of CO» to interact with divalent cations such as magnesium cations present in
serpentine, CO> bubbles are also used to express their serpentine suppressing capabilities and
simultaneously improve pentlandite recovery. CO; is solely used as a depressant in this case during
the conditioning stage before being subjected to air flotation (Section 3.2.2.3 and Table 8). Similar
metal recovery trend as the STPP case was also observed when mineral suspension was
conditioned with CO; prior to air flotation, yielding 78% and 73% for nickel and magnesium
respectively (Figure 24). This also demonstrates that as attractive forces (and thus, the
heterogeneous agglomeration) between the serpentine and pentlandite were being reversed, free

pentlandite minerals are released and are able to attach to the air bubbles. The resulting effect is
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that more pentlandite were reported to the froth phase and are collected in the concentrate
compared to the baseline case. The freed pentlandite particles are able to attach to the air bubbles

through hydrophobic interactions.

As reported by Wani et al. (23), conditioning the mineral suspension with CO> converts
magnesium cation (Mg*") into its carbonated form as MgCO; (Equation 24), thereby reducing the
slime coating effect of Mg?* on pentlandite. This in turn, enhanced the flotation recovery of
pentlandite and generally recovered more pentlandite than serpentine which is opposite of what

was observed in the baseline case.
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Figure 24: Cumulative nickel and magnesium recoveries vs flotation time for Air + CO; case (ie., air
Sflotation with CO; as a depressant).

5 g of mineral suspension at 1.5:1 ratio of serpentine and pentlandite in 65 mL KCI solution (10 mM) at
pH 10.1. NaOH and HCI were used as pH modifiers, while MIBC and PAX were used as frother and
collector respectively. A feed particle size of —38 um was used in the flotation tests. The values are average

of triplicates = SD. More details are provided in Section 3.2.2.3 and Table 8.
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4.3.4. Flotation response of serpentine-pentlandite suspensions using CO: as both a

serpentine depressant and as a flotation gas (CO: only experiments)

By following experimental conditions explained in Section 3.2.2.1 and Table 8, nickel recovery
of 88% was observed when CO> was used as both a reagent and a flotation gas which is 20% more
than the baseline case, while the magnesium recovery was reduced to 74% in CO; only case from
77% observed in the baseline case (Figure 25). Just like Air + STPP and Air + CO; cases, the
flotation recovery demonstrates that as attractive forces (and thus, the heterogeneous
agglomeration) between the serpentine and pentlandite were being reversed upon CO»

conditioning, free pentlandite minerals are released and are able to attach to the CO2 bubbles.

Thus, it is important to point out that not only that CO> conditioning converts magnesium cation
(Mg?") into its carbonated form as MgCO3 (23), its subsequent use as a flotation gas in this case
produced the necessary fine bubbles required to facilitate hydrophobic interactions (24, 54, 199,
222) with pentlandite, thereby enhancing its recovery. The resulting effect is that more pentlandite
were reported to the froth phase and are collected in the concentrate compared to the baseline case.
Once there is free pentlandite in the suspension, they are able to effectively collide and attach to
the CO> bubbles through hydrophobic interactions. CO> bubbles are more hydrophobic than air
bubbles as demonstrated by Miller and Misra (17), and thus, were able to facilitate more
attachment to the pentlandite minerals in this study. Being more hydrophobic indicates a faster
induction time between CO; bubbles and the pentlandite particles once they are in contact (24, 199,
222,). This resulted in the highest nickel recovery experienced in this case. This re-emphasizes the

recovery importance of CO2 gas in flotation systems.
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Figure 25: Cumulative nickel and magnesium recoveries vs flotation time for CO; only case (ie., CO; gas
for both flotation and as a depressant).

5 g of mineral suspension at 1.5:1 ratio of serpentine and pentlandite in 65 mL KCI solution (10 mM) at
pH 10.1. NaOH and HCI were used as pH modifiers, while MIBC and PAX were used as frother and
collector respectively. A feed particle size of —38 um was used in the flotation tests. The values are average

of triplicates = SD. More details are provided in Section 3.2.2.3 and Table 8.

4.3.5. Comparison of the various reagent- and gas- dependent flotation experiments (All

cases comparison).

To properly compare the responses of the different cases or methods (reagents and gasses) used in
the flotation experiments, the flotation recoveries of pentlandite and serpentine expressed by
following the release of nickel and magnesium respectively for the different experiments are
combined in single graphs. Figure 26 shows the cumulative nickel contained in the concentrates
for all the experimental types and it clearly shows that the CO> only case attained the highest nickel
recovery followed by the Air + STPP case and closely by the Air + CO; case. Leading up to the
first 50 s, a similar flotation rate was observed for all the cases until about 100 s where the flotation
rate for the Air + COz case experienced the highest rate. As the flotation time increased, both the

flotation recovery and rates for the CO- only case became increasingly better than other cases. This
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shows that CO> bubbles are better at enhancing the recovery of pentlandite than air bubbles or in

the presence of STPP reagent.
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Figure 26: Cumulative nickel recovery vs flotation time for baseline case (air flotation with no
depressant), Air + CO; (air flotation with CO; as a depressant), Air + STPP (air flotation with STPP as
the depressant), CO: only (CO: gas for both flotation and as a depressant).

Enhanced pentlandite recovery implies that the CO> bubbles acted by either enhancing dispersion
of slimes on pentlandite’s surface (24, 203) or by facilitating the aggregation of pentlandite
particles (7, 8), thereby increasing their hydrophobicity and floatability. It is not clear which is the
leading mechanism or if both occur simultaneously at the same rate. However, it has been
demonstrated in previous studies that by continuously bubbling the flotation system with CO»,
they nucleate and grow simultaneously on hydrophobic mineral surfaces, thereby enhancing
interactions between neighboring hydrophobic valuable minerals making them to aggregate and to
float (97, 195, 201, 202). Since the effect of introducing CO> gas is more pronounced towards
improving pentlandite recovery rather than depressing serpentine, it can be concluded that
facilitating pentlandites’ aggregation through hydrophobic interactions is the leading mechanism

(Figure 32) for the improved recovery observed in the CO»-assisted flotation cases.
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Serpentine recovery was also monitored by following the cumulative release of magnesium in the
ICP-OES analysis. The results clearly show that the case of Air + STPP was the most effective in
depressing serpentine. STPP decreased magnesium recovery from 77% to 72%, a difference of 5%
which is the highest reduction observed among all treated cases (Figure 27). This validates the
results observed in the zeta potential measurements where the introduction of STPP was more
effective in reversing the surface charge on serpentine (Figure 20) than CO; conditioned
suspension (Figure 21). STPP acts by chelating and complexing the magnesium cations on
serpentine surfaces through its phosphate group (Equation 27) (236, 238), limiting serpentine’s
electrostatic attraction with pentlandite and rendering serpentine particles more hydrophilic (14).
Because some serpentine particles are no longer heterogeneously agglomerated with pentlandite
particles, they are no longer recovered together when air bubbles attach to pentlandite through

hydrophobic interactions.
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Figure 27: Cumulative magnesium recovery vs flotation time for baseline case (air flotation with no
depressant), Air + CO: (air flotation with CO; as a depressant), Air + STPP (air flotation with STPP as
the depressant), CO; only (CO: gas for both flotation and as a depressant).
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Furthermore, introduction of the reagents (STPP and CO») in the treated cases increased the nickel
grade from below 10% in the baseline case to about 15% in both STPP and CO; cases (Figure 28).
The poor recovery of nickel in the baseline case is an indication of the high slime coating effect of
the serpentine minerals on pentlandite, resulting in both minerals to report to the froth phase, and
thereby diluting the nickel grade. Thus, the use of STPP as depressant and the use of CO» as both
a depressant and a flotation gas, did not only enhance the recovery of nickel, but they also helped
to improve the overall nickel grade in the concentrate. This implies that the electrostatic
interactions between serpentine particles and pentlandite minerals were reduced upon introduction
of either STPP or CO; gas resulting in a lesser amount of serpentine particles to report to the froth

phase. Therefore, nickel grade was improved as compared to the baseline case (Figure 28).
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Figure 28: Cumulative nickel grade vs flotation time for baseline case (air flotation with no depressant),
Air + CO; (air flotation with CO: as a depressant), Air + STPP (air flotation with STPP as the
depressant), CO; only (CO: gas for both flotation and as a depressant).

However, as was observed during the flotation tests, the froth phase of the experiments performed
with only CO2 gas were not stable for a long time which impacted overall recovery performance.
This agrees with a previous study on pyrite flotation where CO> flotation was also impacted at pH
10 due poor stability of the froth phase (24). At lower pH conditions, they showed that the froth

was stable and that the use of CO> gas improved pyrite recovery. Increasing the pH in a CO»-
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assisted flotation consumes a lot of NaOH as was observed in the experiments, increases the ionic
strength of the solution and has an impact on the froth stability (24). Even though the stability of
the froth phase was impacted in both studies at pH 10, improved valuable mineral recovery was
observed in both cases and can be attributed to the ability of CO; to form fine bubbles on the
surfaces of hydrophobic minerals increasing their aggregation (11, 24, 201). The problem of poor
froth stability opens up another area for further research, especially with respect to frother types
as it was observed that both studies employed the use of MIBC. Other frothers can be explored
under similar conditions used in this study to establish which frother type can help to form a more

stable froth phase in CO»-assisted flotation.

The plot of cumulative mass pull against time shows a fast flotation kinetics as more than half of
the mass for all cases were recovered (Figure 29). The mass recovery was however, faster in the
CO: and baseline cases. This indicates that overall flotation recovery in CO> only was fast and if
the froth was more stable, it would have resulted in an increased pentlandite recovery. The
cumulative mass pull is also an indication that STPP was more geared towards reducing the effect
of serpentine and rendering them more hydrophilic, rather than enhancing more pentlandite
recovery. Therefore, it would be interesting to explore STPP reagent and CO; gas in a single
flotation experiment of ultramafic nickel ores to investigate their combined effect on serpentine

depression and pentlandite recovery.
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Figure 29: Cumulative mass pull vs time for baseline case (air flotation with no depressant), Air + CO:
(air flotation with CO; as a depressant), Air + STPP (air flotation with STPP as the depressant), CO;
only (CO: gas for both flotation and as a depressant).
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4.4. XPS analysis

XPS analysis was performed to investigate how the chemical composition on serpentine’s surface
reacts upon treatment with the reagents used in this thesis. Both zeta potential measurements and
flotation tests were validated by performing XPS analyses and the results as shown in Table 11
revealed a significant decrease of the Mg 2s peak area from 13533.15 cps.eV in the baseline case
to 7207.25 cps.eV in the STPP treated serpentine (Figure 30), which is in agreement with study
done by Li and coworkers (14). This means that the phosphate groups in STPP effectively removed
magnesium cations on serpentine surfaces to form soluble complexes (14). Same experiment was
repeated for CO»-conditioned serpentine suspension and the Mg 2s peak area reads 12426.1 cps.eV
(Figure 30 and Table 11). Thus, magnesium ions on serpentine surfaces are complexed by STPP
and CO», which is in line with results obtained from ICP-OES analysis for metal release. However,
STPP demonstrated a much stronger suppression ability by complexing about half of the Mg?". As
previously mentioned, the phosphate groups in STPP easily chelate Mg?" present on serpentine’s

surface, facilitating its suppression in mixed mineral systems.

13533.15
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Figure 30: Peak raw area of Mg 2s of the serpentine before and after treatment with STPP and CO..
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Table 11: Chemical composition of serpentine’s surface before and after treating with STPP and CQO..
The values are the average of duplicates + SD.

Case Raw Area (cps.eV) Atomic conc (%) Mass Conc (%)
Baseline 13533.15 13.30 18.06

STPP 7207.25 10.12 13.98

CO: 12426.10 11.17 15.73

In fact, the composition of atomic and mass concentration further demonstrated that the initial
concentration of metal ions present in the baseline case were reduced because of the complexation
reaction that took place upon the introduction of the reagents in the treated cases (Figure 31 and
Table 11). Therefore, chelating of Mg** by phosphate group leads to the formation of Mg-O-P
chemical bonding as demonstrated through high resolution scans performed in previous studies
(14,233, 250). These trends validate the serpentine suppression observed in flotation tests and zeta

potential measurements for STPP and CO» cases.
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Figure 31: Peak concentrations of Mg 2s of serpentine before and after treatment with STPP and CO..
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4.5, Further discussion

By using CO; as either a flotation gas or as a conditioning reagent for gangue mineral depression,
improvements in the valuable mineral recovery was achieved which supports similar previous
studies presented in (Table 3). However, when CO, was used as both a flotation gas and as a
conditioning reagent, higher pentlandite recoveries were observed. This validates that CO» bubbles
are more effective in colliding and attaching to pentlandite particles. Because CO> gas produces
smaller bubbles than air, they are able to increase their probability of collision with fine pentlandite
particles and therefore, increasing the flotation rates. As has been demonstrated by various
collision studies, the probability of collision between air bubbles and fine particles is small (47,

52, 57,59, 62), which in turn slows the rate of flotation (52, 54).

Thus, by introducing CO; bubbles which are generally smaller than air bubbles, collision
probability and flotation rates were enhanced which is demonstrated by increased recovery of
pentlandite minerals through the release of nickel confirmed in the ICP-MS analysis. Increased
flotation rates achieved when CO; bubbles were introduced also confirms that liquid film thinning
and rupture, establishment of a wetting perimeter and a three-phase contact line were faster than
the case with air bubbles. Therefore, induction time is faster for CO; bubbles than other gas bubbles
used in mineral flotation, and this phenomenon has been confirmed by earlier studies where CO>
bubbles induction time was faster than N bubbles (16, 24, 64). Additionally, faster induction time
relates to higher hydrophobic interaction which is the underlying interaction for bubble-particle
attachment (24, 54). CO; bubbles are more hydrophobic and can enhance hydrophobic interactions
with mineral surfaces resulting in faster induction time and high flotation recoveries. Also,
bubbling the mineral suspension with CO, at pH 10.1 precipitates Mg?* because of the dominant
COs* specie (Equation 24), and therefore carbonation of the mineral suspension will produce

MgCO; and SiO2 (Equation 28) (23).

Mg3Si205(OH)4 + 3CO2 -3MgCOs + 25102 + 2H20 (28)
In terms of both recovery and suppressive capability and in a more similar study to this thesis work,
Wani and co-workers demonstrated that by conditioning a nickel ore with CO2 gas prior to air

flotation, improvement in the recovery of pentlandite from 83% to 93 % was observed and

serpentine recovery was decreased by about 10% (23) Although it seems that overall recovery
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observed by Wani and co-workers was higher than that observed in this work, a possible
explanation could be related to the different feed sizes used in both experiments. They employed
a feed size of -75 um while a feed size of - 38 um was used in this work. Particle size plays an

important role in the recovery of valuable minerals (37).

As particle size decreases, it becomes increasingly difficult to recover valuable minerals (58, 59),
and would require strategies or new technologies to enhance recovery. And as already stated, poor
flotation recoveries of fine particles are related to their low collision probability with air bubbles
(47, 58, 59, 62), and their low kinetic energy to bring about effective attachment to the bubble
surface. The use of CO2 as a flotation gas is one of such initiatives and has already been
demonstrated in this work. COz facilitated higher flotation recoveries due to higher solubility and
the ability to produce smaller bubbles necessary for attachment to fine particles used in this work.
Hence, confirming that particle-bubble attachment (EA) is higher for smaller bubbles due to a
faster establishment of a wetting perimeter (64). Through enhanced hydrophobic interactions of
CO; bubbles, there was high collision probability and high attachment efficiency of CO; bubbles
with pentlandite particles which resulted in the aggregation of mineral particles remains one of the
underlying mechanisms why the highest flotation recoveries were achieved for the CO; only case

(Figure 32) .
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Figure 32: Schematic representation of fine mineral aggregation due to enhanced hydrophobic
interactions with CO; bubbles.
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Even though pentlandite recovery was enhanced and serpentine depression initiated, high
recoveries of the gangue serpentine were still observed in the treated cases, and this is an indication
that bubble attachment to the mineral particles was not selective. This is due to the electrostatic
force (because of electric double layer superposition) that is generated when a bubble comes close
to a particle, which can establish attachment between a bubble and a particle of opposite charge
(or a hydrophilic particle) (71) and explains why gangue minerals report to the froth and decrease

the concentrate grade.

As already proposed in Section 2.11, The effect of different physicochemical properties of mineral
surfaces on selective aggregation using fine bubbles is still required to demonstrate preferential
attachment to valuable minerals. An opposite approach to this issue will be a study that investigates
the functionalizing of bubbles to increase their selectivity for pentlandite or any other mineral.
Note that the mechanism of action during froth flotation is mostly by hydrophobic forces but can
also be influenced by electrostatic force as already highlighted. Also note that traditionally, anionic
collectors like xanthate have been used to separate pentlandite from ultramafic ores. While at
alkaline pH both the bubble and xanthate coated mineral are negatively charged, the mechanism
of recovery is solely due to hydrophobic interaction. However, if the bubble is functionalized to
be positively charged or a cationic collector is used this will lead to attractive electrostatic
interaction between the mineral of interest and gas bubble. The addition of electrostatic forces in
addition to the hydrophobic interactions should yield more efficient mineral recovery and should
reduce the amount of serpentine that reports to the froth. Thus, selectivity in the flotation recoveries
of fine mineral particles using fine bubbles in the presence of flotation reagents requires further

investigations.

In addition, certain strategies and parameters can be employed to optimize the process. For
example, size of the gas bubbles was not considered (measured) in this study, and it has been
repeatedly shown that the use of smaller or fine bubbles enhance flotation kinetics of fine particles.
By confirming the actual bubble sizes in flotation columns through real time bubble size
measurements, it would be easier to adjust to the desired bubble sizes during flotation test. It is
important to reiterate that fine bubbles enhance flotation of fine particles by promoting their
aggregation as well as increasing probability of bubble-particle collision (251). Hence, it is
proposed to plan a dual bubble system (very fine or ultra-fine and larger bubble) (7, 8, 85) for

further studies, where the ultra-fine bubbles will be utilized to promote collision and aggregation
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while the larger bubbles will assist to float the particles to the top due to insufficient buoyancy of
fine bubbles. Due to higher solubility of CO, as repeatedly highlighted in this thesis, it tends to
produce finer bubbles and would be a great fit for dual bubble flotation of very fine particles,

thereby improving the overall flotation performance.

Figure 33: (a) Positioning of the SOPAT device in a small flotation column, and (b) bubbles sticking on
the SOPAT probe during a test run.

However, fine bubble generation as well as their usage presents another challenge of real time and
actual measurement of these fine bubbles during the flotation process. To address this challenge,
Eriez CavTube for generating fine bubbles and SOPAT (Smart Online Particle Analysis
Technology) probe for in-situ bubble size measurements were originally planned for the
microflotation tests in a column set up. SOPAT provides quantitative data on real bubble images
from the flotation process and can provide real-time size data of bubbles measuring down to 500
nm. This will not only guarantee unbiased results, but it is also necessary for scaling up laboratory

tests.
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An initial test run of the SOPAT device revealed that bubbles were sticking in front of the lens and
camera making it difficult to visualize moving bubbles (Figure 33), implying that the surface of
the probe is hydrophobic and has a high contact angle. To address this issue, a highly hydrophilic
and transparent adapter (0 < 20°) was planned. Unfortunately, the experimental design of
incorporating a SOPAT probe to a column flotation setup coupled with an Eriez CavTube requires
additional modifications from the manufacturer specific for measuring gas bubbles and were not
readily available during the completion of this thesis. New programming specifically designed to
measure and differentiate fine bubbles from fine particles are required from the company to further
this research area. The SOPAT probe used for the test run were not originally designed for bubbles
measurement and thus, the reason why the bubbles were not dimensioned. This remains an
important research area that needs to be explored further to highlight its benefits and potential to

address some issues related to complex flotation systems.

Furthermore, STPP effect was also effective in improving the recovery of pentlandite. In the
baseline zeta potential measurement, it is shown that serpentine was positively charged due to the
residual magnesium cations contributed by its brucite plane, and thus, slime coated the negatively
charged pentlandite through electrostatic force which was evident in the flotation test as well. By
introducing STPP, the negative phosphate groups in STPP chelated the magnesium cations on
serpentine’s surface through the generation of P-O-Mg bonds which is agrees with a previous study
(14), thereby decomposing Mg>" from the bulk serpentine (Figure 34). These actions resulted in
a negatively charged serpentine’s surface, meaning that the hetero-coagulation between
pentlandite and fine serpentine was reversed because a new electrostatic repulsion now exists
between them (Figure 34). Therefore, the pentlandite particles have renewed surfaces to better
adsorb to PAX collectors and attach to air bubbles, facilitating overall improved pentlandite

recovery. At the same time, the recovery of serpentine particles was also reduced.
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Figure 34: Schematic representation of the role of STPP in serpentine-pentlandite system.

Even though STPP had the most significant impact on depressing serpentine as evident in zeta
potential measurements, XPS analyses and flotation tests, the use of CO; as a flotation gas showed
the most significant improvement in pentlandite recovery. This presents the potential combination
of both reagents for processing of ultramafic nickel ores, where STPP acts as a depressant and CO»

will be used as a flotation gas.
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5. Conclusion and recommendation

The use of STPP and CO> gas help to improve flotation processes in many ways as demonstrated
in the study. Conditioning and floating the mineral suspension with CO> converted the
monohydroxide complexes to magnesium carbonate, resulting in improved pentlandite recovery
because MgCOs is negatively charged and is not known to slime coat pentlandite. This improved
the recovery of pentlandite by 20% and depressed serpentine by 3%, thereby improving the
cumulative nickel grade. In the experiment where CO> was used only in the conditioning stage
(Air + CO; case), pentlandite recovery was improved by 10% and serpentine depression by 4%. It
provides a proof of concept that CO> can be permanently stored in the form of MgCOs3 and can
facilitate gangue mineral suppression in a flotation system. COz gas bubbles enhanced pentlandite
recovery through improving their hydrophobicity, aggregation, and floatability. Through the
complexation of Mg?* on serpentine’s surface by the phosphate group in STPP, heterogenous
agglomeration was limited, thereby reversing the electrostatic attraction between serpentine and
pentlandite to electrostatic repulsion. This resulted in serpentine suppression by 5% (the highest
among all cases) and subsequent improved pentlandite recovery. In general, a good agreement
between zeta potential measurements, micro-flotation tests and XPS analyses was established for

all cases.

One of the implications of the study is that it provides a background to further explore the use of
CO; as a flotation gas in flotation circuits or studies. That means that researchers can leverage
information from this study to advance CO; flotation studies where COx is specifically used as a
flotation gas. It also provides a proof of concept that CO> can be utilized in mineral processing
operations serving both to improve recovery of valuable minerals and to simultaneously store
carbon as mineral carbonates, thereby introducing a strong decarbonization strategy. Companies
can obtain carbon credits through this approach and can integrate CO, flotation as a part of the
CCUS technology. This study will open opportunities to explore the use of CO; to recover other
sulphide and non-sulphide minerals. Due to understanding of how CO; bubbles interact, it can
serve as an opportunity to explore their use with other reagents. Since this is the first time STPP is
used in serpentine-pentlandite mineral mixture and having realized flotation benefits, it will open
an opportunity for further studies in this direction. By removing divalent cations from process

waters in the mineral processing operations, it will reduce water viscosity and decrease the need
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for water treatment. In addition to that, it greatly reduces the need draw process water from fresh

water sources which further strengthens sustainability. More studies are however required to

further demonstrate the importance of the use of CO; and STPP for processing sulphide minerals,

especially ultramafic nickel ores.

Therefore, the following are recommended for future studies and are discussed below.

It is recommended to explore the combined use of CO» gas and STPP in a single experiment
to float ultramafic nickel ores or serpentine-pentlandite mixture for further studies. By
STPP being the most effective serpentine depressant and by CO> bubbles demonstrating
the most effective in improving pentlandite recovery, combining both reagents in a single
experiment will even yield more flotation benefits. Thus, to further enhance pentlandite
recovery and serpentine depression flotation of ultramafic nickel ores, it is proposed to

simultaneously use STPP and CO; as depressant and flotation gas respectively.

It is suggested to explore methods that generate, and measure CO> fine bubbles as already
described in the previous section (Section 4.5 and Figure 33), which are needed to further
enhance the recovery of valuable minerals. Introducing real time or in-situ bubble size

measurement should also explore dual bubble flotation (as highlighted in Section 4.5).

Investigating the effect of fine bubbles characteristics (type, composition and generation
strategy) on the slime coating removal on pentlandite ((Fe,Ni1)9S8) surface requires
comprehensive studies. The study here should explore in greater detail, the cleaning or
dispersive abilities of fine bubbles to increase their selectivity for pentlandite.
Functionalizing the bubbles to improve their selectivity (as highlighted in the previous
section) is also another approach that can be used to enhance bubbles selectivity to
pentlandite and should be considered in future studies. Selectivity in flotation of fine
particles (-38 um) using fine bubbles and reagents like MIBC is also not just an issue
experienced in this study but has been identified in a previous study (89) and should be
investigated in further studies. Generation of the fine bubbles can be compared with high
intensity conditioning (HIC) due to high shear force which overcomes the adhesion forces

(252), to aid the surface cleaning abilities of fine bubbles in desliming the valuable
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pentlandite. Surface and bulk fine bubbles should both be studied as they may have
different roles. Impact of fine bubbles composition is another aspect that should be
carefully investigated, air and CO,. The use of CO> bubbles remains of special interest
because of their pH buffering capacity and their ability to form carbonate minerals with the
divalent cations at alkaline pH. The experiments should also involve in-situ measurements
of bubble size distribution with SOPAT probe to address the issue of identifying

nanometer-range fine bubbles in real time desliming.

Generally, the use of technologies that fixes emitted and atmospheric carbon dioxide are
important to addressing the GHG emissions. But more important, are technologies that
simultaneously utilize CO for commercial or industrial purposes and capture or store them
permanently. This is what a CO; assisted mineral flotation provides and has been
demonstrated in this study to some extent. A similar process is already being demonstrated
in the oil and gas industry called the CO> Enhanced Oil Recovery (EOR) (213).
Experimental studies to improve bitumen recovery in a CO»-assisted paraffinic froth
treatment has been conducted (253) in oil sands extraction. By capturing and utilizing
carbon dioxide from its operations, the mining industry can reduce its carbon intensity and
GHG emissions. Information from this study provides understanding of CO> use as a
flotation gas for authors that want to perform experiments in this direction, provide
alternative methods of processing ultramafic nickel ores, and introduce an alternative way

of carbon storage.

Finally, more investigations are required to determine the optimal stability of CO- froth at
alkaline pH. Due to the high amounts of the pH modifier required to maintain pH at 10.1,
it resulted in high ionic strength which can impact froth stability. This has been a major
issue with the use of COs». It is proposed that a variety of frothers be investigated as only
methyl isobutyl carbinol (MIBC) frother was used in this study which is also the case in
another study (24). Even though froth stability of the CO- flotation system was impacted,
flotation recovery was achieved and can be attributed to the formation of CO: fine bubbles

on the mineral surfaces which attained equilibrium and promoted bubble-particle
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attachment. However, stable froth conditions are necessary for optimal flotation recoveries

and more studies are required in this direction.
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Appendix 1

CasaXPS data used to produce XPS plots for both the baseline and STPP case.
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Appendix 2

CasaXPS data used for the XPS results of CO; case.
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