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Synopsis

Mineral concentration is an important ore beneficiation step after comminution, utilised
to create a mineral concentrate through physical separation from gangue. Froth
flotation is commonly used as a mineral concentration process that separates minerals
based on their surface properties (hydrophobicity). The separation efficiency of this
process is aided by the presence of surfactants such as acids, oils, and salts. Industrial
scale froth flotation is operated in units known as flotation cells, tanks and or columns
to make up what is known as a concentrator. In a froth flotation process, a mineral-
water slurry (about 80 % w/v) is aerated and agitated to develop two distinct phases:
a froth and a pulp phase.

The valuable concentrate is collected in the froth phase. In South Africa, the Bushveld
Igneous Complex (BIC) is a global powerhouse of Platinum Group Minerals (PGM)
production located on Johannesburg's outskirts, a primarily arid region. Due to water
scarcity, water use and disposal legislation and water reuse initiatives, most mines use
water recycled on-site. Consequently, the efficiency and operating conditions are
affected by the change in water quality and have promoted extensive research into the
impact of changes in water quality on flotation performance. Water recycling introduces
and accumulates inorganic species as suspended solids and ions (e.g., Ca?*, Mg?*,
S04%, and CI'), which can interact with the ore and reagents used in froth flotation. The
change in water quality due to water recycling has an impact on the mineral surface
properties, activation of minerals, gangue entrainment, froth stability, settling rate and
the ionic concentration of the pulp. An increase in electrostatic ion concentration leads
to a more compressed electrical double layer between bubbles and particles, thus
leading to greater bubble-particle attachment and higher froth stability, thus affecting
both the pulp and froth phase phenomena. In the pulp phase, the ions present alter the
surface charge leading to more particle collision and aiding their coagulation.
Furthermore, ions interact with the mineral surface leading to a change in the surface
properties, activating or acting as competitors for active sites with reagents. The
change in pulp chemistry, i.e., changes in dissolved oxygen concentration or redox
potential, have an impact on the reaction pathways at play, such as reagent / mineral
and or galvanic interactions. Therefore, a change in water quality significantly impacts
the operation efficiency of concentrators.

Several operations recycle water on-site. Water recovery from tailings dams is a
lengthy process. However, short water recirculation occurs during plant operation,
hence, may form a timeous water feed source. Short recycle waters from thickener and
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dewatering units are a second recycle water source; however, constituents of such a
water source may occur in an active state, hosting active reagents and ongoing
chemical interactions. The focus of the study is to investigate the impact of short water
recirculation on the recovery and grade of copper and nickel sulfides, solids and water
recovery, entrained gangue, electrical conductivity (EC), dissolved oxygen
concentration (DO), foam and froth stability, ionic concentration, and tailings settling
rates in the flotation of a platinum bearing ore from the Upper Group Chromite (UG2)
ore.

The investigation is conducted through sequential batch flotation using recovered
water from the preceding batch flotation tailings pulp. Synthetic plant water of a set
quality, typical of onsite process water was used as the fresh feed water (baseline
water). After flotation, the recycled water is fed either to both the mill for ore
comminution and the float cell for batch flotation or only to the float cell for batch
flotation. These two circuit configurations supported the investigation into the impact
of water recycling on milling and froth flotation. The initial water quality mimicked typical
feed water quality based on relevant research and thereafter recycled water was used
which showed a spike in common ions such as Ca?*, Mg?*, SO4?%, CI-. Flotation of the
ore at a constant collector, depressant and frother dosage is the baseline condition for
the experimental program. The presence of these ions in the water was investigated
through electrical conductivity and discrete colorimetry. The settling rate of solids
present in the tailings was monitored through real time spectroscopic analysis of tailing
samples over time to establish both a maximum transparency and the rate of change
in transparency over time. The solids, water, nickel and copper recoveries and grades
paired with kinetic analysis of recovery, transparency, foam and froth rates are used
to evaluate the flotation performance under the degrading water quality.

The residual collector and depressant in the recirculated water are tested using a
UV/Vis Spectrophotometer. The concentrations of residual collector and depressant
were significantly lower than their feed concentrations as was expected, therefore
water recycling did not significantly inhibit reagent activity. This result indicates that the
change in water quality did not inhibit the reagent efficiency or usage thereof as it
pertains to interactions between reagents and mineral particles in the pulp phase.
However, froth stability was significantly influenced by both the change in water quality
and the presence of residual frother. In addition, the presence of residual depressant
improved the coagulation of the tailings. In all the tests conducted, recycled water had
a higher froth stability as compared to recovered water from the baseline floats. In
addition, the higher the ionic concentration, the higher the froth stability of the tailings

iv
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water, as observed in float cell recirculated water. Short water recirculation led to an
increase in the recovery and recovery rate (especially for Ni) of the Cu and Ni present
in the ore, however due to an increase in entrainment the grade of the product was not
improved. The coagulation of tailings was also affected by the ionic concentration. The
increase in ionic concentration led to higher particle collision due to the increase in
repulsive forces. The increase in ionic strength led to the development of more stable
froths possibly owing to a decrease in bubble coalescence and reduced bubble rupture
which are phenomenal with the use of highly inorganic electrolyte concentrated
process water in flotation. This increase in froth stability was observed both in dynamic
stability tests and in the increase in solids and water recovered during froth flotation. It
was also seen that the amount of entrained gangue in the froth increased with water
recirculation.

This study successfully showed that short water recycling leads to an increase in ionic
concentrations due to ore dissolution in the mill and during froth flotation. The dissolved
ions are primarily from the common gangue minerals found in the ore such as Ca?*,
Mg?*, SO4? and CI-. The choice of point of addition leads to a significant difference in
performance and pulp chemistry; recycling water to comminution operations may lead
to a depletion of DO % present while recycling water to the flotation cells may allow for
the highest froth stability achievable. The higher ionic strength in the water quality
improves the solids, water, and sulfide recovery and a higher solids load per unit water.
However, as entrainment is non-selective, an increase in the amount of entrained
gangue as seen in this study, may have a detrimental impact on the concentrate grade.
Accumulation of ions brought about by water recirculation may lead to an increase in
solids, water, sulfide mineral and gangue recoveries in a concentrator and downstream
when a series of concentrators are in use. Therefore, short water recirculation can be
utilised as a water re-use strategy. However, it will require water quality monitoring to
ensure that the flotation performance is not adversely impacted. In addition, the study
encourages the use of recycled water from tailings and thickeners as a source of
process water as it is non-detrimental to the overall flotation performance.
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Glossary

Control variables

Daltons
Dependent variables
Extraneous variables

Gangue
Independent variables

Ore deposit

Wettability
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These are variables that are not measured in a study but
must be held constant, neutralized/ balanced, or eliminated
to limiting biased impact on other variables.

1/12 of the mass of an unbound neutral atom of carbon-12
in its nuclear and electronic ground state and at rest.

Are variables that show the effect of manipulating or
introducing the independent variable.

Factors in the research environment that may affect
dependent variables but are not controlled.

Collective name for valueless minerals
Are variables that the researchers have control over.

Economic term that denotes a mineral deposit of enough
extent and concentration to invite exploitation.

The ability of a liquid to maintain contact with a solid
surface by balancing the intermolecular interactions of the
adhesive (liquid to the surface) and cohesive (liquid to
liquid) (Moldoveanu and David, 2017).

Vi



CENTRE FOR MINERALS RESEARCH

oo

S
Bajup .o

Abbreviations

gm o - micrometers microns
DO - Dissolved oxygen

EC - Electrical Conductivity

Eq - Equation

Fig - Figure

IS - lonic strength

kg - Kilogram

M - Molarity

mL - milliliter

mm - millimeter

NFG - Naturally Floatable Gangue
PGE - Platinum Group Elements
PGM - Platinum Group Minerals
SPW - Synthetic Plant Water
wiw - mass fraction
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1 Introduction
1.1 Background

The scarcity of freshwater, exaggerated by increased freshwater withdrawals by a
growing population, climate change reducing green and blue water resources, and
legislative action for stringent environmental restrictions, has motivated industrial
innovation in the usage of freshwater and handling of wastewaters. Although the
Platinum Group Mining industry in South Africa consumes freshwater as a resource, it
only accounted for 5% of the freshwater consumption in South Africa in 2010 (Haggard
et al., 2015). However, mining sites are located in arid regions, compounding the
impact of water scarcity on their operations (Haggard et al., 2015). The developed
scarcity has led to the growth of alternative water sources, such as treated sewage
water, ground water, and water management strategies, such as internal water
recycling, reuse and freshwater withdrawal reduction. These strategies inadvertently
affect water quality and may, in turn, affect flotation chemistry as species present in
solution (biotic and abiotic) and water characteristics such as total dissolved solids
(TDS) may differ from freshwater. Water recycling has become a significant input to
the overall plant water use, accounting for between 60-65% of available water in 2015
(Buchspies et al., 2017).

Froth flotation, first patented in 1877, is a mineral processing step utilized to
concentrate ore minerals based on their surface properties into valuable minerals and
gangue in flotation concentrators circuits (Bradshaw, 1997; Bunyak, 2000). The
crushed mineral slurry in the presence of water (about 80 % of the vessel), acids, oils
and salts (formally known as flotation reagents) is; agitated and aerated to develop two
distinct phases, the pulp and the froth phase; where the hydrophobic minerals are
recovered from the froth phase as a concentrate and the hydrophilic recovered from
the pulp phase as tailings (Napier-Munn and Wills, 2005). Mineral recovery is a function
of flow mechanisms; true flotation, entrainment, drainage and entrapment; that are the
bases of mineral surface properties and flow of air in the process. Reagent mineral and
air interactions are integral to the flotation performance and are affected by pulp
chemistry. Froth flotation in the industry utilizes a series of flotation cells, producing a
mineral-rich concentrate that is utilized in downstream beneficiation processes. Froth
flotation is an integral step in the mineral beneficiation process acting as the primary
concentration step before pyrometallurgy and oxidation of the concentrate. Froth
flotation is a water intensive process, with concentrator plants contributing 93 % of the
fresh water withdrawals in Platinum Processing Plants (Haggard et al., 2015).
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Water quality has a significant influence on the concentrator plant performance and
extensive research into the impact of varying water quality and the species at play on
flotation efficiency has been performed (Bigak et al., 2012a; Boujounoui et al., 2015;
Finkelstein, 1999; Haran et al., 2008; |kumapayi et al., 2012; Slatter et al., 2009).
Change in water quality through water recirculation (water recycling) have been shown
to impact various aspects of froth flotation leading to change in the mineral activation,
gangue entrainment, froth stability, hydrophobicity of mineral surface, hydrophilicity of
gangue and its depression, and the electrolyte concentration of the pulp (Bigak et al.,
2012a; Boujounoui et al., 2015; Finkelstein, 1999; Haran et al., 2008; Ikumapayi et al.,
2012; Slatter et al., 2009). Change in froth stability in froth flotation has an impact on
the overall recovery, grade and selectivity of a concentrator, due to its impact on the
flow mechanisms at play (Manono et al., 2012). Changes in the mineral surface
properties, through mineral activation has an impact on the surface properties such as
its floatability and reagent interaction, influencing the mineral recovery and grade in
the concentrate. Changes in pulp chemistry, i.e. changes in dissolved oxygen
concentration or redox potential, have an impact on the reaction pathways at play,
such as reagent mineral and or galvanic interactions (Bruckard et al., 2011). Settling
of the solid pulp in subsequent thickener units is also impacted by the electrolytic
concentration of the water (Manono et al., 2018). The presence of selected ions in the
pulp, i.e., Ca?*, Mg?*, SO4%, and CI, have an impact on the mineral and froth properties
observed in froth flotation (Dzingai et al., 2021, 2020) - Water recycling may also reduce
reagent consumption by recovering unconsumed reagents retained in the water that is
to be recycled (Bleiwas, 2012; Levay et al., 2001; Slatter et al., 2009).

It is for this reason that the use of recycled water as an alternative to freshwater has
been noted to possibly impact flotation efficiency, selectivity and mineral recoveries
and hence water quality has become a subject of many research studies (Bicak et al.,
2012a; Boujounoui et al., 2015; Corin et al., 2011; Finkelstein, 1999; Haran et al., 2008;
Ikumapayi et al., 2012; Slatter et al., 2009). Water recycling fits well into the mining
industry’s goals of achieving a zero-emission policy, minimizing interaction of the mine
with its surroundings (Liu et al., 2013). It is on this basis that this study argues that an
understanding of the impact of water recirculation, with a keen interest on the impact
of recirculation on flotation outcomes while considering a small number of water quality
variables.
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1.2 Problem Statement

South African PGM mines use water from the Vaal River which suffers at least 3
months of severe water scarcity during a year, indicating that the mines are located in
a water-stressed region (Haggard et al., 2015). The industry has also been motivated
by society and policy towards more sustainable mineral processing with reduced
emissions (Bigak et al., 2012a; Ilkumapayi et al., 2012; Slatter et al., 2009). Thus, the
industry has had to implement water recirculation as a water management strategy
commonly used in processing plants in arid regions (Boujounoui et al., 2015; Slatter et
al., 2009). The focus of the study will be to investigate the impact of short water
recirculation on flotation efficiency. The project will simulate sulfide rougher flotation
utilizing a reagent suite of collectors, depressants and frothers with simulated water re-
circulation through water recovery from the tailings. The project will investigate the
impact of point of addition of recirculated water (i.e., to the mill or the float cell.). While
many operations recycle water on-site, water recovery from tailings dams is a lengthy
process, short water recycles occur during plant operation, hence may form a timeous
water feed source.

However short recirculated water varies greatly in quality to long water recycles, and
is considered to be in an “active state” with mineral and reagents interactions still
occurring (Liu et al., 2013; Slatter et al., 2009). Water recirculation leads to a build-up
of ions present in solutions: impact of accumulation due to water recirculation is usually
studied through as synthetic build-up of concentration and not through water recovery
as proposed in this project.

Bulatovic, (2007: 1) states that “/In commercial plants, the control of flotation reagents
is the most important part of the flotation strategy.” Reagent costs in sulfide flotation
operations typically run into tens of millions of dollars per annum presenting a good
opportunity for cost improvement and improvement in flotation efficiency (Muzenda et
al., 2013). Studies on reagent optimization have shown that typical plants may not be
operating optimally due to disproportionate reagent doses leading to reagent misuse
and reduced recovery (Muzenda et al., 2013). Water re-circulation reduces reagent
consumption by recovering unconsumed reagents retained in wastewater (Bleiwas,
2012; Levay et al., 2001; Slatter et al., 2009).

This motivates the investigation of the impact of residual reagents, especially in short
recycle systems where the reagents are still considered to be active. However, the
impact of residual reagents on the grinding chemistry and pulp chemistry on flotation
performance is still a matter of contention with Bruckard et al., (2011) proposing that

3
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the water chemistry variation in the mill through the addition of reagents has no impact

on the grinding chemistry or flotation performance. It is this niche in knowledge and
literature that this project finds its relevance as an opportunity to develop new insights.

1.3 Scope

Froth flotation performance is controlled by several complex parameters. The overall
rate of flotation performance is a balance of various competing mechanisms of
collection, attachment and detachment (Jameson, 1984). Crozier, (1992) lists up to 25
identifiable parameters however Manono, (2012) proposes that these can be more fully
described by over 100 variables. Klimpel, (1984) summarises them into twenty-five
measurable parameters affecting a flotation system by dividing the major variables into
three categories, equipment, chemical and operational components as shown in Fig
1-1.

Chemistry

Components
Collectors , Frothers,
Activators, lons,
Depressants, pH, EC,

Flotation

Operation
System

Equipment
Components Components
Air flow, Cell design, Feed rate, Mineralogy,
Agitation, Solid Particle size distribution,
Pulp density, Bubble
size, Temperature,
Circuit design.

KEY
e Control Variables
e dependent Variables
e |ndependent Variables
e Extraneous variables
e Vioderate variables

suspension, Process
control.

Fig 1-1. A summary of variables in the flotation system adapted from (Klimpel, 1984)

This project evaluates the impact of short water re-circulation on the flotation
performance of a platinum bearing UG2 reef ore by analytical and quantitative analysis
of the solids and water recoveries, valuable mineral recoveries and grades, froth
stability, coagulation, pH and ionic strength (IS) during the flotation process.
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The controlled variables in the project are milling media, reagent suite, physical
flotation conditions and equipment used will be kept constant. The project is limited to
water quality research on flotation, utilizing synthetic plant water. The control variables
are kept constant based on standard practice for water quality batch flotation work:
synthetic plant water (SPW) recipe; the mass of ore; airflow; agitation; feed rate; pulp
density; mineralogy; particle size distribution; and reagent suite.

The temperature was chosen as a moderate variable; because it affects the strength
of the relationship between dependent and independent variables, however, it is
difficult to control. As the lab is a temperature-controlled environment, the temperature
will only be monitored. The ore mineralogy and standard batch flotation work are
summarized in Chapter 4. The project variables are summarized and elaborated in Fig
1-1.

The dependent variables will be monitored throughout the experiment using
appropriate equipment to develop performance indicators about flotation efficiency.
The dependent variables are pH, Oxidative Redox Potential (ORP), Dissolved Oxygen
Concentration (DO %) and Electrical Conductivity (EC) and will be monitored at
specific points in the experimental program as described in Chapter 4. The
independent variable is the point of addition, developing a water recirculation loop and
varying of the recirculated water. All other variables are beyond the scope of the project
and can neither be controlled nor monitored during the experiment. The reagent suite
and the ore used in the project are all outlined Fig 1-2. The inputs to the project are the
water quality, ore type and the reagent suite, while the outputs include nickel (Ni) and
copper (Cu) grades and recoveries; froth stability, ion concentration, EC, ORP, DO %,
solids coagulation, reagent adsorption and pH producing information on the impact of
short water recirculation and change water quality in froth flotation.



Nickel and Copper Recoveries Solids
and Grade coagulation
Froth Stability Reagent
Adsorption
lon Concentration
: - FLOTATION pH
Electrical Conductivity PROCESS
Mg(NO3)26H20
REAGENT ATER
ORE TYPE CHEMISTRY
CMC . Ca(N03)24H20
SIBX Synthetic
UG 2 Reef Plant Water (3
DOW 200 SPW) CaCl,.2H,0

NaCl

NGQCO3

Fig 1-2. A schematic representation of the scope of this study.

1.4 Value of Work

The emergence of stringent laws and policy on water use across the manufacturing
industry, with additional requirements on the minimization of mine water discharge and
minimal freshwater feed from municipal sources, has motivated the use of water re-
circulation as a water management strategy (Peters and Meybeck, 2000). Liu et al.,
(2013) presented a review on water quality research which identified a gap in
knowledge regarding why water quality varies, the proposed project considers the
impact of short water recirculation on water quality in terms of pH and EC. Although
water re-circulation prevents environmental pollution from mine water discharge or
effluent and is the best alternative to meet the demand for zero-wastewater effluent
from operations, its impact on flotation performance is not fully understood. The project
aims to provide valuable information to the discussion, and as a water sustainability
project, it falls in line with goal 6, 8, 9, 11, 13, 14 and 15 of the United Nations (U.N.)
sustainability development goals outlined in the 2030 Agenda for sustainable
development summarized in Fig 1-3 from (Desa, 2016).

»
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1.5 Importance, Applicability, Limits, and Uncertainty of the Short Water
Reticulation Project

The use of synthetic plant water in the study is a limitation as it oversimplified and not
a true representation of plant water and does not fully describe the complexity
dynamicity, and instability of mining process water (Intergovernmental Panel on
Climate Change, 2014; Miranda-Trevino et al., 2013; Wasserlauf and Dutrizac, 1984).
However, the UCT SPW recipe developed was mine specific, developed for the
Bushveld Ingenuous Complex, however the unstable, dynamic and complex of real
plant water motivates the use of SPW in common practice in water quality research,
noting the ore specificity of the water recipes to be used (Bigak et al., 2012a; Corin et
al., 2011; Ikumapayi and Rao, 2015a; Manono et al., 2013, 2012; Wiese et al., 2005).
In addition, through water recycling, the observed change in water quality in chemistry
and physical properties shows the importance of ore specific synthetic water recipe to
ensure all ions involved are accounted for.

Water recycling projects allow for investigations into the rate of change in water quality
due to ore dissolution, residual reagent, suspended solids, and ion accumulation (Le
et al., 2020). The water composition in the experiments will be compared to the
standard synthetic plant water qualities that are used in water quality research.
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The Water Recirculation Project allows for quantitative and qualitative analysis of the

impact of water recycling on flotation performance. Mass balance on the froth flotation
process allowed for investigation on the impact of Water Recycling on the selectivity
and the recovery of the mineral processing step. The impact of ore dissolution on the
water quality will be inferred though EC and TDS measurements, as well as GDACA
for specific ion concentrations. Water re-circulation will impact the flotation
performance. The impact on selectivity, recovery and flotation performance of the
flotation process will be compared to correlations developed from literature at different
concentrations in water (Bigak et al., 2012a; Boujounoui et al., 2015; Corin et al., 2011;
Haran et al., 2008; Ikumapayi and Rao, 2015b; Khraisheh et al., 2005; Mailula et al.,
2003; Manenzhe, 2018; Manono, 2012; Martinovic et al., 2005; Mhlanga, 2011; Slatter
et al., 2009; V.P. Finkelstein, 1972). Finally, reproducibility of Water Recycling test
work is imperative in validation of methodology with the purpose of motivating its
addition into the standard test work done on site.

1.6 Limitations of Research Work in Flotation.

Flotation is a multi-faceted topic; however, the research approach is focused on a case
to case basis (Liu et al., 2013). It is rare to see paralleled study on adsorption of
collectors and collector induced adsorption (Finkelstein, 1999). The conditions of
operation of some of the research work in the field have little or no relevance to
flotation: acid to neutral pH; the amount of adsorption greater than those encountered
in the industrial application; relatively long adsorption times (Finkelstein, 1999). The
impact of hydroxide coatings on the mineral surface, mineral interaction before and
after activation in the form of solid-solid and solid-fluid interactions has not been fully
investigated. The careful nature of the lab work does not accurately simulate distortion
and irregularities i.e., surface layer distortion in abrasion and grinding, leading to
findings that are contrary to real systems in industry (Finkelstein, 1999). However, the
whole body of research work done serves its importance in the potential that all
cumulative work done can be put together to map out the most efficient flotation
strategy and creation of integrated process prediction models.
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2 Literature Review
2.1 Froth Flotation

First patented in 1877, froth flotation has become one of the most prominent recovery
processes for sulfide minerals, utilized for the processing of much of the world’s copper
(Cu), Nickel (Ni), zinc (Zn) and lead-bearing minerals (Bradshaw, 1997; Bunyak, 2000).
Froth flotation is a mineral processing step developed in response to; inefficient ore
recovery methods, depleting high-grade ore bodies with the goal of developing high-
grade mineral-rich concentrates from low-grade ore bodies (Bunyak, 2000; Hu, 2014).
Froth flotation is a complex physicochemical separation process utilized to separate
minerals (with similar density); whose surface properties differ greatly in wettability
(Encyclopaedia Britannica, 2012). Flotation is aided through the use of surfactants that
stabilize a froth formed on the surface of an agitated suspension of the minerals in the
water into a valuable mineral-rich concentrate and a gangue collected in the tailings
(Bunyak, 2000; Wills and Napier-Munn, 2006). Industrial-scale froth flotation utilizes
mechanical cells or columns. In a flotation cell, appropriately sized and liberated solid
particles of differing commercial values are suspended in water, treated with flotation
reagents and subjected to aeration (Finch, 1995a, 1995b; Harris, 1982; Leja and
Schulman, 1954).

froth {containing
hydrophobic material)

e v r |
particles I : hydrophaobic
L particles
adhering to
bubbles

hydraphilic
material)

agitator
1999 Encyclopsadia Britannica, Ine.

Fig 2-1. Schematic diagram of a flotation separation cell adapted from (Encyclopaedia
Britannica, 2012)

The process environment is a water bath that is agitated to maintain and enhance
phase interactions leading to bubble particle collisions by developing turbulence in the
pulp phase and aerated with flotation gases, e.g., nitrogen, air etc., developing a
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mineral rich froth phase. (Bunyak, 2000; Couper et al., 2005; Hintikka and Leppinen,
1995; Napier-Munn and Wills, 2005).

Froth flotation relies on surface properties of the valuable and gangue minerals, where
the natural floatability of the minerals defines the principal flow of the flotation process;
and takes advantage of the surface tension of liquids and the ability of minerals to
attach to air bubbles (Bunyak, 2000; Wills and Napier-Munn, 2006). The three phases
in flotation are the solids, water and air (Napier-Munn and Wills, 2005). Aeration in froth
flotation leads to the development of distinct phases; the pulp phase where the mineral
recovery occurs by particle attachment to air bubbles which rise and by coagulation of
hydrophobic particles leading to settling, and the froth phase where the bubble-particle
aggregates rise to the top of the cell, where the concentrated valuable minerals are
separated from the bulk as shown in Fig 2-1. The recovery of materials in the froth
phase from the pulp phase occurs through three mechanisms that lead to the recovery
of minerals: true flotation, entrainment and physical entrapment (aggregation) (Napier-
Munn and Wills, 2005). In the pulp phase particle agglomeration leads to change in
mass, reducing buoyancy hence the particles settle this is known as coagulation.

True flotation is the only selective mechanism and is based on the surface properties
of the minerals which are enhanced in the flotation process by use of flotation reagents
(Napier-Munn and Wills, 2005). Entrainment is the non-selective recovery of both
valuable and gangue particles carried up by the flow of water and air into the
concentrate (Napier-Munn and Wills, 2005). Physical entrapment occurs when
particles are trapped between other particles attached to bubbles in the froth phase
(Napier-Munn and Wills, 2005). Froth flotation stability the differences in hydrophobic
and hydrophilic properties of a mineral. A hydrophobic mineral is nonpolar and will
attempt to avoid contact with water, thus being preferentially attracted to air bubbles
(Schaschke and Carl, 2014). A hydrophilic mineral is preferentially attracted to water
(Schaschke and Carl, 2014). Due to entrainment and naturally floatable gangue
(unwanted minerals), a complete separation of valuable minerals from gangue is
impossible, hence the need to use flotation reagents to assist in the flotation process.
In addition to entrainment, gangue minerals can be carried to the froth phase by being
locked to valuable hydrophobic particles through incomplete liberation (Becker, 2009;
Corin et al., 2011). Similarly, valuable minerals can remain in the pulp as a result of
being locked in hydrophilic and composite particles (Kawatra and Darling, 2011). The
flotation reagents used are added to the pulp phase of the flotation process where they
impact the hydrophobicity and hydrophilicity of the minerals and the properties of the
process water (Becker et al., 2007; Chau, 2009). Reagent adsorption on the mineral

10
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surface is almost instantaneous however some reagents require some time
(conditioning time) for complete reaction with the mineral surface (Sweet, 1999).

Water
Air
4 Air
Water I}
Mineral surface Mineral surface

Fig 2-2. Particle-water (left) and Particle-bubble (right) attachment in the pulp phase
adapted from (Celik and Somasundaran, 1980; Chau, 2009).

Chau, (2009) states that “the primary requisite for flotation is the replacement of water
at the mineral surface by an air bubble.” This develops the three major subprocesses
in flotation: particle-bubble collision, adhesion of the mineral particle to air bubble, and
detachment. The schematic of reagent-water-particle (left) and the particle-bubble
(right) interaction in the agitated pulp phase is shown in Fig 2-2. The water collector
phase surrounds the mineral during conditioning, improving mineral hydrophobicity,
after aeration starts, the particle attaches itself to the air bubbles formed and rises from
the pulp to the froth phase. Flotation reagents used are known as collectors,
depressants and frothers as detailed in Section 2.2.

2.2 Flotation Reagents

As stated by Napier-Munn & Wills, (2005) “Most minerals are not water-repellent in
their natural state and flotation reagents must be added to the pulp. “Flotation reagents
are added to manipulate the pulp chemistry and enhance the differences in mineral
surface hydrophobicity to facilitate the separation improving flotation recovery and
grade (Becker et al., 2007; Muzenda et al., 2013; Wiese et al., 2005). The different
reagents used in froth flotation are described below: Reagent efficiency is a function
of their concentration in solution (Napier-Munn and Wills, 2005).

2.2.1 Collectors

Collectors are used in sulfide flotation to interact with valuable minerals to render them
hydrophobic to increase recovery. Collectors are heterogeneous molecules that

11
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contain an inorganic, active group (polar functional group), non-ionic hydrocarbon
chain (Garrels and Christ, 1990; Lovell, 1982).

The polar functional group is hydrophilic and attaches itself to the mineral surface while
the hydrocarbon attaches to the bubble (Garrels and Christ, 1990; King, 1982; Lovell,
1982). The most commonly used thiol collectors are xanthates and di-thiophosphates
due to their high selectivity for sulfides and non-affinity for non-sulfide gangue minerals
(Rao and Finch, 1988a). The molecular structure of a commonly used xanthate
collector is shown in Fig 2-3.

[o——17;]

N

O S-Na+

Fig 2-3: Molecular structure of sodium isobutyl xanthates (SIBX) obtained from
(Fuerstenau, 1982)

Collectors are used in sulfide flotation to interact with valuable minerals to render them
hydrophobic to increase recovery. The polar functional group is hydrophilic and
attaches itself to the mineral surface while the hydrocarbon attaches to the bubble
(Garrels and Christ, 1990; King, 1982; Lovell, 1982).

2.2.1.1 Xanthate Chemistry

Xanthates are widely used in the processing industry as reactants or additives in
pesticides, rubber, cellulose and pharmaceuticals (Shen et al., 2016; Spottiswod and
Kelly, 1982; Wills and Napier-Munn, 2006). In the mineral processing industry, they
are used in the beneficiation of base metal sulfides (Cu, Ni, Zn, Fe), precious metal
ores (Shen et al., 2016; Spottiswod and Kelly, 1982; Wills and Napier-Munn, 2006).
Xanthates decomposition in aqueous solutions is a function of the system temperature,
pH, residence time and UV exposure in the liquid phase (Dautzenberg et al., 1984;
Mustafa et al., 2004; Rao and Finch, 1989; Sheni, 2016). The use of UV-Vis
spectroscopy to evaluate the decomposition of xanthates has been used frequently
throughout decomposition studies for xanthates. The Stopped Flow Techniques (STF)
was first developed by Tornell to investigate decomposition of xanthates (Tornell,
1967, 1966a, 1966b). The method is still used in12 recent studies on decomposition

12
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and stability of xanthates under the influence of time, pH, temperature and electrolyte

concentration (Mustafa et al.,, 2004; Muzinda and Schreithofer, 2018; Shen et al.,
2016).

Shen et al., (2016) discourages the use of the STF methodology as it does not allow
for identification of gas phase decomposition products. It relies on the assumption that
the only gas phase products is Carbon Disulfide (CS2) and that the decrease in
xanthate in solution is solely due to decomposition (Mustafa et al., 2004). Furthermore,
the SFT methodology was not suitable for heterogenous mixtures (flotation pulp) and
the UV-Vis band assignments for xanthates and its relevant compounds have never
been agreed upon. For this reason, the use of gas chromatography mass spectroscopy
(GC-MS), Fourier Transfer Infrared Spectroscopy (FTIR), capillary electrophoresis and
the Raman method have been proposed by Shen et al., (2016); Muzinda &
Schreithofer, (2018) as alternative methodologies for decomposition studies due to
their ability to monitor gas phase products.

However Shen et al (2016), Mustafa et al (2004) and Tornell (1966b,a, 1967) yielded
key findings that formulate insights into the decomposition chemistry of xanthates.
Mustafa et al (2004) work on the stability of xanthates as a function of pH and
temperature shed insights on the potential decomposition reactions occurring. The
reaction mechanism of decomposition following a uni-molecular (i.e., xanthate and
water first from xanthic acid which then decomposes) or bimolecular which is depicted
in Eq. (2-1). Shen et al (2016) however postulates that due to the moderate acidity of
xanthic acid, pKa=2.23 for butyl xanthic acid, hence it dissociates under alkaline,
neutral, and weakly acidic conditions. This theory is also adapted by Mustafa et al
(2004) for the decomposition of potassium ethyl xanthate as shown in Eq. (2-2) & Eq.
(2-3). This assumption allows us to model the decomposition of xanthates as a single
order reaction.

(CH3),CHCH,0CS,Na + H,0 < CS, + (CHs),CHCH,0H + NaOH

Eq. (2-1)
C;Hs0 CS,K + H,0 = C,H;0CS,H + KOH Eq. (2-2)
C,Hs0CS,K + H,0 —» KOH + C,H,0H + CS, Eq. (2-3)

13
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Xanthate (or alkyl dithiocarbonate, R-OCS2) can decompose to produce oxidation and

degradation products from residual xanthates (Muzinda and Schreithofer, 2018).
Similar work on degradation residual of xanthates has also been performed by
Muzinda & Schreithofer, (2018), and they based on absorbance at a wavelength 301
nm.

The decomposition of xanthates varies as a function of pH, decomposing faster as the
pH decreases with a maximum at c.a. 2.2 (Shen et al., 2016). CS2 generation, and
hence SIBX degradation, decreases as a function of increasing pH as elaborated in
Fig 6 Shen et al., (2016, p. 5).

2.2.2 Depressant

Depressants are utilized in PGM flotation to reduce the recovery of naturally floatable
gangue and therefore improve concentrate grades (Corin et al., 2011; Dzvinamurungu
et al., 2013; Ekmekgi et al., 2003; Mailula et al., 2003; Wiese et al., 2005). Desired
minerals are naturally hydrophobic, hence reducing the true flotation of gangue can
improve the selectivity of mineral flotation, leading to a higher grade concentrates
(Corin et al., 2011; Dzvinamurungu et al., 2013; Ekmekgi et al., 2003; Mailula et al.,
2003; Wiese et al., 2005). Depressants act by adsorption on to the surface of the
mineral, rendering it hydrophilic, limiting its flotation. The most commonly used
polysaccharide depressants are carboxymethyl cellulose (CMC), guar gum and dextrin
(Khraisheh et al., 2005; Mailula et al., 2003; Martinovic et al., 2005). The structure of
CMC shown in Fig 2-4 shows three hydroxyl groups on each hydro glucose unit of
cellulose (Wang and Somasundaran, 2005). Unlike collectors, depressants do not
degrade into toxic by-products, hence the degradation of residual depressant was not
considered. Colorimetric treatment through the use of phenol and sulfuric acid was
used to determine residual reagent concentrations in the water samples through the
use a UV-Vis Spectrometer (Dubois et al., 1956).
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Fig 2-4: The monomeric structure of CMC obtained from (Wang and Somasundaran,
2005)

Flotation in the absence of depressant would display the grade and recovery
developed at a maximum true flotation of gangue (NFG) accompanied by entrainment.
Increasing the depressant dosage is considered to lead to a maximum selectivity,
where all that floats can be floating by true flotation, therefore all gangue reporting to
the froth can be considered true floating gangue, developing an overall entrainment
factor. To determine the amount of natural floating gangue, the depressant dosage is
increased to a maximum to limit the flotation of all gangue, and hence any gangue
reporting to the concentrate is through entrainment as prescribed by Wiese and Harris,
(2012), and hence develop the mass of entrained gangue per gram of water. |

2.2.3 Frothers

Frothers are surface-active solutes, usually non-ionic molecules, that absorb at the air-
liquid interface and function in flotation is to facilitate air dispersion into fine bubbles
and provide a large water-air interface of sufficient stability to facilitate transportation
of hydrophobic material to the froth phase (Lovell, 1982; Pan et al., 2022; Ramos et
al., 2013).

Frothers are made up of neutral molecules consisting of a medium-chain hydrocarbon
and a polar group, usually a hydroxyl in the form of alcohol or glycol leading to a dual
affinity for water and air (Pearse, 2005). Frothers have been shown to have an impact
on the kinetics of bubble attachment (Klimpel, 1984; Klimpel and Isherwood, 1991).
Polyether glycols are the most commonly used frothers in sulfide flotation due to their
strong froth stabilizing effect which also enhances the particle-bubble attachment sub-
process of flotation (Sweet et al., 1997).
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Fig 2-5: Polyether Glycol Structure (ethylene glycol dimethyl ether) obtained from
(Merck, 2020)

2.3 Froth and Foam Stability

Froth stability is the ability of bubbles to resist coalescence and bursting, and plays a
significant role in determining the flotation performance mineral grade and recovery
(Barbian et al., 2005a, 2003; Farrokhpay, 2011; Pan et al., 2022). Bubble coalescence
involves the thinning of bubbles leading to their rupture of the thin liquid film between
bubbles. The term “foam” refers to two phase systems containing polyhedral gas
bubbles with liquid films residing between bubbles while the “froth” is the three phase
structure comprising of air bubbles, solids, and water (Farrokhpay, 2011; Pan et al.,
2022). The foam capacity is an effective way to assess the performance through
quantitative measurement of the height or volume of foam generated with the injection
of gas (Pan et al.,, 2022). There are two commonly known tests for froth stability,
dynamic or static tests. Dynamic tests develop the froth to an equilibrium point where
the rate of formation equals the rate of decay, while static tests have a zero rate of
formation and focus on the rate of collapse of the foam (Barbian et al., 2003). One of
the methods developed based on a dynamic stability test is non-overflowing froth
columns to develop stability parameters comparable to flotation performance.

One stability parameter developed is the ratio of steady state foam volume (V;),
estimated from the height of the foam (H,,,,,) and the cross-sectional area of the vessel
(A), to the injection gas flowrate (Q ) as a measure of foaminess for dynamic froths,
denoted as () developed by Bickerman, (1973), as shown in Eq. ( 2-4).

_ AV _Hinax* A Eq. ( 2-4)
AQ 0

2

The dynamic foam stability (3 ) is a measure of the average time gas remains entrained
in the foam (Barbian et al., 2003; Pan et al., 2022). Other parameters are also
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developed from kinetic measurements of the froth height, to establish a froth rise rate,
by visually or electronically recording the froth height H(t) as a function of time (t) fitted
by an exponential model of the form shown in equation developed by (Barbian et al.,
2006, 2005b, 2003). The equilibrium maximum height (Hmax) can be obtained from the
experiment or inferred from data obtained in the rise period in which (Hmax) and the
characteristic bubble lifetime are fitted (7).

H(E) = Hypo(1 — e77) Eq. (2-5)

Variations in froth height (H(t)) as a function of time (dH/dt) at any particular time is
develops the froth rising velocity u(t) which can be linked to the fraction of bubbles
bursting on top of the surface of the froth, known as the stable fraction (8) as shown
by models developed by Barbian et al., (2006, 2005a) for u(t) in Eq. ( 2-6) and
developing the stable fraction (B) in Eq. ( 2-7) and Eq. ( 2-8).

dH(t) Hmax —t/T Hmax_ H(t)
u®) =——=——e =" Eq. ( 2-6)
dH(t) Q
we) ==g— =pH) Eq. (2-7)

Both the stable fraction and the rising velocity are related to a relationship between
H(t) and Hmax Which are dependent on frother concentration, air flowrate, and position
of the flotation cell down a bank of cells, hence an important factor in froth modelling
and plant operation (Barbian et al., 2006, 2005a).

dH(t) g _ Hmax - H(t)g

BH) =—0— 2 T 4 Eq. (2-8)

For a highly stable froth, u(t) is equal to the superficial gas velocity in the plup Jq ,
however due to bubble bursting, the rising velocity is progressively lower by a factor 8
that represents the fraction of air remaining in the froth at a given froth height H(t)
(Barbian et al., 2006, 2005a).

2.4 Effects of Grinding Chemistry on Flotation Chemistry

Comminution is the size reduction of mined ore prior to froth flotation to provide fine
particles, that ensure efficient bubble adhesion occurs with enough power to overcome
the particle weight (Napier-Munn and Wills, 2005). These processes are done in two
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stages, crushing, and grinding, to liberate the minerals from their associated gangue.
Crushing is the dry processing of Run of Mine (ROM) to a suitable size range that can
be transported to the concentrator (Napier-Munn and Wills, 2005).

Grinding is the wet processing of the crushed ore traditionally achieved by abrasion of
the ore using rods (generally used in laboratory set-up) or balls in different milling
equipment’s (Napier-Munn and Wills, 2005). Usaini et al.,(2014) defined liberated
valuable minerals as released from their associated gangue at the coarsest possible
particle size. Grinding media has an impact on the pulp chemistry, surface properties
and floatability of sulfide minerals mainly through electrochemical interactions, surface
morphology and mechano-chemical reactions (Rao and Finch, 1988b; Wang and Xie,
1990).

Bruckard et al (2011) postulate that “Galvanic interactions between sulfide minerals
can occur, depending on mineralogy of the ore, can have an influence on the
separation efficiency of the flotation.”

The pulp chemical environment, pre-conditioning stages before flotation, reagent
interactions during grinding and conditioning can influence the subsequent flotation
process (Bruckard et al.,, 2011). During grinding, electrochemical corrosion occurs
between the sulfide minerals present in the mill, where two or more dissimilar sulfide
minerals are connected through an electrolyte, and interactions with the mill (Bradshaw
et al., 2006; Qing You et al.,, 2007; Rao and Finch, 1988b). Sulfide minerals are
generally nobler electrochemically than steel grinding media (rods) leading to the
development of high rest potentials under most conditions (Rao and Natarajan, 1989;
Rao et al., 1976). The mill acts as an anode, undergoing oxidation, loss of electrons,
while the sulfide mineral acts as the cathode, undergoing reduction, gain of electrons
(Bruckard et al., 2011). This leads to the development of galvanic cells where redox
reactions occur due to the differences in open circuit potentials of the sulfide mineral
and grinding media (Wang and Xie, 1990). Iron has the highest half-cell potential as
shown in Eq. ( 2-9) and acts as an oxidizing agent, forming galvanic cells with copper,
magnesium and calcium which are reduced in these reactions as shown in Eq. ( 2-10),
Eq. (2-11) and Eq. ( 2-12).

Felyy +e™ = Feliy E°(V) = +0.77 Eq. ( 2-9)
Culayy + 26~ = Cugy E°(V) = 4+0.153 Eq. (2-10)
Mgty +2e” — Mg E°(V) = —2.363 Eq. (2-11)
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Cafiy +2e” = Cay E°(V) = —2.866 Eq. ( 2-12)

Galvanic interactions are controlled by the mixed potential principle, with lower open-
circuit potentials acting as anodes undergoing surface oxidation (Wang et al., 1989).
This has motivated the study of electrochemical interactions of pyrite, chalcopyrite,
galena and sphalerite minerals as well as studies on the effects of grinding chemistry
on the flotation chemistry and overall flotation performance (Bradshaw et al., 2006;
Jacques, 2017; Qing You et al., 2007; Rao and Finch, 1988b; Van Deventer et al.,
1993; Wang and Xie, 1990).

Galvanic interactions between sulfide mineral and steel grinding media lead to the
formation of iron (Fe) hydroxides by consuming the dissolved oxygen (DO) content and
increasing iron levels in the slurry (Bruckard et al., 2011). Galvanic interactions lead to
a change in the pulp chemistry and surface properties of ground minerals leading to a
reduction in the amount of DO present and a change in the pulp potential, which
depending on the impact of galvanic interactions, has a severe impact on the practical
control of the redox conditions in the flotation slurry (Bruckard et al., 2011). Galvanic
interactions can be impacted by the change in the gaseous atmosphere in the mill. Rao
& Finch, (1988b) found that interactions are weakened in nitrogenated water due to
lower activity of DO. In a closed mill, DO is consumed in the oxidation of the mineral
and hence strongly affects the rate of xanthate adsorption on mineral surfaces by
impacting active surface area (Corin et al., 2013; Napier-Munn and Wills, 2005).

Galvanic interactions have shown impacts in the froth phase in complex sulfide ore
flotation, where interactions caused by the presence of iron yielded a stable, well-
drained froth with a low ratio of solids/ water recovery and large bubbles in the froth
(Van Deventer et al., 1993). However, Bruckard et al (2011) note that although reagent
addition, such as collectors, lime, or cyanide during milling can alter pulp chemistry,
they do not show a strong influence on the subsequent flotation performance. Although
the effects of changes in grinding pulp chemistry and environment on the flotation of
complex sulfide ores have been studied, impact of water recirculation and residual
reagents has not found consensus with Bruckard et al (2011) postulating that it has no
impact on subsequent flotation efficiency, while others (Bleiwas, 2012; Levay et al.,
2001; Slatter et al., 2009) are optimistic on the impact of residual reagents in flotation.
This conflict motivates the relevance of this project. Oxidation of mineral on the mineral
surface leads to the formation of hydroxides and sulfur-oxy species, either absorbed
in thin layers or precipitated from solution as colloidal particles in acidic and alkaline
oxidation respectively (Buckley and Woods, 1984).
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In alkaline conditions a layer of the metal hydroxide forms above the sulfur-rich mineral
surface creating a metal-deficient sulfide lattice, polysulfide or elemental sulfide
(Buckley and Woods, 1984).

2.5 Impact of Water Quality and Scarcity on Flotation

Mineral processing plants utilize varying water qualities throughout their operations,
blue water, greywater (i.e., treated sewage effluent), municipal water, and internally
recycled water (short and long recycles) (Boujounoui et al., 2015; Liu et al., 2013;
Slatter et al., 2009).

Haggard et al., (2015) developed water footprint terminologies across the processing
plants stating that “Blue-water footprint of a process is the volume of ground and
Surface water that is consumed in the process...The green-water footprint is the
volume of rainwater that is stored on or in the soil and is used by plants for
evapotranspiration...The grey-water footprint for a process is the volume of clean
water required to dilute pollutants in the wastewater to such an extent that the
wastewater does not disturb the ambient water quality of the catchment it is released
to...Consumption is defined as water that is not returned to the same water resource
or is not returned during the same period (lost return flow), is lost through evaporation
or integrated to into the product...” developing the footprint calculation formulas for
blue-green and greywater Eq. ( 2-13), Eq. ( 2-14) and Eq. ( 2-15).

W Fprocpiue = Blue water evaoration

+ Blue water incopoeration Eq. (2-13)

+ lost return flow (volume/time)

W E,roc,green = Green water evaoration

+ Green water incopoeration Eq. ( 2-14)

+ Incoperation (volume/time)

L

WFproc,grey = C

max ~ Cnat Eq ( 2'15)

Where: L is pollutant load (mass/time), Cmax is ambient water quality for the pollutant
(mass/volume), Cnat is the natural concentration in the catchment (mass/volume).
These waters differ significantly in chemistry and inadvertently affect the flotation
chemistry as they differ in species present in solution (biotic and abiotic) and therefore
in total dissolved solids (TDS). This has motivated extensive research in the impact of
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varying water quality and the species at play on the flotation efficiency (Bicak et al.,
2012a; Boujounoui et al., 2015; Finkelstein, 1999; Haran et al., 2008; Ikumapayi et al.,
2012; Slatter et al., 2009).

| Smelter plant
1%

‘‘‘‘‘‘‘‘‘‘‘

Tailings dam
1%

Tailings dam
F3%

Fig 2-6. Total water footprint for platinum processing plant adapted from (Haggard et
al., 2015)

The concentrators represent the froth flotation stages which account for 93% of
freshwater withdrawal consumption as shown in Fig 2-6 (Haggard et al., 2015).
Deionised water has been shown to achieve superior flotation performance citing
reduced reagent adsorption and lower grade and recovery in other water samples in
the flotation of copper (Haran et al., 2008); galena and complex polymetallic sulfide
ores (Boujounoui et al., 2015; Haran et al., 2008; Ikumapayi et al., 2012).

However, water recycling leads to stabilized flotation rates, residual reagents in the
first recycle improved the flotation kinetics however there was no difference whether
recycled to the mill or the flotation cell (Boujounoui et al., 2015; Haran et al., 2008).
Slatter et al (2009) found that underground water provided comparable results to
potable water. The grey water footprint shows the potential water loss of water in the
treatment of wastewater and long water recycle from the platinum processing industry,
which accounts for 73% of water consumption in the industry as shown in Fig 2-6
(Haggard et al., 2015). Hence water recirculation leads to a higher pollutive impact of
the effluent water, and higher water treatment costs.
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2.5.1 The lonic Strength, Total dissolved solids, and Electrical Conductivity

Garrels & Christ (1990) define the ionic strength (IS) of a solution by the average
electrostatic interactions of the ions as depicted in Eq. ( 2-16) where m; is the molality
and z; is the charge of the i ion in solution, with a summation done over all the ions
present in solution.

This relationship will allow investigation of the impact of water recirculation on IS as
determined by the measured EC. EC or specific conductance is the degree to which a
substance can conduct electricity (Alva et al., 1991). It is a collectively measures of the
dissolved ions in solution with the capability to determine the contribution of individual
ions on solution chemistry (McCleskey et al., 2012; Viani and Pettracco, 2016). This is
an integral property used to assess properties of natural waters and soil extracts such
as the salinity (Dey et al., 2012; Lewis, 1980; Visconti et al., 2010), IS (Lind, 1970;
Pintro and Inoue, 1999; Polemio et al., 1980; Ponnaperuma et al., 1966); major solute
concentrations (McNeil and Cox, 2000; Pollak, 1954) and TDS (Day and Nightingale,
1984; Gustafson and Behrman, 1939; Lystrom et al., 1978; Singh and Kalra, 1975).
Alva et al., (1991) reported a linear relationship between IS and EC with EC is related
to IS through Eq. ( 2-17) adapted from Agion, (2015).

The EC of the solution provides information on the chemical behavior of dissolved
solute, the accuracy of chemical analysis (Clifford et al., 1974; Laxen, 1977,
McCleskey, 2011; Miller et al., 1988; Rossum, 1949) and an estimation of the
transference (or transport) number of ions that substantially contribute to the
conductivity. Allowing us to track the flow of ions throughout the circuit both
quantitatively and qualitatively. The EC of a solution can also be estimated from the
chemical composition of the ions present (Laxen, 1977; McCleskey et al., 2012; McNeil
and Cox, 2000; Rossum, 1949; Visconti et al., 2010). The methods differ in approach
by differing in estimation of ionic molar conductivities, ions included in the estimation
method, temperature compensation and treatment of ion pairs, with methods differing
in ion contribution to the methods summaries in Fig 2-7 (McCleskey et al., 2012). TDS
is difficult to measure and is often related to EC using Eq. ( 2-18) with a suitable K
factor of 0.7, in an applicable range between 0.50 to 0.75 used for increasing saline
waters, and hence waters with high ion concentration (Walton, 1989).

22



2=
O
x
<
M
7]
L
o
®)
-
<
nd
|
<
=
o
O
L
L
o
—l
=
|
o

Eq. ( 2-16)

2
l

i

6.2x10* = Ionic strength (IS)

1
2

lonic strength (M)

EC(

Eq. (2-17)

#S>__
cm/)

Eq. (2-18)

TDS(

(Z10Z) "o 1a fapsanaw

(0L02) "o 1@ puodiy

(nLoz) opddy

(8002 Taima | meg

(96617 18 13 1530,

(£4617 uaxe

(9761 poxgeq pue uoiep

(5461 ) wresoy

(zz61) 1ebig pue fue]

(a1 ‘[ 1a eap

(Bt ) wrssoy

lon

Major

a3

Ca?l

Mg®

MH;

i

502

HCO;

o

e
1

oM M M oM M M O M ®H M
L 4
oM K K xH HOH M XK X X H X
== ] = =
3
-
= £
= £
=
-
£
2
a4 m..m.H Ak m;.ma..m
Lz ZTMEELREMOESZEZE

L A

EIE ] E
== = ®om oM oM
:

- = .
A PR = (=i
= -
EEUEESFLO0R

MgHCO;
H,POy;
HPOZ?

23



CENTRE FOR MINERALS RESEARCH

¥

Fig 2-7: Summary of ions included in EC methods adapted from (McCleskey et al.,
2012). lons are grouped in terms of contribution to the conductivity of natural waters,
into major (t>0.1), moderate (0.1>t<0.02), minor (t<0.02) ions.

2.5.2 Dissolved Oxygen Concentration (%) and Oxidative Redox Potential

Redox potential (ORP) is an essential indicator of the properties of natural and waste
waters (Goncharuk et al., 2010). The Redox potential (ORP value) of is the measure
of the relationship between the oxidized and reduced forms of a ions present in solution
(Goncharuk et al., 2010). Hydrogen type elements (metal ions) readily donate
electrons and have low electrical potential while oxygen in water accepts electrons,
and have a higher electrical potential (Goncharuk et al., 2010). ORP values of that are
less that <O mV are typical of waters with containing metal ions with low grade of
valence such as Fe?* and are considered to be reduction situations (Goncharuk et al.,
2010).

2.5.3 Water Recirculation in Mining Operations: Benefits, Challenges, and Water
Quality Variations

With the enactment of stringent laws and policy on water with additional restrictions on
mine water discharge and minimizing fresh water feed from municipal sources across
the manufacturing industry, water recirculation has risen as a water management
strategy (Peters and Meybeck, 2000). Water recirculation as a water management
strategy has been favored for the following reason (Carlson et al., 2002; Johnson,
2003; Slatter et al., 2009):

1. Water recirculation prevents environmental pollution from mine water discharge
or effluent.

2. It promises to be the best alternative to meet the zero-wastewater effluent from
mining operations.

3. And it minimizes freshwater withdrawal.

However: Water recycling does come with disadvantages, Forssberg & Hallin (1989)
and Rao & Finch (1989) postulated that water recycling may harm raw material
beneficiation with delayed impacts. It has also been suggested that water re-circulation
leads to a decrease in reagent efficiency as a result of contaminants, an increase in
suspended solids within the recycle water and secondary effects of increased pollutant
levels in the recycle water such as chemical and microbiological oxidation products
(Slatter et al., 2009).
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Internal water recycling has been utilized as an attempt to reduce water withdrawal
and effluent from mineral processing plants (Ikumapayi et al., 2012; Liu et al., 2013;
Slatter et al., 2009). Recycled water differs due to the point of abstraction in the mineral
processing cycle. Abstracted water from tailing dams and clarification ponds are
regarded as long recycle waters. These waters contain sulfate, sulfite, chloride,
fluoride, magnesium, calcium, sodium, potassium, sulfide, thiosalts, base metals,
residual reagents and colloidal materials (i.e., silicate clays, iron hydroxides and
natural organic material) (Slatter et al., 2009). Due to the long residence time before
reuse, long recycle waters are at a low redox potentials, higher conductivity and low
oxygen content (Slatter et al., 2009).

The quality of long recycled water may vary due to evaporation or dilution by green
water leading to seasonal variation in its electrical conductivity. Problems associated
with long recycle water use are due to residual reagents, reaction products and
different types of oils accumulating in the dams. (Slatter et al., 2009). Recycled water
abstracted from thickener, concentrator, dewatering and filtration units are regarded
as short recycle waters (Liu et al., 2013; Slatter et al., 2009). The water is considered
to be in an active state, with shifting chemistry due to reactions occurring in the water
with residual ions and reagents in solution (Liu et al., 2013; Slatter et al., 2009). These
waters have increased levels of TDS, and the ions and residual reagents are still in an
active state, hence reducing fresh reagent requirements (Bigak et al., 2012a; Liu et al.,
2013; Slatter et al., 2009). Water recycling has become a significant input to the overall
plant water use, accounting for between 60-65% of available water in 2015 (Buchspies
et al., 2017).

2.5.4 Causes of Water Quality Variation

Metallurgical operations use process water in concentrator units containing high
amounts of dissolved ions which contribute to the complexity of the flotation process,
adversely affecting the flotation efficiency (Slatter et al., 2009). Water quality variation
in flotation is attributed to both internal and external factors with reference to the
concentrator as shown in Fig 2-8. Internal factors include the ore being processed in
the concentrator, reagent added into the concentrator and water internal reuse (Liu et
al., 2013). External factors are divided into external to concentrator and external to the
site. External to concentrator is defined as factors that are within the site boundary
including raw water streams and water external reuse (from tailing storage facilities
and other site water tasks (Liu et al., 2013).
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Raw water and worked water stores are open to systems and hence interact with the
surrounding environment and climate leading to mass and energy transfer across site
boundaries. This is defined as external to site factors. Of key importance is the impact
of internal factors on water quality variation as this will be the focus of the study. Ore
oxidation and dissolution during mineral beneficiation introduces various substances
into solution impacting water chemistry of the solution (Liu et al., 2013). Reagent
addition introduces various organic and inorganic substances into flotation in the form
of residual reagents, reaction by-products, and impurities (Liu et al., 2013). Water
internal reuse leads to accumulation of species in solution. The impact of inorganic
species present in solution has been the subject of a lot of research in water quality
(Boujounoui et al., 2015; Ikumapayi et al., 2012; Liu et al., 2013; Slatter et al., 2009).
The following discussion sites some of their findings.

Surrounding Environment/Local Climate

Site/lease ™ @ i » Internal

- External to concentrator
= = — =p-External to site

Inputs = Raw water

Other water

Outputse =— stores L
P tasks
Blender
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Fig 2-8. A conceptual view of a site water system showing the internal and external
factors causing water quality variation in a flotation plant from (Liu et al., 2013).

2.5.5 Consequences of Water Quality Variation on Flotation.

Water quality variation impacts the water chemistry; reaction pathways and species
present in solution. Both organic and inorganic constituents have an impact on flotation
performance. These constituents interact with and can, therefore, change the
properties of the mineral particle, air bubbles and aqueous solution (Liu et al., 2013).
These changes affect sub-processes of flotation such as bubble to mineral particle
collision, attachment and flotation of stable particle-bubble aggregates which are
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buoyant (Liu et al., 2013). Water constituents can also react with reagents added to
flotation circuits, changing reagent properties and impacting the reagent performance
(Liu et al., 2013).

2.5.5.1 Metal lons in Solution

Metal ions in solution affect flotation performance. Some metal cations have been
shown to activate minerals to be susceptible to reactions with collectors (Finkelstein,
1999). Metal ions in solution raise the critical pH for reaction with thiol collectors,
change responses of minerals to particular depressants, and reduce selectivity in
flotation (Finkelstein, 1999). Metal ions also show collaborative and predatory impacts
on flotation performance.

Metal ions interact with mineral surfaces by adsorption of the metal ions or their
hydroxide that adsorb on to the mineral surface impacting the surface charge of the
mineral and hence impact flotation efficiency (Bicak et al., 2012a; Boujounoui et al.,
2015; Ikumapayi et al., 2012; Slatter et al., 2009). Calcium reduces the impact of
copper activation by competing for adsorption at active sites on the mineral surface
(Ikumapayi et al., 2012). Calcium at high concentrations (1200-2000 mg/L) leads to
depression of sphalerite (Boujounoui et al., 2015) and galena (lkumapayi et al., 2012)
at calcium concentrations of (200 to 500 mg/l) in process water. The findings by
Ikumapayi et al., (2012) for galena are disputed by Boujounoui et al., (2015) who
operated at higher concentrations in batch flotation but had no impact on the galena
flotation. Calcium adsorbs on pentlandite and pyrrhotite impacting hydrophilicity of
mineral surfaces. Adding calcium and thiosulfates in steel mill grinding enhances
galvanic interactions enhancing thiosulfate adsorption improving copper and nickel
sulfide floatability. (Finkelstein, 1999; Martinovic et al., 2005). Calcium and thiosalts
improved the grade of Cu in Cu flotation due to calcium’s ability to enhance the
depression of pyrite (Bigak et al., 2012b).

2.5.5.2 Impact of pH of the Solution

The pH of water has been shown to have a significant impact on metal ion
concentrations and the pulp chemistry, affecting the mineral surface and thus the
flotation performance (Boujounoui et al., 2015; Ikumapayi et al., 2012). The impact of
metal ions and mineral activation in alkaline solutions is more complex (Martinovic et
al., 2005). This is seen in the inhibition of activation of high copper concentrations
below pH 5 and above pH 12 as the copper forms stable species (Boujounoui et al.,
2015; lkumapayi et al., 2012; Mailula et al., 2003). Change in pH affects the
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composition of the surface hydroxyl, sulphoxyl and carbonate species (Ikumapayi et

al., 2012). The natural pH of the ore slurry is always alkaline of a pH around 9, owing
to the self-buffering capacity of the gangue, hence most sulfide flotation operations run
in the pH range of 7-9 (Becker et al., 2006; Khraisheh et al., 2005; Mailula et al., 2003).
The addition of ions at pH 9 has been shown to result in the significant depression of
talc (Khraisheh et al., 2005).

2.5.5.3 Electrolyte / lon Concentration in Solution.

Water re-circulation leads to an increase in IS (Corin and Wiese, 2014). The IS of a
solution is a useful tool that is used in comparing solutions of diverse compositions
because the specific electrical effects of the interactions of the various charged ions
present in solution are taken into account, producing a better criterion of solution
behaviour than the concentration (Garrels and Christ, 1990). Thus, the IS of an
electrolyte solution is a measure of the average electrostatic interactions as shown in
(Eq. 2-4) adapted from (Garrels and Christ, 1990).

Froth stability is affected by the type and the concentration of the frother, nature and
ionic concentration (inorganic electrolytes e.g. Na*, Ca®* and Mg?*) present, process
water quality, suspended particles, gas dispersion angle and particle contact angle
(Farrokhpay, 2011). Increase in dissolved ion concentration brought about by water
recycling affects the pulp phase properties, impacting the froth stability (Bigak et al.,
2012a; Boujounoui et al., 2015; Haran et al., 2008; Slatter et al., 2009), by affecting
the water-air interface reducing the rate of coalescence and reducing bubble rupture
making the froth stable (Bigak et al., 2012a). Inorganic electrolytes reduce the zeta
potential of bubbles and particles, compress the electrical double layers, and hence
reduce the repulsive interaction, leading to a dominant hydrophobic force (Kurniawan
et al., 2011). However, the impact of electrolytes on froth stability is not only limited to
the impact on mineral surface chemistry as shown by the similar contact angles in
different water quality for coal flotation (Kurniawan et al., 2011) The presence of
electrolytes in aqueous solutions leads to a decrease bubble coalescence and leads
to a bubble size reduction depending on the valency of the electrolytes and the surface
tension gradient with respect to concentration (Kurniawan et al., 2011). At a transition
concentration the bubble size is reduced by 50 % and bubble coalescence is inhibited
(Quinn et al., 2007).

Inorganic electrolytes attach to the surface of minerals naturally hydrophobic minerals,
and their adsorption disrupts the hydration layer of the surrounding mineral particles
and specific adsorption of cations changes the surface charge of the mineral, leading
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to a stronger attraction between particles (Kurniawan et al., 2011) . An increase in froth
stability is linked to an increase in recovery of all minerals and water at high dissolved
ion concentrations in water (Bigak et al., 2012a; Boujounoui et al., 2015). The recovery
of chromite flotation is considered to be through entrainment, hence increased
recovery of chromite is linked to higher water recovery and increases with the ionic
strength of the water (Mailula et al., 2003). Water quality, in terms of ion concentration,
impacts depressant efficiency. The presence of potassium, calcium and magnesium
ions leads to a favorable effect on the efficiency of depressant adsorption on talc with
increasing concentration of ions (Khraisheh et al., 2005). The IS has also been shown
to have a significant impact on CMC adsorption on to talc (Khraisheh et al., 2005). Ca?*
and Mg?* enhanced depression activity of CMC (Burdukova et al., 2008).

Coagulation tests considering the impact of IS on CMC and flotation performance
showed adsorption of CMC onto gangue is enhanced in the presence of inorganic
electrolytes (Manono, 2018). Increasing IS leads to the coagulation of gangue particles
due to CMC action whilst indirectly removing naturally floatable gangue (NFG) which
stabilizes the froth and retarding action of electrolytes on froth stability (Burdukova,
2007; Laskowski et al., 2007). Residual reagents in recycled water affect flotation
performance. Residual SIBX in recycled water increased recovery of pentlandite
however decreased recoveries and grade of other sulfide minerals (Gray et al., 2016).
Bruckard et al (2011) however, states that the presence of reagents like depressants,
lime and cyanide in the grinding pulp showed no impact on the subsequent flotation
efficiency. An increase in IS has been shown to lead to an increase in froth height and
froth collapse time due to inorganic electrolytes inhibiting the coalescence of bubbles.
The literature is summarized and grouped into factors, range, parameter affected and
the impact of the mineral or the parameter in Table 2-1.
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2.6 Bushveld Igneous Complex
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Fig 2-9. Geological Map of the Bushveld Ingenuous Complex adapted from (Mudd et
al., 2018)

Platinum Group Minerals (PGM) are mined for their Platinum Group Element (PGE)
content. The production of PGE has been dominated by South Africa since the 1950’s,
accounting for half of the world production in 2015, competing primarily with Russia,
producing a third, with the deficit falling to Canada, USA and Zimbabwe (Ek et al.,
2004; Mudd et al., 2018). These are mainly mined from the South African Bushveld
Igneous Complex (BIC) shown in Fig 2-9 which holds 92 % of PGE reserves containing
204 and 166 million ounces of platinum and palladium respectively, making it one of
world largest economic platinum group element (PGE) reserves (USGS, 2020). The
BIC produced 72 % of the world's PGE resources in 2019 (USGS, 2020). PGM mining
falls under the economic category known as hard rock mining. Mining is an important
contributor to South Africa’s present and future economic security and income
(Gumede, 2018). A combination of economic, social and environmental challenges has
had a negative influence on the South African mining sector. This has led to significant
losses in net profit margins, return on investments and return on expenditure in the
period between 2008 and 2012 (Genc and Jerome, 2014). This has led to the
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development of innovative environmentally and economically conscious methods
through optimization of PGM extraction and separation from non-sulfide gangue by
complementing or improving existing techniques (Slatter et al., 2009).

The Bushveld Igneous Complex (BIC) is one of the world’s largest economic platinum
group elements (PGE) resources with proven reserves of 204 and 166 million ounces
of platinum and palladium respectively (Becker, 2009). The economic horizon of the
Complex known as the Rustenburg Layered Suite has critical zones known as
Merensky reef, Upper Group 2 (UG2) reef and the Platreef ore bodies that are exploited
for their PGM’s and base metal sulfides (BMS) (McLaren and De Villiers, 1982; Mudd,
2012). These reefs form the Western, Eastern and Northern limbs of the Complex
(Becker, 2009). The UG2 reef is situated between 20 and 400 m below the Merensky
reef and can be traced along the surface for nearly the entire 400 km strike length of
the Eastern and Western limbs of the Bushveld Complex (Mccall, 2016; McLaren and
De Villiers, 1982). The UG2 reef is a major source of PGE with typical grades of 4.5
g/t (Ekmekgi et al., 2003) The UG2 reefs are fond within the Eastern and Western
Bushveld complex, containing ores with high PGE attributed values of 85.2 — 91.7%
(Mudd et al., 2018).The UG2 reef layer is the uppermost of the more important chromite
layers in the upper critical zone of the situated between the UG-1 chromite and the
Merensky reef of the Bushveld Complex along the Eastern and Western portions
(McLaren and De Villiers, 1982). The UG2 chromite layer varies in thickness between
0.8 — 1.5 m with a grain size in the order of 1.7 mm.
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Fig 2-10. Minerals contained in the different Bushveld Ore Bodies (O’connor and
Alexandrova, 2021).

The size distribution of base metal sulfides in UG2 reefs is more refined as compared
to Merensky reef however achieves lower liberation of the BMS as is visible from the
mineral concentrations of the different ore bodies in Fig 2-10 (Dzvinamurungu et al.,
2013). The UGZ2 reef is generally associated by a pegatoidal footwall, with a main layer
of a combination of two or more (up to nine) chromite layers overlain by melanotic host
rock that contain a thin chromite leader (Mccall, 2016). The eastern limb is often
associated with pyroxenite hanging wall whereas the UG2 reef of the western limb is
overlain-enriched pyroxenite (Cawthorn, 2011). Samples from the UG2 reef (Impala
Platinum UG2 reef) will be used in the experiment.

Table 2-1: UG2 reef Mineral Modal Abundances from UG2 Marikana reef
(Dzvinamurungu et al., 2013).

Mineral Abundance
Chalcopyrite 0.01%
Pentlandite 0.02%
Pyrrhotite 0.00%
Epidote 0.08%
K-Feldspar 0.20%
Phlogopite 1.34%
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Quartz 0.07%

Termolite 0.46%
Serpentine and Talc 0.27%
Augite 1.15%
Orthopyroxene (Enstatite) 15.79%
Plagioclase (Anorthite) 25.00%"
Chromite 49%
Other 3.32%

The general mineralogical composition of the ore is given in Table 2-1. UG-2 ore is the
second most mined source of PGE in the Bushveld Complex (Nel et al., 2004). UG-2
ore contains two dominant suites of mineralization: chromite and aluminum silicate-
based mineralization. The major component of the mineral is the chromite mineral
which is a characteristic property of the UG2 reef ore whose physical properties are
described in Section 4.2. The aluminium silicate mineralization includes primary
magnesium alumino-silicates such as feldspars, pyroxene and chlorite, and
hydrothermally altered silicate minerals such as amphiboles and talc (Nel et al., 2004).
The aim of UG2 flotation is to recover the sulfides in solid solution as well as liberated
PGM or attached to or locked in sulfides (Dzvinamurungu et al., 2013).

It is therefore integral to understand the physical and chemical properties of the sulfide
minerals that constitute 0.1 to 0.2% of the UG2 Ore in the base metal suphides (Nel et
al., 2004; Wiese and Harris, 2012). The sulfides present composed of chalcopyrite
(roughly 10%), pentlandite (roughly 35%) and pyrrhotite (roughly 50% of all sulfides)
(Dzvinamurungu et al., 2013; Nel et al., 2004). The valuable PGM’s present in the ore
and are present in are roughly 45% platinum (Pt), 10% rhodium (Rh), 25 % palladium
(Pd), 15% ruthenium (Ru), iridium (Ir) and osmium (Os), and together with gold (Au)
and Silver (Ag) are known as precious metals (Nel et al., 2004). Gangue minerals of
interest in the UG2 ore are chromite (70%), pyroxene (15-20%), feldspar (3-5%) and
talc (1-3%) (Ekmekgi et al., 2003). The flotation behaviour of the sulfides differs as the
flotation rate of chalcopyrite is rapid, followed by pentlandite, and lastly pyrrhotite which
is considered to be a slow floating sulfide (Becker et al., 2007).

Complete analysis of the ore with the conjunction of experimental tests when studying
range of process operations have yielded better metallurgical performance (Becker,
2009). Therefore, in order to successfully stabilize/ control the behaviour of the ore
during flotation, a comprehensive understanding of its mineralogy and relationship to
flotation is needed (Becker, 2009; Becker et al., 2008). The general formula of the
sulfides is given as XmZn with Xm referring to the metallic element and Z» the non-
metallic element with n,m being integers based on the ionic charge (Mhlanga, 2011).
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Pyrrhotite Fe(1-x)S with x values ranging from 0 < x < 0.125 is one of the most commonly
occurring metal sulfide minerals found in ore deposits for nickel-copper, lead-zinc, and
platinum group elements (PGE) (Becker, 2009). Due to its coexistence with
pentlandite, the understating of the behaviour of pyrrhotite during flotation is of
fundamental interest (Mhlanga, 2011). In platinum group element processing pyrrhotite
is targeted for its association with the PGE minerals unlike in nickel processing
operations where the mineral is rejected to the tailings (Becker, 2009). The reactivity
of the pyrrhotite ores leads to its oxidation, acid mine drainage, high concentration of
dissolved iron, aluminium and nickel in drainage reduced floatability due to formation
of hydrophilic iron hydroxides that render surfaces of pyrrhotite less floatable (Becker
et al., 2008). Chalcopyrite is a sulfide mineral containing iron and copper with a
chemical formula of CuFeS: (Lotter et al., 2008) It is the most widespread copper
mineral and its structure can be derived from the sphalerite mineral (Zn,Fe)S (Klein et
al., 2002). Pentlandite (Fe,Ni)sSs is exploited as a source of nickel and is always
associated with pyrrhotite (Mhlanga, 2011). Hayes et al., (1987) arranges the
floatability of sulfide minerals in descending order as chalcopyrite, galena, pyrrhotite,
pentlandite, covellite, bornite, chalcocite, sphalerite, pyrite and arsenopyrite with the
first four considered floatable in the absence of collector or oxygen free environments
while the last four minerals are sparingly floatable and are recovered increasingly with
increasing frother dosage.

The unwanted minerals/ gangue present in the PGM flotation are in the form of silicates
which are the most abundant mineral on the earth’s crust (Manono, 2012). They differ
in structural complexity forming minerals with great physical and chemical complexity.
This leads to the minerals having a range from hydroscopic surfaces, to fixed surface
charge, and extensive metal surface sites; to having broken Si-O bonds that control
the surface behaviour (Manono, 2012). These gangue minerals vary in floatability due
to crystal structure, with Talc, a complex structured silicate, taking responsibility for
most of the naturally floatable gangue mineral (Manono, 2012).

2.6.1 PGM Mineralogy

The sulfides in the UG2 reef constitute 1% of the ore. Studies on the mineral
composition of the UG-2 ore have revealed that between 70 and 80 % of the PGM
minerals are linked to base-metal sulfides, with the remaining 10 to 20 % found in the
silicate gangue and 5 % in the chromite (Liddel et al., 1985). PGM’s grinding produces
active sites for interaction by breaking the covalent bonds of their lattice crystal to form
fresh surfaces from wetting and grinding which are highly reactive and oxidise readily
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in the presence of oxygen (Manono, 2012). UG2 contains minor quantities of copper
and nickel sulfides. PGE sulfides comprise roughly 70 % of the PGM with the UG-2
plant feed, with the remainder largely being alloy of iron, lead, arsenic and antimony,
or tellurides (Nel et al., 2004). Although PGM mineralisation may be complex, it does
not tend to dictate floatability (Nel et al., 2004). PGM are finely disseminated, with an
average grain size being about 10 microns so that grain size, liberation and association
tend to dictate mineral floatability. The grain size and association can be split into four
categories (Nel et al., 2004):Coarse PGM (roughly 5 % of all PGE),PGM associated
with base metal and iron sulfides (40 %),PGM occurring on host mineral grain
boundaries (30 %), and PGM locked in silicates

PGM’s attached to sulfide minerals can be recovered by the flotation of the base metal
and iron sulfide minerals while those on the grain boundaries are preferentially
released (Nel et al., 2004). PGM locked in silicate minerals require finer and longer
liberation in a secondary milling step, ensuring rougher and cleaner flotation times (Nel
et al., 2004).
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Table 2-2. Summary of literature on the impact of water quality variation on froth

flotation chemistry.

Range
Source High Low
(mg/L) (mg/L)
Copper 7-14 0-7
Lead - -
Zinc 20-40 <20
Iron - -
1200-
2000
Calcium
Sulfate ions
pH 5 12
9
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Residual SIBX

Flotation
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Residual other sulfide
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reagents minerals
potassium, Depressant
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. Adsorption
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Calcium and o Depression activity
magnesium Reagent activity of CMC M

Table 2-3. Key for the summary of literature on the impact of water quality variation on
flotation.

Key, Variables and Reference List.

Impact of High

Concentration (Biak et al., 2012) A

Impact of Low

Concentration (Boujounoui et al., 2015) B

Disputed results (Corin et al., 2011) C

(Finkelstein, 1999) D
Impact of presence
(Haran et al., 2008) E

All minerals A (Ikumapayi et al., 2012) F
Sphalerite S (Khraisheh et al., 2005) G
Chalcopyrite C (Mailula et al., 2003) H
Pyroxene P (Manenzhe, 2018) I
Galena G (Manono, 2012) K
Collector
sequestration X (Martinovic et al., 2005) L
Pyrite PR (Mhlanga, 2011) M
Pentlandite PE (Slatter et al., 2009) N
Talc T
Feldspar F
Pyrite PR
Pyrrhotite PY
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3 Research Approach
3.1 Research Key Questions, Hypotheses and Objectives.
3.1.1 Aim and Key Questions.

In line with the ongoing research discussion and the literature gap identified in Section
1.2, the impact of short water recirculation on the flotation chemistry and its impact on
the flotation performance became the focal point of the study.

The project monitored the impact of change in water quality through water recycling on
the flotation chemistry and the properties of pulp by observing and recording the EC,
TDS, DO% and ORP readings during the experiment as well as residual reagent
concentration in the tailing’s slurry with multimeter probes and analytical spectroscopy,
respectively.

Beyond the water recovery, the froth stability of the tailings pulp and recovered water
samples was analyzed using 2 & 3 phase dynamic froth stability tests. Gallery discrete
automated colorimetric analysis of tailings water samples was performed to determine
the ionic concentration of selected ions in the tailings water samples. The project then
analyzed the impact of the change in water quality through water recycling on the
flotation performance through the analysis of the solids, water and sulfide mineral
recoveries and grades.

Finally, the project analyzed the impact of water recycling on the post flotation
thickeners efficiency, by performing coagulation tests to determine settling rates after
flotation at different water quality developed due to water recycling. The investigation
simulated the primary rougher flotation step of UG2 ore as it is the first processing step
for the fine ground ore from the crushers.

Experimental results were utilized to develop efficiency indicators, kinetic and first
order response models, water and solids recoveries, and sulfide minerals grades and
recoveries, which were then compared to established mechanisms in literature as well
as baseline tests performed as discussed in Chapter 2 and Chapter 4.1. The objectives
of the proposed work were structured in the from key questions developed to identify
the impact of water re-circulation on the froth and pulp properties and how these
impacted the flotation performance.

v' What is the impact of a change in water quality on the settling rate of the tailings
from UG2 ore froth flotation?
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v' What is the impact of a change in Water Quality through Water Recycling, and
point of addition of recycled water, on the flotation performance of a UG2 ore?

v' What is the impact of a change in Water Quality through Water Recycling, and
the point of addition of Recycled Water, on Froth Stability?

v' What is the impact of a change in Water Quality through Water Recycling on
the Electrical Conductivity (EC), Oxidative Redox Potential (ORP), Dissolved
Oxygen Concentration (DO %) of the Batch Flotation Feed Slurry, Tailings
Slurry and Recovered Water Samples?

v' What is the impact of a change in Water Quality through Water Recycling on
the Residual Reagent Concentration and Reagent Efficiency (%)?

v' What is the impact of Water Recycling on the Concentration of Ca®*, Mg?*, SO4
and CI present in the tailings water?

The main objective of this study was to investigate the impact of short water
recirculation to different units of operation (mill or float cell) on the flotation performance
of a UG2 sulfide ore in comparison to performance at a constant baseline water quality.
The second objective was to determine whether experimental methods applied can
be adequately used to monitor changes in water quality and develop inferences on
flotation performance.

3.1.2 Hypotheses

Water Recirculation leads to an increase in the EC, and TDS concentration,
through accumulation of ions (cations e.g., Ca®* and Mg?*, and anions e.g.,
S04% and CI).

This occurs by ore dissolution which is based on the rest potential (ORP) of the
system.

Hence an overall higher IS that leads to higher froth stability and therefore
higher solids and water recoveries.

In turn, the grade of the concentrate decreases due to the higher froth stability
and a higher degree of gangue entrainment.

Water recirculation leads to slower transparency rates of tailings due to the
presence and accumulation of small particles (d < 25 um), and accumulation of
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ions through ore dissolution which leads to a increase in the system charge
leading to an increase in repulsion between particles.

Water recirculation leads to a buildup in residual reagent concentration for both
collector and depressant, due to accumulation of unused reagent remaining in
the water.

In addition to the hypotheses developed, the experimental methodology allows for the
project to test another hypothesis based on the impact of change in depressant dosage
on the solids and water recovery, sulfide minerals grade and recovery, and the degree
of entrainment. Although the impact of depressant dosage on flotation performance is
well developed in literature as studied by Dhliwayo (2005); Morris et al (2002); Wiese
et al (2007) and Wiese and Harris (2012) amongst others, test work on different ore
bodies improves on the strength of the developed relationships, thus it was
hypothesized that:

Increase in depressant dosage at a constant water quality, collector and frother
dosage during flotation of a UG2 ore leads to a decrease in the solids, water,
and gangue recovery, improving the grade of Cu and Ni in the concentrate due
to the depression of NFG, reducing the total solids recovery and the froth
stability of the froth, with all NFG depressed at a dosage of 300 g/t.
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4 Experimental Plan

4.1 Experimental Plan

The experimental program was divided into 2 phases. Phase 1 constituted a series of
baseline tests to establish the relationship between depressant dosage and solids
recovery and establish the entrainment factor and quantity of NFG in the UG2 ore.
Phase 2 was conducted to evaluate the impact of water recirculation at different points
of addition (i.e., water recirculation to the mill vs. the flotation cell) on flotation
performance. The materials and methods utilized in the study are described in Sections
4.2 to 4.13. An outline of the two phases and design of the experiment is illustrated in
Fig 4-1. All measurements were conducted in triplicate to allow for statistical analysis
of the results. Subsequent error analysis was found to be within 5 % for solids and 10
% for water recovered. The flow of materials and measurement points are illustrated
in the schematic diagram in Fig 4-2. It is important to note that Water Quality in this
project is defined by the quantity of inorganic ions present in the water and is not similar
to the water quality terminology used in environmental studies.

Depressant Dosage (g/t)

A
Py
3 Residual Reagents Residual Reagents
s DOW 200: 40 g/t DOW 200: 40 g/t
i SIBX: 100 g/t SIBX: 100 g/t
2
Q Residual Reagents Residual Reagents
x 2 DOW 200: 40 g/t DOW 200: 40 g/t
8 ~ SIBX: 100 g/t SIBX: 100 g/t
g
)
S =
5 Residual Reagents Residual Reagents
% DOW 200: 40 g/t DOW 200: 40 g/t
- SIBX: 100 g/t SIBX: 100 g/t
w SPW 3 SPW 3
el DOW 200: 40 g/t DOW 200: 40 g/t DOW 200: 40 g/t
g' SIBX: 100 g/t SIBX: 100 g/t SIBX: 100 g/t
CMC 0 g/t CMC 100 git CMC 300 gtt

Fig 4-1. One factor at a time design for the experimental conditions tested on the UG2

ore.
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4.2 UG2 Ore Mineralogy

The UG2 ore sample was obtained from Impala Platinum, situated within the Bushveld
Igneous Complex (BIC) in South Africa. The ore is a low-grade Cu-Ni PGM ore and is
the second most mined source of Base Metal Sulfides (BMS) in the Bushveld Complex
(Nel et al., 2004). The sulfide minerals present are <1% of the ore and are composed
of chalcopyrite (roughly 10% of all sulfides), pentlandite (roughly 35 % of all sulfides)
and pyrrhotite (roughly 50% of all sulfides) (Dzvinamurungu et al., 2013; Nel et al.,
2004). The valuable PGM'’s present in the ore are roughly 45% platinum (Pt), 10 %
rhodium (Rh), 25 % palladium (Pd), 15 % ruthenium (Ru), iridium (Ir) and osmium (Os),
and together with gold (Au) and silver (Ag) are known as precious metals (Nel et al.,
2004). A sample of UG2 ore (OD 1390) head assay was determined to contain 27.33
% Cr203, 22.25 % Fe203, 19.53 %, Si0214.19 % MgO, 1.81 %, CaO, 0.028 % S, 101
ppm Cu, 1300 ppm Ni, and Pd< 100 ppm (Jasieniak et al., 2010). Gangue minerals of
interest in the UG2 ore are chromite (70%), pyroxene (15-20%), feldspar (3-5%) and
talc (1-3%) and are important to consider owing to their possible impact on both the
grade and recovery due to their natural flotation and entrainment in the flotation
concentrates (Ekmekgi et al., 2003). The bulk UG2 ore was supplied in 2019 by Impala
Platinum mines in 220 L clamp sealed drums as blended, crushed in four 15 kg ore
bags. 13 kg of the ore was riffled and split into 1.3 kg portions using a vibrating rotary
splitter developed by Dikie and Stockler (Allen, 1965). This approach produces a
consistent composition between the test charges, as the riffler reduced the group and
segregation error, hence reducing the relative standard deviation of the sample mean

pay-metal grade.
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Fig 4-3. Individual elemental composition of the UG-2 Ore feed analyzed using an X-
Ray Florence (XRF).

It is clear from the XRF analyses of the feed samples shown in Fig 4-3 that the light
elements (LE), e.g., Li, Be and Na, form the bulk of the ore, with Mg, Al, Ca, and Cr
has other elements in significant quantities. All elements above 10* ppm are shown in
Fig 4-3, S, Mo, Ce, La, Zr, P are all below 10* ppm but above 103 ppm, Pb, Rb are all
below 10° ppm and above 102 ppm, As, Se and Ag are all below 102 ppm. The mean
copper and nickel values shown in Table 4-1 for the UG-2 Reef were calculated from
the concentrate and tailings data developed from all the batch flotation tests.

Table 4-1. Mean calculated feed values for the UG-2 ores received in 2019.

Copper, wt% Nickel, wt%
UG-Ore Sample 0.011 + 0.0002% 0.129 + 0.003%

4.3 Electrical Conductivity, Dissolved Oxygen, pH, and Redox Potential
Measurements

Key chemical properties of the solution (slurry and or water) were monitored and
sampled at different points of the experimental program as shown by the valves in Fig
4-2. The Electrical Conductivity (EC), Potential of Hydrogen (pH), Oxidation Reduction
Potential (ORP), Total Dissolved Solids (TDS) and Dissolved Oxygen Concentration
(DO%) of the flotation feed, flotation tailings and the recovered tailings and concentrate
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water were measured. The measurements for EC, DO%, pH, TDS and ORP were

measured using a HANNA Instruments’ multiprobe HI9298194 probe number S/N
K3595444 (Hanna Instrument Inc., 2021).

Electrical Conductivity (EC) or specific conductance is the degree to which a substance
can conduct electricity and is a measure of the collective charge of the dissolved ions
in solution (Alva et al., 1991; McCleskey et al., 2012; Viani and Pettracco, 2016). This
is an integral property used to assess properties of natural waters and soil extracts
such as the salinity (Dey et al., 2012; Lewis, 1980; Visconti et al., 2010), lonic Strength
(IS) (Lind, 1970; Pintro and Inoue, 1999; Polemio et al., 1980; Ponnaperuma et al.,
1966), major solute concentrations (McNeil and Cox, 2000; Pollak, 1954) and Total
Dissolved Solids (TDS) (Day and Nightingale, 1984; Gustafson and Behrman, 1939;
Lystrom et al., 1978; Singh and Kalra, 1975) The Redox potential (ORP value) is the
measure of the relationship between the oxidized and reduced forms of ions present
in solution (Goncharuk et al., 2010). The potential of hydrogen (pH) of a solution is a
quantitative measure of the acidity or basicity of liquids or other aqueous solutions and
is an important quality of a substance with an impact on the nature of interactions with
other substances (Encyclopaedia Britannica, 2012). Dissolved Oxygen Concentration
(DO %) refers to the concentration of oxygen gas incorporated in an aqueous solution
or a liquid, which has an impact on reactions that oxygen dependent (Encyclopaedia
Britannica, 2012). Table 4-2 displays the EC, DO %, pH, ORP and TDS properties of
the 3 SPW as measured by the multiprobe as described in Section 4.3.

Table 4-2. EC, DO%, pH, ORP and TDS readings of 3 SPW from the Multiprobe.

Variable 3 SPW
EC [uS/cm] 5623
D.O. [%] 57.6
pH 8.82
TDS [ppt] 2.811
ORP [mV] 147.7

4.4 Synthetic Plant Water Preparation

The Centre for Minerals Research (CMR) at the University of Cape Town (UCT)
developed a synthetic plant water (1 SPW) recipe to mimic typical water quality
determined at several PGM concentrators across the BIC (Wiese et al., 2005). At the
time, this water comprised of a total dissolved solids content (TDS) of 1023 mg/L and
an ionic strength (IS) of 0.0242 mol.dm= (Corin et al., 2011; Wiese et al., 2005).
However steady increases in dissolved ion concentrations in process, recycled and
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tailings water has rendered water of TDS of 1023 mg/L atypical of most PGM
concentrators today (Corin et al., 2011). Therefore, synthetic plant water of higher TDS
content was proposed to better represent typical water concentrations in PGM
concentrators.

Individual salts of general reagent grade were dissolved in tap water to prepare
synthetic plant waters 3 and 5 SPW recipes were adapted from 1 SPW by multiplying
the concentration of respective ions by three and five, respectively, to represent the
increase in ion concentration on-site over time. All salts were supplied by Merck in
powder form and are displayed in Table 4-3 and material safety data sheets can be
found in Appendix C.

Table 4-3. The individual salts used to prepare synthetic plant water and their purity.

Magnesium Magnesium Calcium Nitrate Calcium Sodium Sodium
Sulphate Nitrate Chloride  Chloride Carbonate

99% 99% 99% 99.99% 99.50% 99.50%

MgSO4.7H20 Mg(N03)2.6H20 Ca(N03)2.4H20 CaC|2.H20 NaCl N82C03

The salts were dissolved in tap water with and stirred with an impeller in two 3 L
buckets. 3 SPW was considered to represent the current on-site feed process water
quality and was used as the baseline water quality. Standards ionic concentrations
contained in 1, 3 and 5 SPW are shown in Table 4-4.

Table 4-4. The concentration of ions presents in synthetic plant water in mg/L (adapted
from Wiese et al., 2005; Corin et al., 2011; Manono et al., 2018).

Ca?* Mg?» Na* CI" SO& NOsy COsz TDS (mg/L) IS (M)

1 SPW 80 70 153 287 240 176 17 1023 0.0241
3SPW 240 212 459 861 719 827 51 3069 0.0721
5SPW 400 350 765 1435 1200 880 85 5115 0.1205

4.5 Reagents Preparation, Storage and Disposal.

There were five reagents utilized in the experiments, namely, collectors, frother and
depressants were utilized during the flotation procedure, while phenol and sulfuric acid
were utilized during the colorimetric analysis for residual depressant in the tailings and
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concentrate water. The properties and suppliers of these reagents are outlined in
Sections 4.5.1 10 4.5.5.

451 Collector

The ionic thiol collector utilized in all the batch flotation tests was sodium isobutyl
xanthate (SIBX), with a 90 % active content with a molecular weight of 172 g/mol
supplied by AECI Senmin in pellet form. Due to the rapid decomposition of xanthates
at elevated temperature, a 1% (w/v) solution of SIBX was prepared daily, with active
content considered, by crushing the pellets in a crucible and motor, and dissolving the
solid in distilled water before experiments. The collector was dosed into the mill at 150
g/t for all the runs. When the reagent was not in use it was stored in a refrigerator at 9
°C. The unused SIBX solution was discarded daily in a safe and environmentally
responsible manner as outlined by the product material and data safety sheet and
laboratory guidelines availed in Fig 9-11 in Appendix C.

4.5.2 Depressant

The polysaccharide depressant utilized in the batch flotation tests was Depramin 267,
a Carboxy Methyl Cellulose (CMC) of a molecular weight of 325 000 g/t. This was
supplied at a purity of 72% by Akzo Nobel Functional Chemicals in powder form. A 1%
(w/v) solution of the depressant was prepared daily for use by hydrating the required
amount, considering the active content, of dry depressant powder in distilled water,
agitated using a magnetic stirrer for two hours to prevent the formation of lumps. The
depressant was dosed at 0 g/t, 100 g/t and 300 g/t as prescribed in the experimental
design. The high and low depressant dosage of 300 g/t and 0 g/t were used to develop
the entrainment factor under the assumption that at an extremely high dosage, all-
natural floating gangue is depressed and that the only source of gangue is through
entrainment in the froth. The 100 g/t dosage was the normal dosage for all the standard
conditions and the recirculation experiments as described in Section 4.12 and 4.13.
When the reagent was not in use it was stored in a refrigerator at 9 °C. The unused
Depramin 267 solution was discarded in a safe and environmentally responsible
manner as outlined in the product material data safety sheet and laboratory rules Fig
9-12. MSDS for CMC adapted from (USK, 2007) in Appendix C.
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4.5.3 Frother

The polyglycol frother utilized in the batch flotation tests was DOW 200, supplied by
the DOW Chemical Company, of a molecular weight of 220 g/mol supplied at a purity
of 100% in liquid form. The frother was dosed in the flotation cell at 40 g/t for all runs
using a P200 Gilson Air displacement pipette. After use the reagent was stored at room
temperature in the reagent cupboard. The product safety data sheet is available in Fig
9-10 in Appendix C.

454 Phenol

The phenol indicator used in the absorbance tests for the determination of residual
CMC present in water samples prepared in Section 4.4 was prepared from phenol
crystals of analytical grade of 99.5 % purity supplied by Sigma-Aldrich. A 5% (w/v)
solution was prepared by dissolving the required amount of phenol in distilled water.
The preparation and use of phenol were done in a fume cupboard due to the high
toxicity of the phenol solution. 1 mL of the phenol solution was added to 1 ml of the
sample solution in a test tube using a P3000 Gilson air displacement pipette. The
prepared phenol solution was used for a week stored at room temperature in the toxic
reagent cupboard and was discarded as outlined in the product material data safety
sheet and laboratory guidelines availed in Fig 9-13 in Appendix C.

4.5.5 Sulfuric Acid

The sulfuric acid utilized in the absorption studies for the determination of residual CMC
present in the water obtained from the batch flotation tests in Section 4.12 was suppled
in liquid form as reagent grade of a purity of 95-97% supplied by Merck Laboratories.
5 mLl of Sulfuric Acid was pipetted using a P5000 Gilson air displacement pipette
carefully into the test tube containing phenol and sample solution. The residual reagent
mixture was discarded as outlined in the product material safety sheet and laboratory
guideline available in Fig 9-14 Appendix C.

Table 4-5. Summary of the properties of flotation reagents utilized in the experiments.

Type SIBX

Dosage 150 g/t

Molecular Weight 172 g/mol
Collector :

Chemical Formula (CH3)CHCH>0OCS:Na

Purity 90%

Supplier AECI Senmin
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Type DOW 200

Dosage 40 g/t

Molecular weight 220 g/mol
Frother ,

Chemical Formula CH;(C3Hs0);0H

Purity 100%

Supplier DOW Chemical Company

Type CMC (Depramin 267)

Dosage 0, 100, 500

Molecular weight 325 000 g/t
Depressant ,

Chemical Formula CsH15NaOs

Purity 72%

Supplier AKZO Nobel Functional Chemicals

4.6 Adsorption Kinetic Studies

To determine the residual concentrations of reagents, present in the tailings and
concentrate product, adsorption kinetic studies were utilized. Absorption is utilized as
an analytical technique to characterize and quantify a substance, as each substance
uniquely adsorbs light, and the amount of light absorbed is a function of the amount of
substance present (Swinehart, 1962). With the path length constant, the absorbance
is directly proportional to the concentration of the substance (Paul Yates, 2012;
Swinehart, 1962). This allows for quantification of organic molecules, inorganic ions or
complexes in solution through Ultraviolet or Visible light Spectroscopy (Caro, 2017).
The absorbance/optical density of a solution is a measure of the quantity of light
absorbed by the solution (ISO Comittee, 2009). Absorbance is the ratio of radiant flux
transmitted by a material ®% and the radant flux received by a material ®% as shown in
Eq. ( 4-1) adapted from (Swinehart, 1962).

P! ]
A=10g105§=€lc Eq(41)

e

Absorbance is related to concentration of a solution through the Beer-Lambert Law
developed in 1852 which relates the radiant power (intensity) (A) in a beam of
electromagnetic radiation (usually ordinary light), to the length of the path (l) of the
beam in an absorbing medium (path length) of a particular molar absorbance
coefficient (€) at a particular concentration of the substance (c) at a as shown in Eq. (
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4-1) (Swinehart, 1962). Residual xanthate (SIBX) in residual water samples was tested
from the prepared samples in Section 4.13. 3 mL of the sample was pipetted using a
P5000 Gilson air displacement pipette into a transparent plastic cuvette with 3.5 mL
capacity and a light path of 10 mm. The sample absorbance was measured against a
blank solution of distilled water for a SIBX absorbance peak of 301 nm in a Biochrom
Ltd. Ultrospec 2100 Pro Scanning, UV/Visible Spectrometer (Tornell, 1967, 1966a,
1966b). To develop a relationship between the absorbance and concentration of
xanthates, a calibration curve of absorbance values of samples of known SIBX
concentrations was developed as shown in Fig 4-4. A linear regression of the plot
produced an equation relating the absorbance to concentration which was utilized to
estimate the concentration of residual xanthates in the water from their measured
absorbance.

3,5
y =0,1372x + 0,1237
3 R?=10,9838
g Y
E 2,5 .....
3 2 "7y = 0,1278x + 0,1124
= R?=0,9717
o ]
21,5
®
2
o
g o
05 | = Linear (SIBX Calibration Curve 3 SPW)
0 4 Linear (SIBX Calibration Curve Distilled)
0 5 10 15 20 25

SIBX Concentration in (ppm)

Fig 4-4. Absorbance of SIBX as a function of its concentration.

Residual depressant (CMC) in water samples was tested from the prepared samples
in Section 4.13 using the Dubois method (Dubois et al., 1956) developed for the
determination of the presence of reducing sugars through colorimetric treatment with
phenol and sulfuric acid. The treated solution produces an orange yellow color sample
with an absorbance peak at a wavelength of 490 nm. 1 mL of the tested sample
pipetted using a P3000 Gilson air displacement pipette into a test tube. For both
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samples, 1 mL of phenol solution prepared in Section 4.5.4 is added to a sample test
tube followed by 5 mL of the sulfuric acid prepared in Section 4.5.5. A blank is also
prepared from 3 SPW water, with the addition of 1mL sulfuric acid and 5 mL phenol in
a separate test tube. The sample is allowed to stand for 10 min, then it is stirred for 40
min on a vortex stirrer. After the reaction time is complete, 3 mL of the sample was
pipetted using a P5000 Gilson air displacement pipette into a transparent plastic
cuvette with a capacity of 3.5 mL and a light path length of 10 mm. The sample
absorbance was measured against a blank solution at 490 nm in a Biochrom Ltd.
Ultrospec 2100 Pro Scanning, UV/Visible Spectrometer. To develop a relationship
between the absorbance and concentration of CMC, a calibration curve of absorbance
values of samples of known CMC concentrations was developed as shown in Fig 4-5.
A linear regression of the plot produced an equation relating the absorbance to
concentration which was utilized to estimate the concentration of CMC in the water
sample from their measured absorbance.

1,6

1,4 y = 0,0081x + 0,0323 %

R2=0,9923 .

—_
N

c o 9o
2 o o -
]

Adsorbance at 490 m (A),

o
N

--------- Linear (CMC Calibration Plot in Distilled...

o

0 50 100 150 200
CMC Concentration in (ppm)

Fig 4-5. Absorbance of CMC as a function of its concentration.

The Reagent Efficiency (RE) was calculated based on the assumption that unused
reagent was only present in the water as free reagent therefore the difference between
Residual Reagent Concentration (RRC) in a sample and Reagent Feed Concentration
(RFC) (which considers the RRC in the recycled water was used as a feed to the
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process) could be termed as the reagent consumption, and its ratio to the RFC become

the RE% as shown in Eq. ( 4-2).

(RFC + RRC(;_1)) — RRC; Eq. (4-2)

RE@ (%) = RFC

4.7 Froth Stability

The effect of water re-circulation on froth stability was investigated using a stability
column test rig shown in Fig 4-6. This was done to develop insights on the impact of
recirculation on residual frother concentration and frothing ability. The procedure
detailed was adapted from Sheni (2016). The Perspex column had a diameter of 10
cm and a height of 1 m. The airflow rate of the column was maintained at 7 L/min. A
pore-2 frit was used to regulate the bubble size. The procedure was applied on the
tailings pulp (3 phase) and recirculated water (2 phase) prepared in Section 4.13, which
were pumped into the column through the bottom inlet to a height of 200 mm while the
impeller is off. The inlet valve was closed. The agitator was switched on once the fluid
had reached the level of the impeller and remained on until the end of the experiment.
Air was sparged into the column and the rotameter was used to maintain the air flow
rate. Each test was run recording the height of the froth at 10 seconds intervals until
the equilibrium height (Hmax) was achieved. These heights were measured from the
ruler attached to the equipment. Once the froth stopped rising, the air was turned off
and the slurry recovered.
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Fig 4-6. Stability column with an agitator, ruler, and rotameter. The in slurry and froth
phases are indicated on the image adapted from (Sheni, 2016)

2 phase and 3 phase dynamic stability tests for the second phase of experiments were
fit to a kinetic model relating the froth height, H (t), to an exponential function of time
(t) as shown in Eq. ( 4-3). The equilibrium maximum height (Hmax) and the
characteristic bubble lifetime (t) are inferred from data obtained in the experiments as
the model has been shown to be an excellent fit to experimental data and industrial
scale date as shown in (Barbian et al., 2006, 2005b, 2003)

H(E) = Hypp (1 — %) Eq. (4-3)

A chi squared test was used to fit the model data and establish whether a relationship
exists between the experimental variables under the null hypothesis that no
relationship exists. A chi squared value (x2) was calculated using Eq. ( 4-4) where the
experimental value is (0;) is subtracted from the predicted value is (E;). A GRG non-
linear solver minimizes the x? value by changing the R,, and k values. A P value is
developed for (n (number of readings)-1) from a chi table for an alpha value of 0.05,
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hence a 95 % confidence interval. Models with x? within the confidence interval were
accepted and considered an adequate representation of the experimental values.

Y i 0, — E)? Eq. (4-4)
E;
i=0

L

4.8 Coagulation Tests

The project utilizes spectroscopy to investigate the settling rate of solids in the tailings,
utilizing the methodology developed from Thierie (2018) who used a Short Wavelength
Near Infrared light beam to investigate hindered settling of solids in wastewater. The
project adopted the method and utilized a real time visible light spectrometer to monitor
the change in absorbance over time to indicate the settling rate of the solid phase. Fig
4-7 shows the absorbance spectrum of air, distilled water and 3 SPW at wavelengths
between 200 and 1000 nm. The maximum absorbance for 3 SPW water was achieved
at 850 + 1.63 nm wavelength, and this was chosen to be the operating wavelength for
the coagulation tests.

2,5 ——0—0- =

N

Adsorbance (A)
=
(93]

[N

0,5 /

0 200 400 600 800 1000 1200
Wavelength (nm)

—@— Air Distilled Water SPW 3

Fig 4-7. Absorbance spectrum of Air, Distilled Water and 3 SPW between 200 — 1000
nm at 50 nm intervals.
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The settling time was determined immediately after each run to prevent the residual
reagents present from reacting or interactions to occur that could impact the settling
time. The impeller in the float cell was kept on while a sample was drained to ensure
consistent pulp concentration in the sample. A tailing sample was tapped from the
tailings outflow pipe. The sample was weighed. A P5000 Gilson air displacement
pipette with a sliced tip was setto 3 £ 0.01 mL and used to extract and place the sample
in a transparent plastic cuvette with 3.50 mL capacity and a light path of 10 mm. The
UV / Vis spectrometer was set to 850 nm blanked with a 3 SPW sample. The sample
was thoroughly shaken and placed in the spectrometer with a timer switched on
simultaneously. The absorbance of the sample was recorded for two hours. Eq. ( 4-5)
adapted from Thierie, (2018) was used to calculate transparency (T'(t)%) of the
sample as a function of time where Ay is the dark current obtained by cutting the power
supply (i.e., maximum absorbance 2.500 A), Ao is the absorbance of the blank 3 SPW
sample and Am(t) is the absorbance of the sample at the measured time.

Ap — A
0y = — Mg
T(t)% Ry % Eq. (4-5)
. T2 xk +t .
T()% = m % Eq. ( 4-6)

Eq. ( 4-6) is a second order kinetic model of the transparency (T (t)%) where time is
denoted as (t), with a maximum transparency (T,) and a transparency rate (k) as
constants. The T,, and k were model fit to a second order kinetic model from using a
chi squared test was used to establish whether a relationship exists between the
experimental variables under the null hypothesis that no relationship exists. A chi
squared value (x?) was calculated using Eq. ( 4-7) where the experimental value is
(0;) is subtracted from the predicted value is (E;). A GRG non-linear solver minimizes
the x?2 value be changing the R, and k values. A P value is developed for (n (number
of readings)-1) from a chi table for an alpha value of 0.05, hence a 95 % confidence
interval. Models with x? within the confidence interval were accepted and considered
to be an adequate representation of the experimental values.

2 i (Oi _ Ei)z Eq. ( 4-7)
E;
i=0

L
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4.9 Thermo Scientific Gallery Discrete Automated Photometric (Colorimetric)
Analyzer (GDAPA)

The project also focused on monitoring the ionic species present in the water to be
recycled using a Gallery Discrete Automated Photometric (Colorimetric) Analyzer
(GDAPA). The ions chosen are ions that are of significant quantities in the ore body as
indicated from the XRF analysis of the ore in Section 4.2 in Fig 4-3. GDAPAs have
been used by water quality analysts and regulators to develop an understanding of
complex water matrices. Primarily to monitor increased inputs of Total Dissolved Solids
(TDS) and specific ions present in water resulting from; mining activities, wastewater
effluent discharge, agricultural practice, irrigation runoff, and rising/brackish
groundwater, estuarine water and nutrient cycling in hypersaline environments (Anning
and Flynn, 2014; Cafedo-Arguelles et al., 2013; Corsi et al., 2015; Evans et al., 2014;
Johnson et al., 2010; Kaushal et al., 2018, 2005; Naftz, 2017; Novotny et al., 2008;
Schraga and Cloern, 2017; Stanton et al., 2017; Williams et al., 2000). GDAPAs are
fast, flexible and precise for complex samples of variable matrixes, test parameter and
low volume samples achieving a high throughput with minimal supervision (Rastetter
et al., 2000; ThermoFisher Scientific, 2020, 2018a, 2018b, 2003). All analyses were
performed on a Thermo Fisher Scientific Automated Gallery Discrete Colorimetric
Analyzer. The instrument is calibrated using stock calibration samples stored on the
analyzer as shown in Table 4-6 with reagent compositions that are all in compliance
with the ISO 15923-1 standard.

Table 4-6. Analytes, reagents and reference standards for analytes sourced from
(Rastetter et al., 2000; ThermoFisher Scientific, 2018a)

Product/ Analyte Composition of System Reference Standard
Reagent
Chloride R1 Methanol, iron (3) nitrate, ISO 15923-1 ISO 15682
(984264) mercury di-thiocyanate,
nitric acid
Sulfate R1 (984648) Barium chloride, ISO 15923-1 SM4500 SO42-E
hydrochloric acid,
stabilizers
Magnesium R1 Xylidyl blue | Tietz Fundamentals of Clinical
(984358) Chemistry, 5" Edition
Calcium R1 Arsenazo llI Tietz Fundamentals of Clinical
(984361) Chemistry, 5" Edition
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Stetson et al., (2019) summarizes the operations in the analyser as follows; The
incubator hub aligns the cuvette segment along the sample and reagent discharge
paths. The cell segments are then aligned one after another with the dosing needle of
the robot arm. The samples are then mixed using an ancillary stirrer and then returned
to the washing station where the needle and stirrer blades are washed with deionized
water. During the dosing process, the cuvette segment returns to the incubator, where
a programmed reaction time of up to 3600 sec occurs. Reagent blanks are measured
after the sample and its first reagent are combined and mixed. The incubation program
finalizes in the photometric module. The modules sequentially measure the
absorbance of chromophores in each cell of the cuvette segment. The absorbance of
the reagent blanks is converted to concentrations from on-line calibration parameters
using regression parameters. The parameters are sourced from the instrument's
operating system database memory.

4.10 XRF Analysis of Solids Samples

The metal ion content in the concentrate, feed and tailings was determined using an
Olympus Vanta Handheld-XRF Analyzer (Olympus, 2021). All solid samples were
analyzed for their copper and nickel concentrations, which were utilized to develop the
mass balance over the flotation cell. Appreciating that XRF analysis may not be
perfectly accurate with regards to the mineralogy of the sample, the gangue mineral
concentration was determined from the difference between the total valuable mineral
and the total mass of the concentrates.

4.11 Ore Comminution

The 1.3 kg ore samples prepared in Section 4.2 were ground in a laboratory-scale
stainless steel rod mill (10 L Eriez MACSALAB Rod Vessel Mill of Grade 304 driven by
a double roller 120 mm diameter by 1200 mm length powered by a 0.37 kW 220 Volt
Motor (Eriez Manufacturing Co., 2021) to 60% passing 75 ym at 66 % solid mass
content by adding 681 + 3 g of feed water (3 SPW or the recycled water). The Eriez
stainless steel mill, milling media and dimensions are shown in Table 4-7. The ionic
thiol collector described in Section 4.5.1 was added to the mill followed by the addition
of 3 SPW plant water or recycled water as described in Section 4.4 and Section 4.13
respectively. Finally, the 1.3 kg ore samples prepared in Section 4.2 are added to the
mill followed by the addition of the rods as described in the mill specifications summary
in Table 4-7. The mill lid was placed on and screwed shut to prevent spillages. The mill
was then placed on a double roller which was turned on at 62 rpm and a timer was
started simultaneously. The mill was stopped after the milling time needed to achieve
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the required grind size had lapsed, and the pulp was recovered and sieved through a
1 mm sieve and transferred to the float cell.

Table 4-7. Characteristics for the 10 L Stainless Steel Laboratory Scale Mill

Diameter Length Number of Rods
Rods 25 mm 285 mm 6
20 mm 285 mm 8
16 mm 285 mm 6
Mil Internal Diameter Internal Length Rotation Speed
210 mm 295 mm 62 rpm
Calculated Milling Time 1317 sec

The grind size chosen matched the rougher grind used in mining operations processing
UG2 ores similar to the one used in this study. Milling was conducted for pre-
determined time intervals of 5, 15, 21 and 25 min. The milling time targeting 60%

passing 75 um was derived from the milling curve in Fig 4-8 from the linearized
equation fitted to the data points and was found to be 21 min and 57 sec (1317 sec).
Wet screening was performed on the milled ore to determine the particle size
distribution of the milled ore as shown in Fig 4-9. Screening showed that 62 % of the

solids were below 75 pm.

58



ity of Cap
o %,
>

o

CENTRE FOR MINERALS RESEARCH

70% y=0,0204x+0,1522 ¢
RZ = 0'990.1 ........

60% [ e

50% ------------

a0% e

0% e

20%

10%

Percentage Passing over 75 um (g)

0%
0 5 10 15 20 25 30

Milling time in minutes

--------- Linear (% passing at different milling times)

Fig 4-8. % Mass of UG-2 Ore passing a 75 ym screen size against the milling time of
the sample.
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Fig 4-9.Cumulative Particle Size Distribution of Milled UG2 ore developed through wet
screening.
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4.12 Batch Flotation Test

The bench-scale flotation tests were conducted in a 3 L Barker laboratory batch
flotation cell as seen in Fig 4-5 accompanied by the wash bottles and concentrate trays
C1, C2, C3, and C4, top up water bottles 1 and 2 and volumetric flasks for reagent
preparation. The flotation standard conditions and variables of the cell are shown in
Table 4-8.

Fig 4-10. 3 L Barker Flotation Cell.

The milled slurry was transferred to a 3 L Barker flotation cell with a top-driven impeller,
and a Wilkerson %4 inch 0-8 bar air regulator to control the air flow rate. The impeller
speed was set to 1200 rpm. The flotation cell containing the slurry was topped up to 3
L with the necessary water to achieve a pulp density of 33 % solids. A 40 mL feed
sample was taken before the addition of the flotation reagents to the float cell using a
syringe. The slurry was conditioned for 2 min with the CMC depressant, Depramin 267,
at the required dosage followed by 1 minute with the polyglycol frother, DOW 200, at
a dosage of 40 g/t prepared and handled as described in Sections 4.5.2 and 4.5.3,
respectively. For the experiments with varying depressant dosage (0 g/t CMC, 100 g/t
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CMC and 300 g/t CMC), freshly prepared 3 SPW was used, whereas for those
experiments with simulated short water recirculation (to the mill or to the float cell),
CMC depressant was dosed at a fixed dosage of 100 g/t with water recovered as
prescribed in Section 4.13. After reagent conditioning, the air valve was opened and a
constant airflow rate of 7 L/min was maintained for all tests. Four concentrates,
denoted as C1 to C4, were collected through the scraping of the froth phase at 15 sec
intervals, for 2, 4, 6 and 8 min respectively while maintaining a 2 cm froth height
throughout by the manual addition of plant water at 3 SPW. Two 40 mL tailings samples
were taken after the flotation process using a syringe. The general experimental
sequence is summarized schematically in Fig 4-11 and the procedures are
summarized in Table 4-8.

Table 4-8. Summary of the batch flotation procedure

Action Conditioning Cumulative Time (min)

Milling As determined from the milling As determined from milling
curve curve

Collector Added to the mill Added to the mill

Depressants 2 0

Frother 1 2

Air fed 0 3

C1 2 5

C2 4 9

C3 6 15

C4 8 23
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Fig 4-11. A summary of the experimental sequence adopted for the flotation of UG2
Ore

The water recovered with the feed, concentrates and tailings samples was measured
and recorded. The feed sample, concentrates and tailings samples were filtered using
a Buchner funnel. The solids were dried in an oven overnight and weighed before
performing elemental analysis of ions present through XRF analysis as described in
Section 4.10. The residual water from the concentrate samples was recovered from
the Buchner flask. The tailings were filtered using a filter press through a filter paper.
The tailing water was recovered from the water disposal pipe of the filter press to be
used in the recirculation experiments as described in Section 4.13. A 40 mL sample of
the tailings and concentrate water was syringed and filtered through a 0.45 pm
polyvinylidene fluoride syringe filter and stored in a 50 mL sample vial. These samples
were used for the chemical analyses to determine the ion concentration of selected
ions present in the solution through GDACA as described in Sections 4.9. Water
samples were analyzed for residual reagents and ion concentration using a
spectrometer and a gallery discrete colorimetric analyzer.

No reagents were utilized for pH maintenance, however the pH over all the
experiments was basic at 8.23 + 0.03, typical of a low-grade Cu-Ni-PGM sulfide ore
flotation (Dzingai et al., 2020). Entrainment (€) is the non-selective recovery of both
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valuable and gangue particles carried up by the flow of water and air into the
concentrate (Napier-Munn and Wills, 2005). Water recovery has been associated with
the degree of entrainment as it is the medium of froth stability and is related through
Eq. ( 4-8) from (Subrahmanyam and Forssberg, 1988; Vos et al., 2014).

Rgangue = ERyqter Eq. (4-8)

Flotation kinetic models were developed based on a first order rate model adapted
from Klimpel model as shown in Eq. ( 4-9) for rectangular distributions which
adequately modes metallic ore flotation with low recoveries, similar to the ore used in
this study (Dowling et al., 1985; Sahoo et al., 2020; Yuan et al., 1996). The model is
given by:

R=Re(1-e™) Eq. (4-9)

Where R is the accumulated recovery at time t, R., is the maximum (or equilibrium)
recovery that might be reached at infinite time, and k is the first order rate constant (s
') determines the rate at which recovery attains equilibrium recovery value. For rate
models against water recovery, k units are (g”') (Chaves and Ruiz, 2009). A chi
squared test was used to fit the model data and establish whether a relationship exists
between the experimental variables under the null hypothesis that no relationship
exists. A chi squared value (x?) was calculated using Eq (4-1) where the experimental
value is (0;) is subtracted from the predicted value is (E;). A GRG non-linear solver
minimizes the ©8; value by changing the R, and k values. A P value is developed for
(n (number of readings)-1) from a chi table for an alpha value of 0.05, hence a 95 %
confidence interval. Models with x? within the confidence interval were accepted and
considered to well relate experimental values to the model.

n

2y (0: — E? Eq (4-1)

x =
E;
i=0

4.13 Simulating Water Recirculation

When simulating short term recycle runs, following initial batch flotation, the tailings
filtrate was recovered using a filter press and used as part of the feed water for
subsequent flotation. The total volume of tailings water recovered and used in
subsequent flotation was 2200 + 34 g. There were two routes in which the water was
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utilized. The first route is called mill recirculation (denoted by a prefix “M”), and as
shown in Fig 4-12, and requires the recirculation of 681 + 3 g of the tailings water being
fed to the mill to be used as the process water for milling. The rest of the recirculated
water, 1519 + 34 g, was utilized in washing the mill and transferring the slurry to the
float cell. An additional 438 + 34 g of 3 SPW was used to top up the float cell to the 3
L mark (33 % pulp density). The second route is called float cell recirculation (denoted
by a prefix “F”), and as shown in Fig 4-13, requires 681 + 3 g of 3 SPW water to be fed
to the mill to be used as process water for milling. Of the 2200 + 34 g of recirculated
water recovered, 1920 + 34 g was then used to transfer the slurry to the float cell and
the rest of the recirculated water, 280 + 34 g, was used as top up water during the
flotation experiment to its completion. The water recirculation procedure was repeated
three times for both points of addition to create round 1, 2 and 3.

3 SPW Recycle 1 Recycle 2 Recycle 3
S Y v
1.3 kg ore 1.3 kg ore 1.3 kg ore 1.3 kg ore
Mt | oo i B e > Ml f e Mill
3 SPW [ Tailings Water | Mil | Tailings Water I Tailings Water 7
681+3g | 681+3g | 681:3g | 681+3g
Mixed ! Mixed l Mixed 1 Mixed
slurry ! slurry ! slurry | slurry
v } } o A ; » A
| Tailings water | | Taiings water | Tailings water
Flotation cell | | 1519+34g Flotation cell |1 1919349 Flotation cell | 1 1519+34g Flotation cell
\ ! ‘
o P ————p
3SPW: T 3sPw | “T3sPW: 3 sPw:
1960 g | 4381349 | 438:34g | 438:34g
Depramin 267 C1-C4 & | Depramin 267 C1-C4 & | Depramin 267 C1-C4 & | Depramin 267 C1-C4 &
DOW 200 tailings | DOW 200 tailings . DOW 200 tailings I DOW 200 tailings
| | |
|
Fliter |- Fliter [/ Fliter [/ Fliter
C1-C4& C1-c4 c1-Ca8 C1-c4  c1-Ccas C1-C4 C1-Cas C1-C4
Tailings solids iWaste  Tailings solids iWaste  Tailings solids iWaste Tailings iWaste
i water i water : water i water
v v v v

Fig 4-12. Simulation of the mill recirculation procedure.
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Fig 4-13. Simulation of the float cell recirculation procedure.
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5 Results

5.1 Electrical Conductivity (EC), Total Dissolved Solids (TDS), Dissolved
Oxygen (DO %) and Oxidative Redox Potential (ORP) Measurements in the
Flotation Cell and for Recovered Water from the Tailings and Concentrates.

5.1.1 Electrical Conductivity (EC) Measurements.
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CMC Dosage (g/t) Recycle 1 Recycle 2 Recycle 3
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3 SPW SPW)
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m Post-Flotation 5623 5365 4479 4813 4425 4382 4345 4968 4841

0

Point of recirculation

Fig 5-1. EC (uS/cm) measurements at the flotation cell before and after flotation from
the second phase of the experiments.

Fig 5-1 shows the electrical conductivity (EC) measured at the start and end of the
batch froth flotation tests for all the experiments conducted. Pre-flotation electrical
conductivity measurements show the impact of milling on the electrical conductivity of
the feed slurry. Post flotation shows the impact of froth flotation on the electrical
conductivity of the tailing’s slurry in the flotation cell. The electrical conductivity at the
start of froth flotation is higher at 4950 uS/cm for the feed slurry at O g/t depressant
dosage as compared to 100 g/t depressant dosage whose EC was at 4470 yS/cm.
After flotation the electrical conductivity of the tailing’s slurry is also higher at 5370
puS/cm for O g/t depressant dosage as compared to 100 g/t depressant dosage at 4480
uS/cm.
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Comparing the electrical conductivity measurements for the second phase of
experiments considers the impact of the point of addition of recycled water on the
electrical conductivity of the mill product / feed slurry (pre-flotation). At the first recycle,
recycling water through the mill produced a feed slurry at a higher EC, at 5430 yS/cm,
as compared to recycling water through the float cell whose feed slurry was at 4380
puS/cm. At the second recycle, the feed slurry produced when recycling water through
the mill a has a higher EC of 5440 uS/cm, as compared to when recycling water
through the float cell, at a feed slurry EC of 4970 yS/cm. At the third recycle, the
electrical conductivity of the feed slurry when recycling water to the mill was lower at
an EC of 4835 uS/cm, as compared to 5112 uS/cm which was achieved with recycling
to the float cell.

Finally, the EC measurements of the tailings pulp for the second phase of experiments
were considered for the impact of the point of addition of recycled water on the
electrical conductivity of the flotation product (post-flotation). At the first recycle, the
tailings slurry had a slightly higher EC when recycling water through the float cell, at
4813 uS/cm, as compared to when recycling water through the mill, at 4425 uS/cm. At
the second recycle, the tailings slurry had a higher EC when recycling water through
the float cell, at 4382 uS/cm, as compared to when recycling water through the mill, at
4345 pS/cm. At the third recycle, the tailings slurry had a higher EC when recycling
water through the float cell, at 4968 uS/cm, as compared to when recycling water
through the mill, at 4841 uS/cm.
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Fig 5-2. EC (uS/cm) measurements of recovered water from the Tailings (RWT) and
recovered water from the Concentrates (RWC) from the second phase of the
experiments.

Fig 5-2 shows the electrical conductivity (EC) of the recovered water from tailings and
concentrates slurries post-flotation. For the tailing water produced at different
depressant dosages, the tailings from flotation at 0 g/t depressant dosage had a higher
EC, at 5840 uS/cm, as compared to the tailings water at 100 g/t depressant dosage
with an EC of 5090 uS/cm. For the concentrate water produced at different depressant
dosages, the tailings from flotation at 0 g/t depressant dosage had a higher EC, at
5850 uS/cm, as compared to the tailings water at 100 g/t depressant dosage, at 4520
uS/cm.

A comparison of the electrical conductivity of the tailing water produced in the second
phase of experiments was performed. At the first recycle, the tailings water produced
from froth flotation with recycled water fed to the float cell and the mill had an electrical
conductivity, at 5690 and 5420 uS/cm, respectively, higher for float cell recirculation.
At the second recycle, the tailings water produced from froth flotation with recycled
water fed to the mill had a higher EC, at 6560 uS/cm, as compared to when recycling
water through the float cell which produced a feed slurry at an EC of 5520 uS/cm. At
the third recycle, the tailings water produced from froth flotation with recycled water fed
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to the float cell had an EC of 5604 uS/cm compared to an EC of 5523 uS/cm for tailing
water recirculated through the mill.

A comparison of the electrical conductivity of the concentrate water produced in the
second phase of experiments was performed. At the first recycle, the concentrate
water produced from froth flotation with recycled water fed to the mill had an EC of
5393 uS/cm which was lower than the EC of the from recirculation through the float
cell whose EC was at 5500 uS/cm. At the second recycle, the concentrate water
produced from froth flotation with recycled water fed to the mill had an EC of 5403
pNS/cm which was lower than the EC of the concentrate water from recirculation through
the float cell whose EC was at 5556 uS/cm. At the third recycle, the concentrate water
produced from froth flotation with recycled water fed to the mill had an EC of 5373
pS/cm which was lower than the EC of the concentrate water from float cell
recirculation whose EC was at 5655 uS/cm.

Overall, results Fig 5-2 showed that the EC was higher for both RWT and RWC from
water recirculation through the float cell compared to the mill except for recycle 2 where
it was seen that for RWT from water recirculation through the float cell resulted in a
lower EC compared to the recirculation through the mill.
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5.1.2 Total Dissolved Solids (TDS) Measurements.
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Fig 5-3. TDS (ppt) measurements at the flotation cell before and after flotation from the
second phase of the experiments.

Fig 5-3 shows the total dissolved solids (TDS) measured at the start and end of the
batch froth flotation test for all the second phase of experiments, as well as for the froth
flotation tests conducted at different depressant dosages and for 3 SPW. Pre flotation
total dissolved solids measurements show the impact of milling on the dissolved solids
concentrations of the feed slurry. Post flotation shows the impact of froth flotation on
the total dissolved solids of the tailing slurry in the flotation cell. The total dissolved
solids at the start of froth flotation were higher at 0 g/t depressant dosage, at 2.48 ppt,
as compared to 100 g/t depressant dosage, at a TDS of 2.23 ppt. After flotation the
total dissolved solids of the tailing’s slurry are higher at 0 g/t depressant dosages, at
2.68 ppt, as compared to the tailing slurry at 100 g/t depressant dosage with a TDS of
2.24 g/t

Comparing the total dissolved solids measurements for the second phase of
experiments considers the impact of the point of addition of recycled water on the total
dissolved solids concentration of the mill product, i.e., pre-flotation.
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At the first recycle, recycling water through the mill produced a feed slurry with a higher
TDS at 2.73 ppt, as compared to recycling water through the float cell with a feed slurry
at a TDS of 2.48 ppt. At the second recycle, recycling water through the mill produced
a feed slurry at a higher TDS of 2.72 ppt, as compared to when recycling water through
the float cell which produced a feed slurry with a TDS of 2.48 ppt. At the third recycle,
recycling water through the mill produced a feed slurry with a lower TDS at 2.42 ppt,
as compared to when recycling water through the float cell which produced a feed
slurry at 2.56 ppt.

Finally, we compare the TDS of the tailings pulp for the second phase of experiments.
At the first recycle, recycling water through the float cell has a tailings slurry with a
higher TDS at 2.41 ppt, as compared to when recycling water through the mill which
produced a tailing slurry at a TDS of 2.21 ppt. At the second recycle, TDS of the tailings
water is slightly higher in float cell recirculation, at 2.19 ppt as compared to water
recycling water through the mill, at a TDS of 2.17 ppt. At the third recycle, the TDS of
the tailing’s slurry is higher when recycling water through the float cell, at 2.48 ppt, as
compared to recycling water to the mill which produced a tailing slurry at a TDS of 2.18

ppt.
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2.50
2.00
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1.00

Total Dissolved Solids (ppt)

0.50

0.00 0 0 Float Mill Float Mill Float Mill

3 SPW CMC Dosage (g/t) Recycle 1 Recycle 2 Recycle 3
Plant Water (3 SPW) Point of recirculation
= Tailings 2.81 2.92 2.55 2.84 2.71 2.76 3.28 2.80 2.76
mConcentrate  2.81 2.93 2.26 2.75 2.70 2.78 2.70 2.83 2.69

Fig 5-4. TDS (ppt) measurements of recovered tailings (RWT) and concentrate (RWC)
water from the second phase of the experiments.
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Fig 5-4 shows the total dissolved solids (TDS) of the recovered tailings and concentrate

water post froth flotation. For the tailing water (RWT) produced at different depressant
dosages, the tailings from flotation at 0 g/t depressant dosage had a higher TDS, at
2.92 ppt, as compared to the tailings water at 100 g/t depressant dosage, at 2.55 ppt.
The concentrate water (RWC) produced at different depressant dosages, the
concentrate from flotation at 0 g/t depressant dosage had a higher TDS at 2.93 ppt, as
compared to the concentrate water at 100 g/t depressant dosage, at 2.26 ppt.

A comparison of the TDS of the tailing water (RWT) produced in the second phase of
experiments was performed. At the first recycle, the tailings water produced from froth
flotation with recycled water fed to the mill has a lower TDS at 2.72 ppt as compared
to 2.84 ppt for float cell recirculation tailing water. At the second recycle, the tailings
water produced from froth flotation with recycled water fed to the mill resulted in a TDS
at 3.30 ppt, which is higher when compared to tailings water produced recycling water
through the float cell, at a TDS of 2.76 ppt. At the third recycle, the tailings water
produced from froth flotation with recycled water fed to the mill resulted in a TDS, at
2.76 ppt, as compared to when recycling water through the float cell with a higher TDS,
at 2.80 ppt.

A comparison of the total dissolved solids of the concentrate water (RWC) produced
in the second phase of experiments was also performed. At the first recycle, the
concentrate water produced from froth flotation with recycled water fed to the mill and
has a lower TDS, at 2.70 ppt, as compared to recycling water through the float cell that
produced a concentrate water product with a TDS of 2.75 ppt. At the second recycle,
the concentrate water produced from froth flotation with recycled water fed to the mill
had a lower TDS at 2.70 ppt as compared to RWC produced when water is recycled
through the float cell at a TDS of 2.78 ppt. Finally at the third recycle, the concentrate
water produced from froth flotation with recycled water fed to the mill has a lower TDS,
at 2.69 ppt as compared to the product when water is recycled through the float cell at
a TDS if 2.83 ppt.
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5.1.3 Oxidative Redox Potential (ORP) Measurements.
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Fig 5-5. ORP (mV) measurements at the flotation cell before and after flotation from
the second phase of the experiments.

Fig 5-5 shows the Oxidative Redox Potential (ORP) measured at the start and end of
the batch froth flotation test for all the second phase of experiments, as well froth
flotation tests at different depressant dosages and for 3 SPW. Pre-flotation oxidative
redox potentials measurements showed the impact of milling on the feed slurry
oxidative redox potential. Post flotation shows the impact of froth flotation on the
oxidative redox potential of the tailing’s slurry in the flotation cell. Oxidative redox
potential at the start of and end of froth flotation are higher for the feed slurry and
tailings slurry from flotation atO g/t depressant dosages, at -115 mV and -93 mV for pre
and post flotation as compared to at 100 g/t depressant dosages, whose pre and post
flotation ORP are at -113 mV and -92 mV.

Comparing the oxidative redox potential measurements for the second phase of
experiments considers the impact of the point of addition of recycled water on the
oxidative redox potential of the mill product, i.e., pre-flotation. At the first recycle,
recycling water through the mill had a higher oxidative redox potential in the feed slurry
in the float cell, at -116 mV, as compared to recycling water through the float cell that
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produced a float feed with at a redox potential of, -115 mV. At the second recycle,
recycling water through the float cell had a higher ORP in the feed slurry in the float
cell, at -118 mV, as compared to recycling water through the mill at a redox potential
of, -117 mV. At the third recycle, recycling water through the mill had a higher ORP in
the feed slurry in the float cell, at -122 mV, as compared to recycling water through the
float cell at a redox potential of, -116 mV, respectively.

Finally, a comparison of the oxidative redox potential of the tailings pulp for the second
phase of experiments was made. At the first recycle, recycling water through the mill
had a higher ORP in the feed slurry, at -99 mV, as compared to recycling water through
the float cell, at -94 mV. At the second recycle, recycling water through the float cell
had a higher ORP in the feed slurry, at -115 mV, as compared to recycling water
through the mill, at -99 mV. Finally, at the third recycle, recycling water through the
float cell had a higher ORP in the feed slurry, at -118 mV, as compared to recycling
water through the mill, at -99 mV.
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Fig 5-6. ORP (mV) of recovered water from tailings (RWT) and recovered water from
concentrates (RWC) from the second phase of the experiments.
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Fig 5-6 shows the Oxidative Redox Potential (ORP) of the recovered tailings and
concentrate water post froth flotation. For the tailing water (RWT) produced at different
depressant dosages, the tailings water from flotation at 0 and 100 g/t depressant
dosages resulted in similar Oxidative Redox Potentials, at -91 mV. The concentrate
water (RWC) produced at 0 g/t depressant dosages has higher ORP at -115 mV as
compared to -113 mV produced at a depressant dosage of 100 g/t.

A comparison of the Oxidative Redox Potential of the tailing water (RWT) produced in
the second phase of experiments was performed. At the first recycle, the tailings water
produced from froth flotation with recycled water fed to the mill had a higher ORP at —
98 mV as compared to the tailing water produced when recycling water through the
float cell at an ORP at -94 mV. At the second recycle, the tailings water produced from
froth flotation with recycled water fed to the float cell had a slightly higher ORP at — 97
mV as compared to the tailing water produced when recycling water through the mill
at an ORP of -96 mV. At the third recycle, the tailings water produced from froth
flotation with recycled water fed to the mill and the float cell had similar Oxidative Redox
Potentials, at =-91 mV.

A comparison of the total dissolved solids of the concentrate water (RWC) produced
in the second phase of experiments was performed. At the first recycle, the concentrate
water produced from froth flotation with recycled water fed to the float cell had a slightly
higher ORP at —116 mV as compared to the concentrate water produced when
recycling water through the mill at an ORP of -115 mV. At the second recycle, the
concentrate water produced from froth flotation with recycled water fed to the float cell
had a higher ORP, at -118 mV, as compared to mill recirculation RWC, at an ORP of -
112 mV. At the third recycle, the concentrate water produced from froth flotation with
recycled water fed to the mill had a higher ORP, at -122 mV, as compared to float cell
recirculation RWC, at an ORP of -116 mV.

75



CENTRE FOR MINERALS RESEARCH

¥

5.1.4 Dissolved Oxygen (DO%) Measurements.
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Fig 5-7. DO (%) measurements at the flotation cell before and after flotation from the
second phase of the experiments.

Fig 5-7 shows the dissolved oxygen concentration (%) measured at the start and end
of the batch froth flotation test for all the second phase of experiments, as well froth
flotation at different depressant dosages and for 3 SPW. Pre-flotation dissolved oxygen
measurements show the impact of milling with recycled water on the dissolved oxygen
concentration. Post flotation shows the impact of froth flotation on the total dissolved
oxygen concentration in the tailing’s slurry in the flotation cell.

A comparison of the dissolved oxygen concentration in the feed slurry from the second
phase of experiments was performed. At the first recycle, recycling water through the
float cell had a produced a float feed with a DO %, at 75 %, as compared to when
recycling water through the mill with a float feed DO% at 25 %. At the second recycle,
recycling water through the float cell had a produced a float feed with a DO %, at 72
%, as compared to when recycling water through the mill with a float feed at DO % at
21 %. At the third recycle, recycling water through the float cell had produced a float
feed with a DO %, at 73 %, as compared to when recycling water through the mill with
a float feed at DO % at 46 %.
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Finally, comparing the DO % of the tailings pulp for the second phase of experiments;
at the first recycle, recycling water through the float cell resulted in a DO % of 86 %,
as compared to when recycling water through the mill, at a DO % of 36 %. At the
second recycle recycling water through the float cell had a dissolved oxygen
concentration, at 75 %, as compared to when recycling water through the mill, at a DO
% of 29 %. At the third recycle, recycling water through the float cell had a dissolved
oxygen concentration, at 72 %, as compared to when recycling water through the mill,
at DO % at 64 %.

5.2 Concentration of Selected Anions and Cations in Tailings Water.

Table 5-1. Concentration (mg/L) of dissolved Ca?*, Mg?* SO4* and CI- present in
tailings water recovered post flotation in phase 2 of the experimental program.

Recycle 1 Recycle 2 Recycle 3
Mill Float Mill Float Mill Float

Ca?* 240 240+ 3 237+6 248 + 1 234 +6 254 +2 241+6 258 +6

Mg2* 212 2073 207 £12 242 +7 193 £ 1 198+ 3 164+12 191+£12
S04 719 792 £ 10 708 £+ 14 804 £ 57 740 9 805+ 17 783+14 813%14
Cl- 861 1247 127 1057 +15 999+ 120 103212 1027 +128 1054+15 1021 %15

3SPW Recycle 0

Table 5-1 illustrates the concentration of magnesium (Mg?*), calcium (Ca?*), sulfate
(SO4?%), and chloride (CI) in the tailings water recovered after filtering tailings pulp
prepared in Section 4.13 from Phase 2 of the experimental program. The gallery
discrete colorimetric analyser provides concentrations of ions in the tailings water in
mg/L from the water samples described in Section 4.9. The concentrations of cations
in the tailings water from flotation under baseline conditions (Recycle 0) were at 240
mg/L and 207 mg/L for Ca®* and Mg?* respectively, which were close to the
concentration of these ions in feed water (3 SPW) shown in Table 5-1, thus this method
could be deemed appropriate in estimating approximate cation concentration in the
tailings water. The tailings water from the first recycle (Recycle 1) had Ca?*
concentrations higher when recycling water through the float, at 248 mg/L, than when
recycling water through the mill, at 237 mg/L. The tailings water from the second
recycles (Recycle 2) Ca?* concentrations were higher when recycling water through
the float cell, at 254 mg/L, than when recycling water through the mill, at 234 mg/L.
Finally, the tailings water from the third recycle (Recycle 3) had higher Ca?*
concentrations when water was recycled through the float, at 258 mg/L, than when
recycling water through the mill, at 241 mg/L. A consistent trend for Ca?* was that for
a particular recirculation, the concentration was similar in all the tailings samples.
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Tailings water samples were also compared based on their Mg?* concentrations.
Tailings water from the first recycles (Recycle 1) consisted of Mg?* concentrations that
were higher when recycling through the float cell, at 242 mg/L, than when recycling
through the mill, at 208 mg/L. The tailings water from the second recycle (Recycle 2)
had Mg?* concentrations higher when recycling through the float cell, at 198 mg/L, than
when recycling through the mill, at 193 mg/L. Finally, the tailings water from the third
recycles Mg?* concentrations were higher when recycling through the float cell, at 191
mg/L, than when recycling through the mill, at 164 mg/L. Overall, the concentration of
Ca?* and Mg?* in tailings water was higher in float cell recirculation than in mill
recirculation. Also of note, all the Ca?* in mill recirculation were close to the ion’s
concentrations in the feed water (3 SPW). Mg?* in the tailings in mill recirculation, and
float recirculation, with exemption of the first recycle through the float cell, were lower
than Mg?* concentration in the feed water (3 SPW).

Table 5-1 shows the concentrations of anions in the tailings water, sulfate (SO4%) and
chloride (CI"), concentrations in the tailings water recovered after filtering tailing pulp
prepared in Section 4.13 from Phase 2 of the experimental program. The tailings water
concentrations in the tailings water from flotation under baseline conditions (Recycle
0) were at 792 mg/L and 1250 mg/L, for SO4?" and CI- respectively, which were slightly
higher than the concentration of these ions in 3 SPW as shown in Table 5-1. The
tailings water from the first recirculation had SO4?" concentrations higher when water
was recycled through the float cell, at 804 mg/L, compared to recycling water through
the mill, at 708 mg/L. The tailings water from the second recycle (recycle 2) had SO4?*
concentrations higher when recycling water through the float cell, at 805 mg/L than
when recycling water through the mill, at 740 mg/L. Finally, the tailings water from the
third recycle had SO4% concentrations higher in float cell recirculation, at 813 mg/L
than in mill recirculation, at 783 mg/L. SO4> concentrations are higher in float cell
recirculation as compared to mill recirculation overall.

The tailings water from the first recirculation had CI- concentrations higher when water
was recycled through the mill, at 1057 mg/L, compared to recycling water through the
float cell, at 999 mg/L. The tailings water from the second recycle (recycle 2) had CI
concentrations higher when recycling water through the mill, at 1032 mg/L than when
recycling water through the float cell, at 1027 mg/L. Finally, the tailings water from the
third recycle had CI- concentrations higher in mill recirculation, at 1054 mg/L than in
float cell recirculation, at 1021 mg/L. CI- concentrations are higher in mill recirculation
as compared to float cell recirculation overall.
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5.3 Concentration of Residual Reagents in Water Recovered from the Tailings
and Concentrates and Overall Reagent Efficiency.

Calibration curves developed for the collector and depressant in the reagent suite and
absorbance of the samples in the second phase of experiments were utilized to find
the concentration of reagents present as shown in Section 4.6 and Fig 4-4 and for
SIBX and CMC respectively.
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Fig 5-8. Bar graph showing the overall concentration of Sodium Iso-Butyl Xanthate
(collector) present in the recovered tailings and concentrate water, as well as the
concentration in each sample, from all the tests in the second phase of experiments.

Fig 5-8 shows the overall concentration of Sodium Iso-Butyl Xanthate present in the
recovered tailings and concentrate water, as well as the concentration in each sample,
from all the tests in the second phase of experiments. The base line float had 28 mg/L
of residual collector and was the lowest residual collector concentration in all of the
tested conditions. At the first recycle, the overall concentration of collector in the
flotation product (tailings and concentrate) was lower for the product of float cell
recirculation, at 33 mg/L, at a concentration of 16 and 18 mg/L in the tailings and
concentrate water respectively, as compared to the product of the mill recirculation, at
34 mg/L, at a concentration of 15 and 19 mg/L in the tailings and concentrate water
respectively. At the second recycle, the overall concentration of collector in the flotation
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product was also lower for the product of float cell recirculation, at 34 mg/L, at a
concentration of 16 and 18 mg/L in the tailings and concentrate water respectively, as
compared to the product of the mill recirculation, at 35 mg/L, at a concentration of 16
and 20 mg/L in the tailings and concentrate water respectively. At the third recycle, the
overall concentration of collector in the flotation product was lower for the product of
float cell recirculation, at 35 mg/L, at a concentration of 15 and 19 mg/L in the tailings
and concentrate water respectively, as compared to the product of the mill
recirculation, at 37 mg/L, at a concentration of 16 and 20 mg/L in the tailings and
concentrate water respectively.
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Fig 5-9. Bar graph showing the overall concentration of Carboxyl Methyl Cellulose
(depressant) present in the recovered tailings and concentrate water, as well as the
concentration in each sample, from all the tests in the second phase of experiments.

Fig 5-9 shows the overall concentration of Carboxyl Methyl Cellulose present in the
recovered tailings and concentrate water, as well as the concentration in each sample,
from all the tests in the second phase of experiments. The base line float has 105 mg/L
of residual depressant. At the first recycle, the overall concentration of collector in the
flotation product (tailings and concentrate) was higher in float cell recirculation, by 19
mg/L overall, and 8 mg/L and 11 mg/L in the tailings and concentrate water
respectively, as compared to mill recirculation, at an overall concentration of 92 mg/L,

80



CENTRE FOR MINERALS RESEARCH

“Oagup . 08

20 mg/L and 52 mg/L in the tailings and concentrate water, respectively. At the second
recycle, the overall concentration of collector in the flotation product (tailings and
concentrate) was higher in mill recirculation, by 29 mg/L overall and at 8 mg/L and 15
mg/L in the tailings and concentrate water respectively, as compared to float cell
recirculation, at an overall concentration of 59 mg/L with 22 mg/L and 37 mg/L in the
tailings and concentrate water, respectively. Finally at the third recycle, the overall
concentration of collector in the flotation product (tailings and concentrate) was higher
in mill recirculation, by 27 mg/L overall, 7 mg/L and 9 mg/L in the tailings and
concentrate respectively, as compared to float cell recirculation, at an overall
concentration of 85 mg/L, 33 mg/L and 53 mg/L in the tailings and concentrate water,
respectively.
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Fig 5-10 Bar graph showing the overall reagent efficiency for the collector and
depressant for the all the tests in the second phase of experiments.

Fig 5-10 shows the overall reagent efficiency for the collector and depressant for all
the tests in the second phase of experiments. The overall reagent efficiency for both
reagents is high and similar at 99.7 % and 99 % for collector and depressant
respectively, for all the baseline and all recycle conditions, irrespective of the point of
addition. Consecutive recirculation led to a slight increase in the quantity of residual
collector present in the flotation product, at 1 mg/L per recycle, therefore the residual
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collector is consumed as if not, the concentration would be increasing by about 26
mg/I. Overall, concentrate product contains higher concentrations of residual reagents.

5.4 Settling Rate of Solids in Tailings.
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Fig 5-11. Absorbance (A) of 3 mL tailings water sample as a function of time (s) for all
tested conditions in the second phase of experiments.

Fig 5-11 displays the Absorbance (A) of 3 mL tailings water samples measured in a
spectrometer as a function of time (s) for all the second phase of experiments. It is
assumed that the concentration of solids is similar in all samples and represents the
solids fraction present in the flotation cell. All samples displayed a maximum
absorbance at the start of the experiments. Majority of the settling occurred in the first
3000 s (= 1 hour), with a rapid decrease in absorbance in the first 500 s, followed by a
steady decrease in absorbance between 500 and 3000 s. The minimum absorbance
value achieved at the maximum test time, 7200 s, differed in each sample, with the
lowest absorbance in Recycle 2 and 3 in Mill recirculation, followed by Recycle 2 Float
Cell, Recycle 1 Mill, Recycle 3 Float Cell, Recycle 0 and Recycle 1 Float Cell, in that
order.
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Fig 5-12. Second order kinetic models fitted to the sample transparency T (%) as a
function of time (t) for the second phase of experiments.

Fig 5-12 shows second order kinetic models fit to the transparency T (%) of the tailing
samples across all the tests for the second phase of experiments as a function of time.
The first 500 s are marked by a rapid increase in transparency, the transparency was
50 % in most samples excluding Recycle 1 when recycling to the float cell that had a
transparency of 40 %. From 500 to 3000 s, the transparency improved moderately from
50 % to between 70 and 80 % for all recirculated conditions, except Recycle 1 in float
cell recirculation which increased to 60 %. Second order kinetic models developed four
distinct models, all with different T, with a spread of 20 %, and k, with a spread of
2.7%103 s™'. The lower model achieved a theoretical maximum transparency T (%) at
65 % at a rate of 4.07*10-3s™" and best fits Recycle 1 in float cell recirculation. The third
upper model achieved a theoretical maximum transparency T (%) at 77 % at a rate of
4.77*103s™" and well fits Recycle 0 and Recycle 3 in float cell recirculation. The second
upper model achieved a theoretical maximum transparency T (%) at 82 % at a rate of
5.08*103 s', and was a good model fit for Recycle 2 in float cell recirculation and
recycle 1 in Mill recirculation. Finally, the first model achieved a theoretical maximum
transparency T (%) at 82 % at a rate of 6.69*10 s' and was a good model fit for
Recycle 2 and 3 in Mill recirculation. Overall recycled water, except for Recycle 1 in
float cell recirculation, achieved maximum transparency at a higher transparency rate
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in recycled water as compared to Recycle 0. Overall, recycling water through the mill
achieved higher maximum transparency T (%) at a higher transparency rate compared
to recycling through the mill.

5.5 Froth and Foam Responses in Varying Depressant Concentration and
Water Quality.

All the values in this section are model fit values calculated as described in 4.7, and
were chi tested for a P value of 0.05, hence have a 95 % confidence interval, motivating
that the models display the relationship between froth height and time. This section
covers the froth stability parameters developed from 2 and 3 phase foam and froth
dynamic stability tests as described in Section 4.7.

5.5.1 3-Phase Dynamic Froth Stability
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Fig 5-13. Equilibrium froth height (Hmax), Characteristic Bubble Lifetime (t) and
dynamic froth stability factor (5 ) developed form kinetic models of three phase dynamic
tests of tailings slurry for the second phase of experiments.

Fig 5-13 shows the equilibrium froth height (Hmax) and characteristic bubble lifetime (7)
develop from froth stability kinetic model Eq. ( 4-3) as bar and tabulated values, and
dynamic froth stability factor () tabulated for the 3 phase tests of the tailing’s samples
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in the second phase of experiments. Dynamic tests of the tailing’s samples form the
second phase of experiments is a direct measure of the froth stability (Liu et al., 2013).
Comparing the stability parameters developed for the second phase of experiments
can be utilized to deduce the influence of changing water quality on froth stability.
Tailings from Recycle 0 (baseline float) achieved an equilibrium froth height of 18 cm,
with a characteristic bubble lifetime of 21 s and a froth stability factor of 0.2. The tailings
from the first recycle through the float cell achieved a higher equilibrium froth height by
4 cm, at a froth height of 26 cm, compared to the tailings of the first recycle to the mill.
The tailings for Recycle 1 through the mill have a shorter characteristic bubble lifetime
by 3 s, at a bubble lifetime of 30 s, compared to the tailings of the first recycle to the
float cell. The froth stability factor (3 ) of the tailings from the first recycle through the
float cell had a higher froth stability factor, at 0.29, as compared to the tailings from the
first recycle through the mill at 0.25. Overall, the higher equilibrium froth height and
hence froth stability factor show that the froth was more stable in recycle 1 in the float

cell recirculation compared to mill recirculation.

The tailings from the second recycle through the float cell achieved a higher equilibrium
froth height at 28 cm for float cell recirculation as compared to mill recirculation at a
froth height of 27 cm. The characteristic bubble lifetime between the two points of
addition was higher when water was recycled through the float cell by 4 s, at a bubble
lifetime of 29 s, compared to the tailings of the first recycle to the mill. The froth stability
factor () of the tailings from the first recycle through the float cell had a higher froth
stability factor, at 0.32, as compared to the tailings from the first recycle through the
mill at 0.30. Overall, the higher froth height, and longer bubble lifetime, hence less
bursting, show that the froth was more stable in Recycle 2 in float cell recirculation
compared to mill recirculation.

The tailings from the third recycle through the float cell achieved a higher equilibrium
froth height at 27 cm for mill recirculation as compared to float cell recirculation at a
froth height of 25 cm. The bubble lifetime between the two points of addition was also
higher in mill recirculation at 33 s as compared to float cell recirculation at 32 s. The
froth stability () of the tailings from the third recycle through the mill had a higher froth
stability, at 0.32, as compared the tailings from the first recycle through the float cell at
0.30. Overall, the similar equilibrium froth height and hence froth stability and the
similar bubble lifetime, hence less bursting, between the two points of additions, show
that the froth stabilities at the third recycle were similar, if not slightly higher in mill
recirculation, however, would achieve a maximum froth height faster in float
recirculation.
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Fig 5-14. Kinetic models (lines) of froth height (cm) of the tailings pulp data set, shown
by data points, for all conditions in the second phase of experiments.

Fig 5-14 shows the kinetic models of froth height of the tailings pulp across all the tests
for the second phase of experiments as a function of time. The kinetic models
developed show that froth from all the tested conditions achieved an equilibrium froth
height within the first 160 seconds (=3.5 minutes). The maximum equilibrium froth
height led to significant differences between all of model, with Recycle 2 for the float
cell recirculation being the upper model, recycles 2 and 3 in mill recirculation, and
Recycle 2 in float cell recirculation being the second upper model, Recycle 3 in float
cell recirculation being the third upper model, Recycle 1 in mill recirculation being the
fourth upper model, and finally Recycle 0 being the lower model. The impact of bubble
lifetime can be observed between the Recycle 2 and 3 in mill recirculation, as Recycle
2, at a bubble lifetime of 25 s, achieved equilibrium froth height faster as compared to
Recycle 3, at a bubble lifetime of 33 s. Therefore, for froths at similar height, a longer
bubble lifetime led to a slower froth build up and would in turn led to a lower mineral
recovery. Float cell recirculation produced froths with either higher equilibrium froth
heights, or lower bubble lifetimes, overall producing more efficient froths that led to
overall higher solids recovery as compared to mill recirculation’s.
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Fig 5-15. The frothing photos of tailings pulps from the second phase of experiments,
and 3 SPW water at 30 g/t and 40 g/t frother dosages, at the same air flowrate of 7
L/min.
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Fig 5-15 shows the images taken in the frothing process of tailings pulps from all the
tests in the second phase of experiments at the same air flowrate. Mill recirculation
experiments showed larger bubble sizes in all the photos compared to float cell
recirculation, therefore, froth recirculation led to the formation of smaller bubbles.
Recycle 0 visually displays significantly larger bubble sizes in terms of diameter.

5.5.2 2-Phase Recovered Tailings Water Dynamic Foam Stability
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Fig 5-16. Equilibrium foam height (Hmax), Characteristic Bubble Lifetime (r) and
dynamic foam stability (> ) developed from kinetic models of two-phase dynamic tests
of 3 SPW water at different concentration of frother and for recovered tailings water
from the second phase of experiments.

Fig 5-16 shows the equilibrium foam height (Hmax) and characteristic bubble lifetime
(t) developed from foam stability kinetic model Eq. ( 4-3) as bar and tabulated values
and dynamic foam stability (3>) tabulated for the 2 phase tests for 3 SPW water at
different frother concentrations and for recovered tailings water from the second phase
of experiments at a fixed frother dosage of 40 g/t. Increasing the concentration of
frother from 20 to 60 g/t led to an increase in the equilibrium foam height by nearly four
times, at heights of 12.5, 17, 39, 44 and 54 cm, at 20, 30, 40, 50 and 60 g/t frother
dosages, respectively. Similarly, the bubble lifetime also increased with an increase in
the frother dosage from 20 g/t to 50 g/t by nearly three and a half times, from 15, 23,41,
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and =50 cm, for 20 g/t, 30 g/t, 40 g/t and 50-60 g/t frother dosages. An increase in the
frother dosage led to an increase in the foam stability by about 6 times between 20 and
60 g/t, at 0.1, 0.2, 0.4, 0.5 and 0.6 for 20 g/t,30 g/t, 40 g/t, 50 g/t and 60 g/t frother
dosages, respectively.

Foam stability tests from the second phase of experiments showed the impact of water
recycling on the water on the foam stability of the tailings water. Tailings water from
Recycle 0 had the lowest foam height of all the tests in the second phase of
experiments, at a foam height of 17 cm. At the first recycle, recycling water through the
mill led to a high foam, by 10 cm, with a longer bubble lifetime, by 72 s, and a more
stable foam, by 0.1, at a height of 29 cm, bubble lifetime of 380 s, and a foam stability
of 0.33, as compared to tailings water recycled through the float cell. At the second
recycle, recycling water through the float cell led to a higher foam, by 9 cm, with a
shorter bubble lifetime, by 70 s, and a more stable foam, by 0.1, at a height of 29 cm,
bubble lifetime of 38 s, and a foam stability of 0.33, as compared to tailings water
recycled through the float cell. Finally at the third recycle, recycling water through the
mill led to a slightly higher foam, by 3 cm, with a longer bubble lifetime, by 50 s, and a
slightly more stable foam, by 0.03, at a height of 25 cm, bubble lifetime of 390 s, and
a foam stability of 0.25, as compared to tailings water recycled through the float cell.
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Fig 5-17. Kinetic models (lines) of foam height (cm) of recovered tailings water data
set, shown by data points, for all conditions in the second phase of experiments.

Fig 5-17 shows the kinetic models of foam height (cm) of recovered tailings water
across all the tests for the second phase of experiments as a function of time (s). Foam
build-up differed in build-up time and height, with fast build up foams being seen in
recycle 2 in float cell and mill recirculation as well as at 30 and 40 g/t in 3 SPW water,
and slow foams build ups for Recycle 1 and 3 for float cell and mill recirculation. In
comparison to the buildup of foam in 3 SPW at 30 and 40 g/t, that have a short build
up time, the slow build up time in Recycle 1 and 3 for float cell and mill recirculation is
a negative impact of water recirculation, due to the formation of over-stabilized froths.
While in terms of foam heights, each condition displayed a distinct foam height
descending in the following order, recycle 2 (F), recycle 1(M), recycle 3 (M), recycle 2
(M), recycle 3 (F), recycle 1 (F) and recycle 0 in that order. Therefore, recycle 0 had
the lowest foam height and a longer bubble lifetime.
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Fig 5-18. The foaming photos of recovered tailing water from the second phase of
experiments, and 3 SPW water at 30 g/t and 40 g/t frother dosages, at the same air
flowrate of 7 L/min.
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Fig 5-18 shows the images taken in the foaming process of tailings water from all the
tests in the second phase of experiments at the same air flowrate. The majority of
foams have visually similar bubble characteristics, similar to the foams from 30 and 40
g/t, except for Recycle 0, which has the largest bubble sizes for all the tested
conditions.

5.5.3 2-Phase Recovered Concentrate Water Dynamic Foam Stability
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Fig 5-19. Equilibrium foam height (Hmax), Characteristic Bubble Lifetime (tr) and
dynamic foam stability (> ) developed form kinetic models of two-phase dynamic tests
of 3 SPW water at different concentration of frother and for the water recovered from
the concentrate samples from the second phase of experiments.

Fig 5-19 shows the equilibrium foam height (Hmax) and characteristic bubble lifetime
(t) developed from the foam stability kinetic model Eq. ( 4-3) as bar and tabulated
values and dynamic foam stability () tabulated for the 2 phase tests for 3 SPW water
at different concentrations of the frother and for recovered water from the concentrates
of second phase of experiments. Foam stability tests from the second phase of
experiments show the impact of water recycling on the water on the foam stability of
the concentrate. Concentrate water from Recycle 0 had the lowest foam height of all
the tests in the second phase of experiments, at a foam height of 25 cm. At the first
recycle, recycling water through the mill led to a higher foam height, by 10 cm, with a

92



CENTRE FOR MINERALS RESEARCH

&
ao¥

Bjup .0

similar bubble lifetime and a more stable foam, by 0.13, at a height of 38 cm, bubble

lifetime of 67 s, and a foam stability of 0.43, as compared to tailings water recycled
through the float cell. At the second recycle, recycling water through the float cell led
to a slightly higher foam height, by 1 cm, with a longer bubble lifetime, by 100 s, and a
similar foam stability factor, at a height of 31 cm, bubble lifetime of 135 s, and a foam
stability of 0.35, as compared to tailings water recycled through the mill. Finally at the
third recycle recycling water through the float cell led to a slightly higher foam height,
by 4 cm, with a longer bubble lifetime, by 70 s, and a slightly more stable foam, by
0.04, at a height of 37 cm, bubble lifetime of 120 s, and a foam stability of 0.42, as
compared to tailings water recycled through the mill.
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Fig 5-20. Kinetic models (lines) of foam height (cm) of recovered concentrate water
data set, shown by data points, for all conditions in the second phase of experiments.

Fig 5-20 shows the kinetic models of foam height (cm) of recovered concentrate water
across all the tests for the second phase of experiments as a function of time (s). Foam
builds up differed in build-up time and height, with fast build up foams being recycle 1
to 3 for mill recirculation as well as at Recycle 1 in float cell recirculation, and slow
foams build ups for Recycle 2 and 3 for float cell recirculation. The difference in
equilibrium foam height time for the fast and slow floats was 500 seconds (about 8
minutes). The slow foam build-ups of Recycle 2 and 3 in float recirculation and the low
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Fig 5-21. The foaming photos of concentrate water from the second phase of
experiments, and 3 SPW water at 30 g/t and 40 g/t frother dosages, at the same air
flowrate of 7 L/min.

Fig 5-21 shows the images taken in the foaming process of tailings water from all the
tests in the second phase of experiments at the same air flowrate. Visually, two distinct
bubble regimes are available, with large bubbles being in Recycle 0 as well as all
Recycle 1 to 3 in float cell recirculation, as compared to small bubbles observed in
Recycle 1 to 3 in mill recirculation.

5.6 Flotation Response in Varying Depressant Concentration and Water
Quality.

5.6.1 Solid and Water Recoveries in Varying Depressant Concentrations and Water
Quality.
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Fig 5-22 The quantity of solids and water reporting to the concentrate for all conditions
tested.
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Table 5-2. Entrained gangue (Ent) and solid to water ratio for all the conditions tested.

Plant Water (3 SPW) Point of recirculation
CMC Dosage (g/t) Recycle 1 Recycle 2 Recycle 3
0 100 300 Float  Mill Float  Mill Float  Mill
Ent (9) 77.4 72.9 71.6 96.1 779 97 815 922 852
SIW (%) 10 9 5 8 8 9 8 8 8

Fig 5-22 shows the overall recovery of solids and process water reporting to the
concentrates while Table 5-2 displays the entrainment factors (€) and ratio of solids to
water recovery (S/L) for all the conditions tested.

The first phase evaluates the impact of changing the depressant dosage for a fixed
ionic strength of synthetic plant water (3 SPW). The quantity of solids recovered across
the first phase descends from 142 g to 120 g to 71.6 g at depressant dosages of 0 g/t,
100 g/t, and 300 g/t, respectively, decreasing with increasing depressant dosage. The
quantity of water recovered across the first phase is significantly lower from 1480 g to
1400 g for floats at depressant dosages of 0 g/t and 100 g/t, respectively, much more
than the water recoveries between 100 g/t and 300 g/t with a difference of only 26 g
with 100 g/t being higher. The decrease in water recovery accompanied by the
reduction in entrained gangue from 77.4 g to 72.9 g between floats at 0 and 100 g/t
depressant dosages aligns well with the observed decline in solids recoveries. The
decrease in solids recoveries observed between floats at 100, and 300 g/t also ties
nicely with the reduction in entrainment from 72.9 g to 71.6 g.

Flotation at 100 g/t depressant, 40 g/t frother, and 150 g/t collector dosages was a
benchmark to assess the deviation caused by the recycling of process water to flotation
performance and is the baseline (Recycle 0) for the recycles. Comparing the solids
recovery over the first recycle at the two recycling points; a higher solids recovery at
the first mill recycles is seen, recovering 149 g, than at the first float recycles,
recovering 127 g. Overall, solids recoveries with recycled water are higher than those
observed at a 100 g/t depressant dosage at a recovery of 120 g. The increase in solids
recovery with water recirculation is accompanied with an increase in entrained gangue
from 72.9 g, with float cell recirculation higher at 96.1 g as compared to 77.9 g in mill
recirculation. At the second recycle, the quantity of solids recovered in the second float
recycle is higher than that observed at 100 g/t depressant dosage, recovering 144 g.
Concurrently the entrained gangue recoveries were higher for float cell recirculation,
at 97.0 g as compared to mill recirculation, at 81.5 g. Finally, at the third recycle, the
third recycle to the float recovers more solids than that observed at 100 g/t, recovering

96



CENTRE FOR MINERALS RESEARCH

Agupy « 08°

150 g. Concurrently the entrained gangue recoveries were higher for float cell

recirculation, at 92.2 g as compared to mill recirculation, at 85.2 g. The second and
third recycles of water through the mill, yielded 124 g of solids each, comparable to the
recovery at a depressant dosage of 100 g/t. Recycling water through the float cell
achieved similar solids recoveries from all the recycles (Recycle 1, 2, and 3). It can be
seen that the same pattern when recycling water through the mill was observed.

Overall, the total quantity of solids recovered is higher by 20 % in float recirculation,
recovering 443 g, than in mill recirculation, recovering 375 g. Analyzing the water
recovery when floating with once recycled water, it can be noted that the quantity of
water recovered when recycling to the float cell is higher, with a water recovery of 1840
g than that observed at 100 g/t depressant dosage, recovering 1400 g.

Comparing the quantity of water recovered at all the recycles against each other and
against the water recovery achieved when floating at a depressant dosage of 100 g/t.
For the first recycle, what is of note is that the quantity of water recovered when
recycling through the float is higher than that observed when floating at 100 g/t
depressant dosage, recovering 1841 g of water, which is 350 g more than mill
recirculation. For the second recycle, of note that the quantity of water recovered when
recycling through the float is also higher than that observed when floating at 100 g/t
depressant dosage, recovering 1858 g of water which is 300 g more than mill
recirculation. Finally, in the third recycle, the water when floating with recycled water,
at both recycling points, is more than that recovered when floating at 100 g/t
depressant dosage, recovering 1800 g and 1630 g when recycling through the float
and mill, respectively. Overall, the quantity of water recovered is higher when recycled
water is introduced into the flotation cell than floating with 3 SPW at the same
depressant, frother, and collector dosages. Conversely, recycling through the mill
achieves slightly higher water recoveries to floating with 3 SPW at the same
depressant, frother, and collector dosages. When recycling to the float cell, the total
quantity of water is higher by 17 % than when recycling to the mill. The comparable
water recoveries achieved in mill recirculation agree with the similar entrainment
factors across all the mill recirculation’s at 0.084 = 0.079 = 0.075 for Recycle 1, 2, and
3, respectively. Equally, the water recovery across the float recirculation remains
comparable across all recycles when recycling to the float cell, agreeing with the
comparable entrainment factors across the recycles at 0.08 = 0.077 = 0.084 for
Recycle 1, 2, and 3, respectively.
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Fig 5-23. First order kinetic models (lines) fitted to cumulative solids recoveries data
set, shown by data points, for all conditions in the second phase of experiments.

Fig 5-23 shows the first order kinetic models for cumulative solids recovered across all
the tests conducted at 100 g/t depressant, 40 g/t frother and 150 g/t collector dosage
at varying water quality as a function of time. First order kinetic models fit to the data,
developing four distinct rate relationships between floating time and solids recovery.
R, represents the maximum possible solids recovery while k represents the rate
constant. A higher rate constant therefore means, the process approaches its
maximum quicker, hence a lower residence time. The highest rate of recovery is
observed during the final recycle to the float cell and has the highest possible solids
recovery and the largest k value of 0.169*102s™". The second-rate model has a lower
k value of 0.144*102s™', and well fits recycle 1 and 2 through the float cell. This is as
expected, as recycling through the float cell recovered more solids overall. The third
model achieves a maximum solids recovery of 168 g, at a k value of 0.122*102 s,
This model best described mill recirculation tests which achieved overall had lower
solids recoveries when compared to float cell recirculation. The last model has the
lowest maximum solids recovery of 157 g, and visually models experimental data using
3 SPW water at the standard reagent dosages. From the first order rate models, water
recirculation leads to a change in flotation performance, leading to an increase in solids
recovery, more important when recycling through the float cell than the mill.
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Fig 5-24. Kinetic models (lines) fitted to cumulative water recoveries data set, shown
by data points, for all conditions in the second phase of experiments.

Fig 5-24 shows the first order kinetic models for cumulative water recovery across all
the tests from the second phase of experiments as a function of time. From these
trends developed three distinct rate relationships. The higher rate model has a higher
maximum water recovery at 3010 g with a k value of 0.078*102 s and fits cumulative
water recoveries from all the recycles to through the float cell. The second model differs
from the faster model by the R, achieved recovering 2620 g and fits well the
cumulative water recoveries achieved from recycles 2 and 3 when recycling through
the mill. The slowest model has the lowest R, of 2370 g of water at a k value of
0.077*102 s*! and fits well the cumulative water recoveries experimental data obtained
from using 3 SPW (baseline test) and the first recycle through the mill.
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Fig 5-25 First order response (lines) fitted to cumulative solids recoveries data set,
shown by data points, for all conditions in the second phase of experiments.

Fig 5-25 shows the first order response models for the cumulative solid’s recoveries
across all the tests from the second phase of experiments as a function of water
recovery. From these experimental data, three response relationships were developed
using the first order model, representing the upper, middle, and lower rate relationships
per unit mass of water. The upper bound has the highest maximum solids recovery of
218 g for a k value of 0.064*102 g”' which visually fits the experimental data for the
third recycle to the float cell. The second response model has a maximum solids
recovery of 211 g at a growth of 0.06*102 g recovering less solids per unit mass of
water. This trend models majority of the experimental results, with recycles 1 and 2 for
both float cell and mill recirculation’s and baseline test data visually fitting the model.
The lower model achieves the lowest solids recovery of 210 g at a growth of 0.053*10"
2g™, and visually fits experimental data from the third recycle through the mill. The
higher growth model achieves a higher water efficiency, recovering more solids per
gram of water. Conversely the lower growth model has a lower water efficiency,
recovering less solids per gram of water. The equilibrium maximum recovery changes
by 8 g between the lower and higher model, showing the relative flexibility between the
different floats.
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5.6.2 Copper Recoveries and Grades in Varying Depressant Concentrations and
Water Quality.
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Fig 5-26. The final cumulative recoveries and grades of copper in the solids reporting
to the concentrates for all conditions.

Fig 5-26 shows the cumulative final copper recovery and grade for all tested conditions.
Across the first phase of experiments, increasing depressant concentration of between
100 and 300 g/t led to a significant three-fold increase in the grade from 0.062 % to
0.164 %. The similar recovery of copper between 100 to 300 g/t dosage and the 58 %
increase in grade motivates that depressant enhances the selectivity of the froth
flotation process, through increasing the hydrophilicity of the gangue. Floating at 0 g/t
achieved comparable copper recoveries to flotation with 100 and 300 g/t. A slight
increase in recovery is also observed when increasing the depressant from 100 to 300
g/t from 60 % to 68 %, respectively. It is affirmative that at a constant collector and
frother dosage, an increase in the depressant dosage led to an increase in the grade
of copper as compared to flotation in the absence of a depressant with a minimal
impact on the recovery, showing the interaction between depressant and gangue.
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In the second phase of experiments the water quality was varied using recycled water
consecutively recycled through the mill for three recycles. The results shown Fig 5-26
in compare the copper grades and recoveries against each other and against flotation
at 100 g/t depressant dosage, 40 g/t frother, and 150 g/t collector dosage (Recycle 0).
At the first recycle stage, recycle 1, recycling through the float cell achieved a higher
copper grade of 0.064 %, as compared to recycling through the mill with a grade of
0.060 %. Conversely, at the second recycle, recycling through the mill achieved a
higher grade of 0.062 % as compared to 0.057 % when recycling through the float cell.
In the third recycle, recycling through the float cell achieved a higher grade of 0.071 %
as compared to 0.067 % when recycling through the mill. Overall, recycling through
the float cell achieved higher grades of copper as compared to recycling to the mill.
The fluctuation in copper recovery between the different flotation conditions could be
due to changes in froth stability, reagent concentration due to residual reagents, or

changes in water chemistry.

Conversely, at a particular recycle, flotation with recycled water achieves slight
differences in the copper recoveries, where at the first recycle the recovery is higher in
mill recirculation by 2 % and is lower by 1 % and 3% in recycle 2 and 3 when compared
to float recirculation. In fact, only two changes in copper recoveries are of note; Firstly,
it can be seen that the recovery of copper in the first recycle for both points of addition
surpass the copper recovery at 100 g/t depressant dosage of 59 %, recovering 65 %
and 67 % in float cell and mill recirculation, respectively. Secondly, it can also be
observed that a change in recovery occurs in float cell recirculation between Recycle
1 and Recycle 2 in float cell recirculation dropping from 64.5 % to 59.6 %, respectively.
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Fig 5-27. Kinetic models (lines) fitted to cumulative copper recoveries, shown by data
points, for all conditions in the second phase of experiments.

Fig 5-27 shows the first order kinetic models fitted to the experimental data on the
cumulative copper recovery across all the tests for the second phase of experiments
as a function of time. From the cumulative copper recoveries, two distinct kinetic
models were developed, showing the upper and lower bounds. Both models have
similar rate constants, at 0.937*102s™, and differ in R, recovering 63 % for copper in
the upper model as compared to 57 % in the lower bound. The upper kinetic model
best represents the recoveries for recycle 1 in both float cell and mill recirculation. The
second model best fits Recycle 0, Recycle 2 for both float cell and mill recirculation
and Recycle 3 in mill recirculation. Recycle 3 in float cell recirculation fits in both models
due to large deviation observed in the recovery. In both models, majority of the copper
is recovered in the first 200 seconds and reaches an equilibrium recovery at 400
seconds. Kinetic and first response models of copper recovery prove that copper is a
fast-floating mineral, hence the similar rate and growth constants of recoveries are
expected, portraying an independence of the residence time for chalcopyrite recovery
from the influence of the change in water quality. Therefore, the impact of changing
water quality can be linked directly to the equilibrium recovery achieved, hence the
production volumes achieved. Kinetic models of copper recovery differ in equilibrium
copper recovery achieved, with float cell recirculation achieving a higher recovery as
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compared to mill recirculation, apart from Recycle 2 in the latter and Recycle 1 in the
former.
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Fig 5-28. First order response (lines) fitted to cumulative copper vs water recoveries,
shown by data points, for all conditions in the second phase of experiments.

Fig 5-28 shows the first order response models fit to the cumulative copper recovery
across all the tests for the second phase of experiments as a function of water. From
the cumulative copper recoveries, two distinct models were developed, the upper and
lower bounds. Both models have similar growths, at 0.545*102 g™, and differ in R, at
64 % and 60 % for the upper and lower models, respectively. The upper model best
fits recycle 1 in mill recirculation, and the final recovery of recycle 1 and recycle 3 in
float cell recirculation. The lower model fits Recycle 0, Recycle 2 for both float cell and
mill recirculation and Recycle 3 in mill recirculation. The deviation of copper recoveries
from their kinetic and first response models after the first concentrate (200 seconds)
shows that cumulative copper recoveries are better represented by a piecewise
combination of models, with first order for the initial rates (0<t<200 s: 0=g<500 g). The

use of piecewise models has also been motivated by studies by Imaizumi, (1963) for
modelling kinetics in coal flotation.
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5.6.3 Nickel Recoveries and Grades in Varying Depressant Concentrations and
Water Quality.
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Fig 5-29. The cumulative recoveries and grades of nickel in the solids reporting to the
concentrates for all conditions.

Fig 5-29 shows the cumulative final nickel recovery and grade for all tested conditions.
With a constant collector dosage of 150 g/t and a frother dosage of 40 g/t, increasing
the depressant dosage between 0 and 300 g/t resulted in a 40-50% increase in
cumulative nickel grade, from 0.218 % and 0.246 % at 0 and 100 g/t, respectively, to
0.412% at 300 g/t. Conversely, the nickel recoveries between the first phase
experiments differ slightly at 18.2 %, 19.2 %, and 17.4 % for 0, 100, and 300 g,
respectively. Thus, at a constant collector and frother dosage, an increase in
depressant dosage leads to improved selectivity of the flotation process and a
significant increase in the nickel grade with little or no impact on the nickel recoveries.

The second phase of experiments investigated the effect of change in water quality by
using recycled water from preceding tests starting from a baseline test (Recycle 0) at
a frother dosage of 40 g/t, collector dosage of 150 g/t, and depressant dosage of 100
g/t. Comparing the nickel recoveries achieved at first recycle (Recycle 1) for the two

105



CENTRE FOR MINERALS RESEARCH

recycling points, it can be seen that higher cumulative nickel recoveries were achieved
when water was recycled through the float cell, recovering 21 %, compared to recycling
through the mill which recovered 19% nickel. For the second recycle (Recycle 2), the
cumulative nickel recovery is also higher when floating using recycled water through
the float cell, recovering 20 %, while recycling water through the mill recovered 18 %.
Finally, the third recycle (Recycle 3) confirms that recycling water through the float cell
achieves higher nickel recoveries, recovering 21 %, compared to recycling through the
mill at a recovery of 19 %.

In other words, a bank of concentrators recycling water to the float cell would have a

2.3 % higher nickel recovery than recycling through the mill. However, it would still
achieve a similar recovery as floating with 3 SPW water due to the range in nickel
recovery observed from the tests under these conditions. The higher recovery of nickel
observed in float cell recirculation further motivates that changing the point of addition
of recycled water leads to a change in the flotation performance. Conversely, the
addition point of recycled water did not lead to any meaningful change in the grade
achieved at similar recycle stages. The cumulative nickel grades in the second phase
of the experiments changes slightly and is higher for float cell recirculation’s 1 and 3
by 0.004 and 0.001 respectively and is higher in mill recirculation by 0.003 in recycle
2. The only distinct result is the low grade achieved at Recycle 2 in float cell
recirculation. Nickel grades also differ when Recycle 1 and Recycle 3 are compared,
with Recycle 3 having a higher grade of 0.252 % and 0.251 % in float cell and mill
recirculation, respectively, than Recycle 1, which has 0.244 % and 0.240 % in float cell
and mill recirculation, respectively.
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Fig 5-30. Kinetic models (lines) fitted to cumulative nickel recoveries, shown by data
points, for all conditions in the second phase of experiments.

Fig 5-30 shows the kinetic models fit to the cumulative nickel recovery across all the
tests for the second phase of experiments as a function of time. From the cumulative
recoveries, three distinct models were developed at different R, and rate constant (k).
The upper kinetic model has an R, of 21 % nickel recovery at a rate of 0.37*102 s™'
and fits well to the cumulative nickel recoveries observed in recycle 3 for float cell
recirculation, as well as being the initial rate and equilibrium recovery for Recycle 1
and 2. The middle model has an R,of 20 % at a rate of 0.30*102s™" and visually is a
good fit for cumulative recoveries observed in Recycle 1 and 2 in float cell recirculation,
as well as being the initial rate for Recycle 0 and the equilibrium recovery for Recycle
0 and Recycle 1 and 3 in mill recirculation. Finally, the lower model has an R, of 18 %
at a rate of 0.27*102 s"" and visually fits well with the cumulative recoveries observed
in all mill recirculation, and the equilibrium recovery for Recycle 3 in mill recirculation.
Kinetic modelling shows that a change in water quality through point of addition and
water recycling lead to a change in the equilibrium recovery and rate of recovery, and
hence the performance of the concentrator. Float cell recirculation overall achieved a
higher equilibrium nickel recovery at a higher rate, hence would require a lower
residence time for the concentrator, performing better than floating at baseline
conditions (Recycle 0). Mill recirculation overall shows a lower equilibrium nickel
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recovery at a slower rate and would therefore require a higher residence time in the
concentrator.
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Fig 5-31. First order response (lines) fitted to cumulative nickel vs water recoveries,
shown by data points, for all conditions in the second phase of experiments.

Fig 5-31 shows the first order response models fit to the cumulative nickel recovery
across all the tests for the second phase of experiments as a function of water. Two
distinct response models were developed to represent the relationship between nickel
and water recovery. The higher model has an R,, of 21 % at a growth of 0.178*102 g-
' of water and fit well to the initial nickel recoveries (below 500 g of water) as well as
general trend of cumulative nickel recoveries for Recycle 3 in float cell recirculation
and the equilibrium recovery for float cell recirculation and Recycle 0 (Baseline). The
second model has a lower R, of 20 % at a growth of 0.168*102 g! and represents
majority of the nickel recovery observed between 500 and 1500 g of water for
conditions in the second phase of experiments and the equilibrium recoveries of all mill
recirculation. These results suggest that a change in water quality through water
recycling led to a change in the nickel recovery per unit gram of water, with water
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recycling through the float cell recovering more nickel as compared to recycling water
through the mill.

Overall, first order kinetic models of the second phase of experiments show a change
in the flotation performance caused by the point of addition of recycled water as well
as an impact on nickel recovery. Recycling water through the float cell had an overall
higher equilibrium recovery of nickel at a higher recovery rate, hence a lower residence
time at a higher flotation performance compared to recycling water through the mill.
Similarly, float cell recirculation also had an overall higher equilibrium nickel recovery
at a higher nickel load per g of water as compared to mill recirculation.
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6 Discussion

The aim of this project was to investigate how short cycle water recirculation affects
the flotation performance of a specific Cu-Ni-PGM ore. The understanding of the
impact could provide solutions by which to use short recirculation of water and the
potential impact that a change in water quality can have on downstream processes
such as dewatering prior to the water recovered from the being fed back into milling
and flotation. Two points of recirculation for recycled tailings water, viz. to the mill and
to the float cell, were utilized in the batch flotation tests in the presence of SIBX, CMC
and DOW 200 as the collector, depressant and frother respectively. This section of
the thesis focuses on the synthesis of the key findings from the results developed from
the experimental program described in Chapter 4.1 and presented in Chapter 4 to
discuss the hypotheses of the study presented in Chapter 3.1.2.

6.1 Determining the Entrainment Factor, NFG Ore Content using CMC.

The first phase of the study focused on determining the quantity of naturally floating
gangue (NFG), by determining an entrainment factor (Wiese et al., 2007). Due to the
linear relationship between gangue recovery and depressant dosage, the study
increased the depressant dosage from 0 g/t to 100 g/t and finally to 300 g/t to ensure
complete depression of all NFG (Wiese, 2009). Similar to the established literature
(Dhliwayo, (2005); Morris et al., (2002); Wiese et al., (2007) and Wiese and Harris,
(2012), this study agrees with the following hypothesis in the context of a UG2 ore:

An increase in depressant dosage at a constant water quality, collector and frother
dosage during flotation of a UG2 ore leads to a decrease in the solids, water, and
gangue recovery, improving the grade of Cu and Ni in the concentrate due the
depression of NFG, reducing the total solids recovery and the froth stability of the froth,
with all NFG depressed at a dosage of 300 g/t.

The findings of this study showed that at 100 g/t the entrainment factor was 0.085 g
solids per g of water. In this study, increasing the depressant dosage led to an overall
decrease in the quantity of solids recovered and the degree of entrainment also
decreased accordingly as shown by the entrained gangue reported in Fig 5-22. This
shows that the selective impact of the depressant on gangue was improved in
increasing depressant dosages, improving gangue hydrophilicity, and thus leading to
lower solid recoveries in agreement with the hypothesis tested.
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Established literature, Dhliwayo, (2005); Morris et al., (2002); Wiese et al., (2007) and

Wiese and Harris, (2012), also observed a decrease in solids and water recovery with
an increase in CMC depressant dosage on sulfide ores. The decrease in NFG in the
froth phase led to a decrease in the froth stability due to a decrease in the amount of
hydrophobic particles in the froth phase that are imperative for froth stabilization
(Ekmekgi et al., 2003; Farrokhpay, 2011). This leads to a decrease in the water
recovery (Wiese, 2009). The decrease in froth stability means that there is higher
bubble coalescence and bubble rupture in the froth, reducing the carrying capacity and
drainage of solids out of the froth as bubbles rupture, thus reducing the solids recovery
(Farrokhpay, 2011; Farrokhpay and Zanin, 2012; Quinn et al., 2007). For the given ore,
the concentration of NFG was determined to be about 4-6 % based on mass balance
analysis from solids, water, and entrainment factor available in Fig 5-22 and Table 5-2.
Although the recovery of gangue by entrainment between 0 g/t and 100 g/t depressant
dosage decreased, the water recoveries did not change significantly, implying that the
depressant acted primarily on the gangue mineral surface, inducing hydrophilicity, but
not to the detriment of the water carrying capacity of the bubbles which reported to the
froth phase, supporting a depressant dosage of 100 g/t as the baseline and suitable
depressant concentration.

Increasing the depressant dosage led to an increase in the grade of the sulfide
minerals as shown by the grades of Ni and Cu in the concentrates improving by 2 to 3
times from the grade at 0 g/t depressant dosage as shown in Fig 5-26 and Fig 5-29.
This result is attributed to the depression of NFG which is known to dilute the grade of
the concentrate when not sufficiently depressed (Wiese et al., 2007). This significant
improvement in grades, motivates the use of CMC as a talc depressant in the flotation
of UG2 ore, due to the strong negative charge density of CMC which can disperse the
pulp (Becker et al., 2007; Manono et al., 2012; Wiese and Harris, 2012). As expected,
the improvement in grade of sulfide minerals did not lead to a change in the recovery
achieved as depressant selectively interacts with gangue. However unliberated
sulfides were depressed at high depressant dosages of 300 g/t leading to a detrimental
decrease in Ni recovery (Wiese, 2009).
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6.2 Effect of Water Recirculation on the Pulp Chemistry

The main focus on the second phase of the study was on the impact of changing water
quality through water recycling at different points of addition (mill vs float cell) on the
pulp chemistry as described in Section 5.1, 5.2 and 5.3. Measurement of the change
in pulp chemistry considered the EC, TDS, ORP and DO% as well as concentrations
of residual reagents and specific inorganic ions and are reported in Sections 5.1.1 to
5.1.4. As expected, the observed trends in EC measurements from all the samples in
the second phase mimic the observations made from TDS measurements, further
showing that EC is a good measure of the TDS and vice versa as described in literature
(Day and Nightingale, 1984; Gustafson and Behrman, 1939; Lystrom et al., 1978;
Singh and Kalra, 1975). It was therefore hypothesized that:

Water Recirculation leads to an increase in the EC, and TDS concentration, through
accumulation of ions (cations e.g., Ca?* and Mg?*, and anions e.g., SO4* and CI);

... occurs by ore dissolution which is based on the rest potential (ORP) of the
system.

EC, TDS and ORP readings were at their highest for 3 SPW, decreasing after contact
with the ore in the comminution due to ore oxidation and dissolution which led to
change in the species of ions in solution and the subsequent precipitation of ions out
of solution in the form of colloidal species such as metal oxy-hydroxides, an indication
of the impact galvanic interactions occurring in the milling environment (Bruckard et
al., 2011; Gérniak et al., 2009; Levay et al., 2001; Liu et al., 2013). In addition to the
change in EC, the feed and tailings slurry all had a negative ORP in all recovered water
samples, due to the presence of cations (i.e. Fe?*, Ca?*, Mg?*) and thus the pulp was
in a reductive state overall (Goncharuk et al., 2010). Water recirculation led to an
increase in ORP above the base line conditions, possibly due to the galvanic
interactions between minerals and grinding media.

Milling using recycled water (mill recirculation), in comparison to milling with 3 SPW,
enhances the impact of the galvanic interaction of the ore due to the longer contact
time with the ore as shown in Fig 5-1 and Fig 5-3, producing feed slurries at higher EC,
TDS and ORP than those milled with process water (Goncharuk et al., 2010; Le et al.,
2020). The higher extent of galvanic interactions, as shown by depletion in the DO %
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from mill recirculation; produces a float feed slurry with a lower DO % as shown in Fig
5-7 (Bruckard et al., 2011).

The trends in EC, TDS, ORP and DO % show that comminution of the ore affects the
pulp chemistry, the surface properties and the floatability of sulfide minerals mainly
through electrochemical interactions, surface morphology and mechano-chemical
reactions (Rao and Finch, 1988b; Wang and Xie, 1990).

Post flotation, the EC and TDS concentration of the tailings slurry was generally lower
than the pre flotation value due to the dilution and the flow of ions that were present in
the froth to the concentrate as shown in Fig 5-1 and Fig 5-3 (Goncharuk et al., 2010;
Le et al., 2020). Therefore, both milling and flotation led to a change in the ionic
concentration and hence the ionic strength of the pulp. Tailings and concentrate water
samples all had similar EC and TDS concentrations as well as ORP readings for a
particular recycle, apart from Recycle 2 and 3 in mill recirculation and the baseline
tests, therefore the change in water quality during flotation produced water of a similar
ionic strength in the concentrate and tailings, and thus downstream effects would be
expected to be similar irrespective of the point of addition of recycled water. This
provides the opportunity to recover and recycle from both concentrate and tailings
dewatering units, i.e., thickeners and cyclones. The higher ionic concentration
observed post milling in mill recirculation flows out of the pulp into the concentrate
(playing a role in froth stabilization), leading to a decrease in IS of the tailing’s product
and a higher concentrate EC as observed in Recycle 2 and 3 in mill recirculation. Float
cell recirculated water on the other hand had similar ORP readings in both the tailings
water and the concentrate water, corresponding to the similar trends in EC values.
Therefore, the change in water chemistry differs by point of addition. In addition, the
EC and TDS of the tailings slurry and recovered water samples were higher than the
feed slurry reading in float cell (Recycle 1 and 3), showing an increase in dissolved ion
concentration during flotation. In addition, the higher ORP observed in float cell
recirculation tailings slurries point to a higher concentration of cations present in the
slurry due to continued ore dissolution during flotation.

The cations and anions present in the tailings slurry were monitored and shown in
Section 5.2 for Ca?*, Mg?*, SO4?" and CI- which are typically found in PGM flotation
circuits, owing to gangue dissolution (Jasieniak et al., 2010). Ca?*, Mg?* and SO4*
concentrations are higher in tailings water in float cell recirculation than in mill
recirculation due to continuous dissolution of ore during froth flotation. Conversely the
flow of ions in mill recirculation is further justified by the decrease in Ca?*, Mg?* and
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S04% ions observed as they fell below base line test conditions the ions are utilized in
the stabilization of the froth.

Conversely, for CI- concentrations in tailings water, mill recirculation had higher
concentration than float cell recirculation. However, all Cl- concentrations in the
experiments with recycled water are lower than the CI- concentrations in the tailings
water from the baseline float showing possible CI- precipitation.

Overall, as float cell recirculated water has higher Ca?*, Mg?*, and SO4? at a higher EC
and TDS, it can be considered to have higher ionic strength hence leading to higher
solids and water recoveries due to improved froth stability similar to the observations
of Dzingai et al. (2020) who showed an increase in water recoveries when moving from
3 SPW to 10 SPW. Therefore, in line with previous research, it could be said that ore
dissolution and oxidation occurred during froth flotation leads to changes in water
chemistry (Le et al., 2020). The higher ionic strength at the end of float cell recycles is
a result of the availability of DO % in feed slurry promoting redox reactions between
Fe3* and other more reductive cations such as Ca?* and Mg?* (Bruckard et al., 2011).
Water recycling through the mill produced a feed slurry with a significantly lower
oxygen concentration, due to the continuous consumption of the available oxygen in
galvanic interactions in the mill (Bruckard et al., 2011). The lower DO concentration
observed in mill recirculation creates a low potential solution which could prevent the
oxidation of the collector to form dithiolate which in turn may lead to lower flotation
performance through reduced recoveries and grades of the desired minerals
(Bradshaw et al., 2006; Yoon and Basilio, 1993).

6.3 Effect of Water Recirculation on Residual Reagent Concentration.

In addition to pulp chemistry measurements, the concentration of residual collector and
depressant present in the tailings and concentrate water was measured, to determine
the impact of changes in water quality on reagent concentration and consumption as
a measure of reagent efficiency. It was therefore hypothesised that;

Water recirculation leads to a buildup in residual reagent concentration for both the
collector, depressant and frother, due to accumulation of unused reagent remaining in
the water.

Overall, the concentration of residual collector as shown in Fig 5-8 is lower (ppm range)
compared to the collector feed of 150 g/t (11 g/L). Similarly, the concentration of
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residual depressant as shown in Fig 5-9 is lower (ppm range) as compared to the feed

of 100 g/t (9 g/L).

Therefore, as expected, changes in water quality through water recirculation did not
hinder collector or depressant interaction with the valuable and non-valuable mineral
surfaces leading to the high consumptions observed in the reagent efficiency and
residual reagent concentrations in Fig 5-10 (Le et al., 2020; Wiese et al., 2007). The
residual collector concentrations at a particular recycle were higher than the baseline
conditions and their preceding recycles, but the increase is in smaller concentrations
than the overall residual concentration showing the consumption of residual reagents
during the milling and flotation operations. It is thus clear that the hypothesis holds for
residual collector concentration. In addition, residual collector concentrations were
higher in mill recirculation as compared to float cell recirculation due to the lower DO
% in mill recirculation which hindered collector ore interactions, reducing its
consumption (Garrels and Christ, 1990; King, 1982; Lovell, 1982). According to Gray
et al., (2016), an increase in the solids recovery with a decrease in Cu grade and
recovery is expected as the concentration of residual collector increases. However,
this is not similar to the trends observed in the mineral recoveries and grades achieved
in this study. Therefore, adding to the contention on the role of residual reagent on
flotation performance as described in Slatter et al., (2009).

Residual depressant dosages displayed utilization of residual reagents present with
reagent concentrations falling below their baseline dosed concentrations in Recycles
2, Recycle 1 (M) and Recycle 3 (F), and only slightly above in Recycle 1 (F) and
Recycle 3 (M), where (M) denotes mill recirculation, and (F) denotes float cell
recirculation. Therefore, for depressant dosages, the hypothesis does not hold. This is
an added benefit of short water recirculation through utilization of residual reagents
that would have otherwise gone to waste (Slatter et al., 2009). Overall, the
concentration of residual depressant is higher in mill recirculation as compared to float
cell recirculation, leading to the higher grades of Cu and Ni as observed in float cell
recirculation (Bruckard et al., 2011). The presence of residual reagents motivates that
short water recycling can have a detrimental impact on the effluent water chemistry
and would require further treatment as prescribed by Slatter et al., (2009). Additionally,
the concentrate water contains higher concentrations of residual reagents, due to the
dilution of the tailings water in the float cell as the top up water is added. Therefore,
concentrates water from cyclones and dewatering units are a valuable water source
for water recirculation.
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To investigate residual frothability of recovered water samples, 2 phase tests on the
tailings and concentrate water samples were performed and compared to the
calibration flotation tests.

The differences in froth stability observed in the 2-phase froth tests showed that a
change in frothability occurred due to a change in the water chemistry and presence
of residual frother. Foam stability of recycled water achieved foam heights within the
froth heights observed at 30 and 40 g/t frother dosages, therefore displaying significant
frothing properties. What is uncharacteristic is the longer bubble lifetime observed in
the foam stability. Tailings water and concentrate from recirculated floats achieved
higher foam heights and or had longer bubble lifetimes (exception of Recycle 2) due
to the improved compression of the electrical double layer leading to the formation of
smaller longer lasting bubbles, a characteristic of more stable foams as shown by the
calibration plots in Fig 5-16 and Fig 5-19. The longer bubble lifetimes suggest a change
in bubble rupture and bubble coalescence, and the formation of smaller bubbles.
Inorganic electrolytes have been said to reduce the zeta potential of bubbles and
particles, compressing the electrical double layers, and thus reducing the repulsive
interaction, leading to a dominant hydrophobic force (Kurniawan et al., 2011). As for
the point of recirculation, float cell reticulated more often, Recycle 1 and 3 for tailings
water and Recycle 2 and 3 for concentrate water, had longer bubble lifetimes as
compared to mill recirculated water, due to the higher ionic strength observed in these
recycled water sources. The impact of the longer bubble lifetimes is well displayed in
the kinetic models in Fig 5-20, where longer bubble lifetimes lead to slower froth build
ups that achieved maximum froth height much later. In addition, due to the
compression of the electrical double layer, the bubbles formed at longer bubble
lifetimes are larger due to the larger volume of air carried as shown in Fig 5-17 and Fig
5-21.

Although there is no correlation between the bubble lifetimes and the height of the
froth, and hence overall froth stability, these changes in froth stability could lead to
variations in performance in downstream processes post flotation in industrial scale
concentrator circuits.

6.4 Effect of Water Recirculation on Tailings Settling Rate

The tailings from flotation concentrators are fed to thickeners to dewater them (Mwale
et al., 2005). The settling rate is an important operating parameter due to its influence
on the operating time. The absorbance and transparency rates of the tailings from the
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experiments performed were displayed in Fig 5-11and Fig 5-12, respectively. Initially
it was hypothesized that;

Water recirculation leads to slower transparency rates of tailings due to the presence
and accumulation of small particles (d < 25 um), and accumulation of ions through ore
dissolution which leads to an increase in the system charge leading to an increase in
repulsion between patrticles.

Transparency rates and absorbance plots of all the tested conditions investigated the
coagulation of tailings pulp. The tailings slurry in the settling tests was found to contain
a solids concentration of 43 %, due to the flow of solids to the concentrate. The particle
size distribution was also an important factor, however as expected majority of the
small particles below 38 ym are better recovered, accounting for 67 % of the solids
recovered to the concentrate during flotation as shown by the PSD of the tailings in Fig
6-1 and the feed in Fig 4-9 (Mwale et al., 2005). Therefore, while the hypothesis implies
the accumulation of small particles in the tailings, there are in fact less fine (<25 um)
particles in the tailings than the feed, hence the smaller particles were recovered to the
concentrate.
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Fig 6-1. Cumulative Particle Size Distribution of Tailings from UG2 ore developed
through wet screening
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In fact, the tailings are mostly concentrated with larger sized particles (d> 38 ym), as

compared to the feed, and for the significantly large particle sizes, the settling rate is a
factor of the density of the particles (Mwale et al., 2005). This leads to fast transparency
rates at the start of settling, which is similar in all the conditions in the first 60 seconds.
After which the transparency rates begin to differ, between recirculated and non-
recirculated and the point of addition of recirculated water, at this point the
transparency rate constant (k) had an impact on how fast the maximum transparency
would be achieved. Overall, 50 % transparency was achieved within the first 500
seconds in most conditions. Furthermore, for all the tested conditions, a maximum
recovery was achieved within 3000 s (= 1 hour). Therefore, the maximum transparency
became an important yardstick when comparing the change in transparency at the
different tested conditions. The fast increase in transparency due to the initial settling
of large particle followed by a slow build in transparency up to its maximum motivates
and led to the use of second order kinetics as shown in Eq. ( 4-6) to model the trends
observed. Settling rates for particles were modeled based on Stokes law for particles
with Reynolds Number (Re) <0.2 as shown Eq. (6-1) where (g) represents the
acceleration due to gravity (m/s), (d) diameter of spherical particle (m), (ps), (p) density
of the solid and liquid respectively, (K) Kozeny constant and (¢) cake voidage (Mwale
et al., 2005).

- d*(ps — p)ge®
P~ 36Ku(l — ¢)

Eq. (6-2)

From Eq. (6-3) it is clear that for large particle sizes the settling rate is defined by the
top part of the equation while as the particle size decreases, the viscosity of the fluid
plays a role in the settling velocity. The ionic concentration of the fluid has an impact
on the slurry viscosity (Slatter et al., 2009). Therefore, the initial rapid increase in
transparency is due to the large particle sizes settling, however the settling rates begin
to differ due to the increase in the denominator of Eq. ( 4-6) increasing, where if
compared to the settling rate formula is a factor of the viscosity of the fluid. Thus, an
increase in the electrolyte concentration in recycled water increased the slurry
viscosity.

In recirculated water the coagulation of tailings was generally more rapid and produced
a more transparent supernatant as compared to the base line conditions for most of
the tests.
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Therefore, the presence and accumulation of inorganic species (Ca?* and Mg?) and
residual reagents influenced coagulation by adsorbing on to the gangue surface
enhancing flocculation by improving the specific gravity of the pulp. In addition, the
compression of the electrical double layer due to the presence of Ca?* and Mg?*
improved the coagulation of particles by improving particle contact and hence overall
flocculation (Boshrouyeh Ghandashtani et al., 2022). Mill recirculation achieved higher
transparency and transparency rates as compared to float cell recirculation, due to the
lower concentrations of charged ions present in the tailings water reducing the impact
of particle repulsion in the slurry slowing down settling rates.

6.5 Effect of Water Recirculation on the Dynamic Froth Stability and Flotation
Performance.

The change in water quality due to an increase in the ionic concentration can be
observed through water recovery during froth flotation and from froth stability tests
(Corin et al., 2011; Farrokhpay, 2011). However, the increase in frothability with an
increase in ionic strength is not expected as the frother utilized is a poly glycol ether,
Dow 200, which is a non-ionic frother and such, it would not be affected by the ionic
concentration (Corin et al., 2011). Film stability in the presence of hydrophobic particles
has been shown to increase with a decrease in contact angle and is at a maximum
between contact angles of 66° and 0°, and is at a minimum when hydrophilic particles
are present (Farrokhpay, 2011). The increase in froth stability is compounded during
froth flotation, as the presence of hydrophobic materials in the froth lead do a more
stable froth as observed by Farrokhpay, (2011), hence the significant difference
observed in solids and water recoveries observed in float cell and mill recirculation.
With this in mind, 3-phase froth stability tests on the tailings showed the minimum froth
stability due to the high concentration of naturally hydrophobic gangue. The foam and
froth stability results differ significantly, and this is as expected due to the impact of
solid particles on the froth stability as the particles impact the froth stability as they form
coherent shells around the bubbles and stabilize the liquid films forming a three-
dimensional network in the bulk aqueous phase (Farrokhpay, 2011; Farrokhpay and
Zanin, 2012; Kurniawan et al., 2011; Wiese and Harris, 2012). The initial hypothesis
was that:

“Water recirculation increases solids and water recoveries, increasing the recovery of
gangue, in turn, the grade of the concentrate decreases due to the higher froth stability
and a higher degree of gangue entrainment.”

119



CENTRE FOR MINERALS RESEARCH

“ajupy o 08°

3-phase dynamic froth stability tests showed that for all recirculated floats had froths
that developed with higher equilibrium froth height (Hmax), longer bubble lifetimes and
higher dynamic stability factors, and hence a higher froth stability than baseline
conditions, Recycle 0, similar to findings on the impact of degrading water quality
(Corin et al., 2011; Mccall, 2016; O’Connor and Mills, 1995). The higher froth stability
observed in recycled water can be attributed to an increase in the ionic strength of its
slurry which improves the gas hold up (volume % of air on the froth phase) by
compressing the electrical double layers between the bubbles leading to the formation
of more stable, high froths with short build up time, leading to higher water and solids
recoveries as observed in Fig 5-22 (Corin et al., 2011; Kurniawan et al., 2011; Manono
et al., 2012; Quinn et al., 2007; Slatter et al., 2009).

This is due to a reduction of the zeta potential between particles and bubbles and a
higher surface tension leading to stronger liquid film around the bubbles (Kurniawan et
al., 2011).

Recycling water through the float cell achieved the highest equilibrium froth height, and
longest bubble lifetime in most of the tested conditions, suggesting that recycling water
through the float achieved a higher froth stability. This further confirms the impact of
additional redox reactions occurring during froth flotation due to the presence of DO
%. The lower froth stability observed when recycling water through the mill could also
be due to the destruction of residual frother at high temperatures achieved in the mill
(Farrokhpay, 2011; Farrokhpay and Zanin, 2012). The increased froth stability leads
to a non-selective increase in solids recovery, leading to more entrained gangue
recovery and this is more significant in float cell recirculation observed in Table 5-2.
The higher froth stability due to water recycling affects the performance of the batch
flotation tests as observed in the solids, water, Cu and Ni recoveries and grades Fig
5-8 to Fig 5-31. Therefore, the change in water quality, through short recirculation led
to a change in water quality, and this change had an effect on the flotation
performance, increasing the solids and water recoveries due to an increase in ionic
strength of recirculated process water.

The point of addition of recycled water led to a difference in the flotation performance
at similar recycle stages. Recycling water led to an increase in solids and water
recoveries above the baseline conditions, with the increase observed being more
significant in float cell recirculation. Higher water recoveries led to higher solids
recoveries due to both entrainment, entrapment and reduced drainage from bubble
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ruptures, however it is non-selective thereby, reducing the grades of the concentrate,
as observed (Corin et al., 2011; Manono et al., 2018).

Kinetic models of solids and water recoveries further qualify the observed difference
both in the rate constants and equilibrium recovery between the tested conditions. The
rate constants for solids and water recoveries being highest in float cell recirculation,
with a less notable difference between mill recirculation and baseline models, therefore
water reticulation led to an improved flotation performance as per the maximum
recovery of solids and water and the rate constants of recovery (Boujounoui et al.,
2015; Haran et al., 2008). The higher ionic strength in float cell recirculation led to an
increase in gangue entrainment, increasing the solids per gram of water recovered due
to the increased froth stability with reduced drainage and bubble coalescence (Barbian
et al., 2006, 2005a).

Overall, the similar gangue entrainment and water and solid recoveries observed
across floats for a particular point of addition can be attributed to the slow build-up of
ionic strength through consecutive recycles due to a short residence time. Significant
deviations in the foam/froth height and the bubble lifetime observed as an impact of
water recirculation can lead to two outlier conditions one of fast floating height
foams/froths, similar to process water foam development, or slow developing foams
(large bubble lifetime) with a low foam/froth height, with significant implications on the
overall flotation performance (Farrokhpay, 2011; Farrokhpay and Zanin, 2012;
Kurniawan et al., 2011; Wiese and Harris, 2012).

The change in water quality impacts the sulfide mineral recoveries and grades,
significantly, influencing the flotation performance. Sulfide recovery and grade respond
differently to changes in water quality. Cu and Ni recoveries and grade were used to
introspect on the flotation performance of other PGE’s. Recoveries and grade of fast-
floating mineral like chalcopyrite (Cu), showed different performance to slower floating
mineral like pentlandite (Ni) (Becker et al., 2007). Flotation of Cu achieved a higher
maximum recovery when using recycled water due to the higher mass pull, and due to
the fast-floating nature of chalcopyrite, both points of addition were at a similar flotation
rate constant. Flotation using recycled water achieved a higher Ni and Cu recovery per
unit mass of water as compared to the baseline floats, with the highest recoveries
observed in float cell recirculation, suggesting a higher carrying capacity of recycled
water (Boujounoui et al., 2015; Haran et al., 2008). The increase in Cu grades at higher
Ca?* concentrations was also observed by Dzingai et al. (2020), who noted increased
grades at higher concentrations of Ca?* up to 400 mg/L in 3 SPW water.
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Ca?* forms CaCQzs and Ca(OH): that can interact and form precipitates on the mineral
surface, with its effect suggested to be more effective on Ni bearing minerals, leading
to lower Ni recoveries observed in float cell recirculation (Kirjavainen et al., 2002). Due
to the higher prevalence of Mg?* in the ore, at 7 %, than Ca?* at 3 %, it is oxidised
more, having a significant impact on flotation performance where at its highest
concentrations in Recycle 2 in float cell and mill recirculation and Recycle 3 in mill
recirculation, the lowest Cu recoveries were achieved similar to findings by Dzingai et
al. (2020). Therefore, the non-selective increase in mass pull due to increased ionic
strength and the impact of selected ions improved the recoveries of Cu and Ni, and
float cell recirculation achieving the highest mass pull, similar to observations by
Manono et al.(2018).

Cu and Ni grades and recoveries were lower compared to other studies due to the
choice of reagent suite selection, the presence of particular ions (Ca?* and Mg?* ) and
the operating pH of 8.23 + 0.03 in the flotation of UG2 ores, allowing the observations
observed that would not be possible under optimized conditions in Fig 5-26 and Fig
5-29 (Afolabi et al., 2013; Dzingai et al., 2020). There is no association between SO4?
concentrations and changes in the Cu and Ni grades and recoveries; as they fell within
concentration boundaries of between 720 to 1200 mg/L previously attributed to being
threshold concentrations that have no impact on the grades and recoveries (Dzingai
et al.,, 2021). The increase in mineral recoveries with mass pull showed that ions
present did not inhibit the hydrophobic nature of the minerals, ensuring that the
recirculated water was still fit for purpose.

However, the change in water quality can lead to unprecedented changes in
performance, for example Recycle 2 in float recirculation resulted in lower Cu recovery
per mass of water. This could be attributed to the short bubble lifetime observed in
both foam and froth stability of the tailings, similar to 3 SPW froths and foams, hence
a lower Cu recovery as a result of an increased in drainage and bubble rupture
(Farrokhpay, 2011). The second anomaly observed was the higher equilibrium
recovery of Cu observed in the first recycle through the mill in both kinetic and water
response models. High froth heights for both the concentrate and tailing water foam
stability tests were also observed and these correlated well with the improvement in
Cu recoveries. These two situations show distinct changes in the water quality that led
to outlier performance, and that the reactions still occurring and in the presence of
complex chemical lead to an active and dynamic state of recirculated water that have
an impact on flotation performance.
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7 Conclusions

This study did not directly change the water quality; however, water recirculation was
simulated through a benchscale set-up as described in Chapter 4. Through the
methodology developed in Chapter 4, it was possible to both monitor and link
observations to studies that controlled the variables monitored. Therefore, changes in
water quality were monitored by a number of methods, already available and compared
to available trends to predict and control the performance of mineral concentrators.
Although this study performed a small number of short recycles, the change in water
quality was observed in flotation performance as well as in the solids, water, sulfide
mineral recoveries and grades. The properties of the froth and foam as well as the
mineral characteristics were determined including the determination of residual
collectors, depressants and frothers in the recirculated process water.

7.1 What is the impact of a change in Water Quality through Water Recycling
on the Electrical Conductivity (EC), Oxidative Redox Potential (ORP),
Dissolved Oxygen Concentration (DO %) of the Batch Flotation Feed Slurry,
Tailings Slurry and Recovered Water Samples?

EC and TDS measurements of all the samples showed similar trends as expected
showing that EC is a good measure of TDS and vice versa. The interaction of the ore
with 3 SPW water led to a decrease in the EC, TDS, ORP due to a decrease in ionic
concentration through precipitation of salts and these reactions consume the DO %.
Galvanic interactions occurring in the mill led to an increase in the ionic concentrations
as shown in the higher EC, TDS and ORP measurements, and consecutive milling with
recycled water led to accumulation of ions due to the longer contact period. Galvanic
interactions consume the available DO %, leading to significantly lower DO % when
milling with recycled water. The concentration of DO % controls further ore dissolution
as observed in float cell recirculation which had continuous ore dissolution leading to
a higher ionic concentration as shown by the EC, TDS, and ORP readings.

lons present post milling are utilized in froth stabilization as observed in mill
recirculation leading to a decrease in the ionic concentration. The higher EC, TDS, and
ORP observed in the tailings from float cell recirculation is further confirmed by the
higher ionic concentration of Ca?*, Mg?*, and SO42". Monitoring the EC, TDS and ORP
pre and post flotation informed on the flow of ions during flotation, where in mill
recirculation the ion concentration decreases due to the role of ions in froth stabilization
and hence are carried away in the froth as shown by the decrease in EC.
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The impact of addition of top up water led to dilution of the tailing’s slurry at a lower
EC, TDS and ORP reading. What is clear from pulp chemistry measurements is that
continuous water recycling leads to an accumulation of ions present in solutions. These
ions are common to the ore and play a role in the flotation performance by impacting
froth stability. The choice of point of addition of recycled water plays a significantimpact
on the availability of dissolved oxygen and the chemical interactions that can occur
during froth flotation.

The similar chemical properties of the tailings and concentrate waters, justifies
recycling of water recovered from both the cyclones and thickeners to other unit
operations in a typical sulfide ore concentrator. The benefit of monitoring EC, TDS,
ORP and DO % allowed for the monitoring of galvanic interactions and ore dissolution
occurring during froth flotation and the impact of these changes on the flotation
performance.

Furthermore, short water recirculation leads to changes in the water chemistry and can
affect flotation performance based on how the change in water chemistry affects both
the pulp phase and froth phase phenomena.

7.2 What is the impact of Water Recycling on the Concentration of CaZ*, Mg?*,
S04%and CI- present in the tailings water?

GDACA of tailings water samples showed the concentrations of Ca?*, Mg?*, SO4? and
CI- present in the tailings water. The concentration of Ca?*, Mg?* and SO4*> were at
their highest in float cell recirculated water as compared to base line test conditions
and mill recirculated water samples.

Mill recirculated tailings water concentrations of Ca?*, Mg?* and SO4> were below
baseline conditions. CI" concentrations were at their highest in the tailings of the
baseline tests, and for all the recirculated water, mill recirculated water had higher CI-
concentrations as compared to float cell recirculated water. Significant
Mg?*concentrations reduced the flotation performance of Cu due to its ability to coat
on to the mineral surface preventing collector interaction.

The higher concentration of ions in recirculated tailings water further justified the higher
ionic strength as observed in 3 and 2 phase froth stability and EC, TDS and ORP
measurements and the difference in ionic strength between the two points of addition.

7.3 What is the impact of a change in water quality on the settling rate of the
tailings from UG2 ore froth flotation?
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The settling of the tailing’s slurry was monitored through the transmission
measurement of the supernatant solution. Transparency and transparency rate
constants calculated informed on the rate of change in settling of particles. The
transparency rates are all similar within the first 50 seconds due to the rapid settling of
large particles, after which the repulsion owing to the presence of ions impacts the rate
of particle collisions and coagulation of the tailings.

Recirculation to the float cell resulted in leads to a faster rate of settling as observed in
the rate constant above the settling rate observed in the baseline test leading to a
transparency of the supernatant above 70 %. Recirculation to the mill cell resulted in
the highest settling rate observed above float cell recirculation as observed in the rate
constant and achieve the highest transparency above 80 %. Water recirculation
improved the rate of settling of the particles present in the tailings due to the higher
ionic strength which causes a higher system charge, leading to higher repulsions,
causing more collisions of particles which in the presence of CMC aided the
flocculation of particles.

7.4 What is the impact of a change in Water Quality through Water Recycling,
and the point of addition of Recycled Water, on Froth Stability?

The increase in froth stability brought about by water recirculation was monitored
through 3 phase, 2 phase stability column flotation tests and the overall water recovery.
The increase in ionic strength due to water recycling led to an increase in the froth
height, dynamic stability factor and bubble lifetime of the tailings slurry and recovered
water samples in all samples tested above the baseline conditions and were at their
highest in float cell recirculation.

The improved ionic concentration reduced the zeta potential of bubbles and particles,
compressed the electrical double layers, and hence reduced the repulsive interaction,
leading to a dominant hydrophobic force. The increase in bubble lifetime led to a slow
development of froths which is detrimental to flotation performance due to an increase
in the residence time before the recovery of value.

Water recirculation leads to a change in the ionic concentration of the water that
significantly increases the strength of the electrical double layer leading to significantly
longer bubble lifetime observed in 2 phase as compared to 3 phase tests. The 3 phase
tests show the impact of the presence particles on the froth stability as they form
coherent shells around the bubbles and stabilize the liquid films forming a three-
dimensional network in the bulk aqueous phase.
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The nature of particles is also important as froth stability is at its highest in the presence
of hydrophilic particles which at a high contact angle of 66° reduce the zeta potential
of bubbles, compressing the electrical double layers, and hence reduce the repulsive
interaction, leading to a dominant hydrophobic force.

The relatability of the 3-phase tailing froth stability and flotation performance allows for
the feedback analysis of flotation performance through 3 phase dynamic stability tests.
In addition, a significant increase or decrease in froth stability of foams (2 phase tests)
due to the change in the ionic concentration leads to a significantly high and low Cu
recoveries respectively as shown in the study.

All recovered water samples had a froth stability higher than at a frother dosage at 30
g/t, due to the improved ionic strength and the residual frother present. However,
addition of frother in subsequent tests is advised as the increase in bubble lifetime is a
demerit of the higher ionic strength and can be mitigated by addition of fresh frother.
Recycling to the mill can lead to residual frother destruction due to the high
temperatures achieved in the mill, thereby denaturing, or lowering the activity of the
residual frother molecules.

7.5 What is the effect of a change in Water Quality through Water Recycling,
and point of addition of recycled water, on the flotation performance of a
UG2 ore?

The change in water quality increased the ionic strength, increasing the solids, water,
Cu and Ni recoveries, maximum recoveries, and rate constants, however due to the
non-selective increase in entrainment which is increased by increased water
recoveries/froth stabilities, the recirculation of water leads to a dilution of the
concentrate grade.

The higher ionic strength observed in the float cell recirculated water led to higher
solids, water, Cu and Ni recoveries, maximum recoveries and rate constants as
compared to mill recirculation. Furthermore, the particle size analysis of the feed and
tailings samples from the baseline tests showed that majority of the particles recovered
in the concentrate were well below 38 um, further justifying the importance of
comminution in froth flotation. Short water recycling led to an improved flotation
performance in terms of solids, water and sulfide recovery and addition of recycled
water to the float cell achieved the highest performance in leu of a slight decrease in
sulfide grade as observed in both points of additions.
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Recovery kinetics of slow floating minerals are affected by a change in water quality
as the increase in ionic concentrations and froth stability leads to an increase in the
recovery of sulfide minerals. Accumulation of ions brought about by water recirculation
may lead to an increase in solids, water, sulfide mineral and gangue recoveries in a
concentrator and downstream when a series of concentrator are in use. Monitoring and
control of the change in water quality is imperative to ensure that the product grade is
not adversely affected.

7.6 Concluding Remarks

This study successfully showed that water recycling leads to an increase in ionic
concentrations due to ore dissolution in the mill and during froth flotation. The dissolved
ions are primarily from the common gangue minerals found in the ore such as Ca®*,
Mg?*, SO4?" and CI-. The choice of point of addition leads to a significant difference in
performance and pulp chemistry; recycling water to comminution operations may lead
to a depletion of DO % present while recycling water to the float cell may allow for the
highest froth stability achievable as per the tests.

The higher ionic strength in the water quality improves the solids, water, and sulfide
recovery, with a higher solids load per unit water. However, as entrainment is non-
selective, an increase in the amount of entrained gangue as seen in this study may
have a detrimental impact on the concentrate grade. The study has also shown that
EC, ORP, DO %, 2 and 3 phase froth stability tests are good indicators of pulp
chemistry and froth stability and can be utilized to inform decisions on water
recirculation during the flotation of low-grade Cu-Ni-PGM ores such as the one used
in this study.

Short water recirculation contains residual reagents which may be present in minimal
concentrations; hence additional dosing of reagents is necessary to achieve the
desired flotation performance. Furthermore, the settling rate in tailings thickeners may
initially be controlled by the flow of large particle sizes but is aided by the presence of
ions that improve the flocculation in the pulp hence thickener operations will benefit
from water recycling. The improved ionic strength can be detrimental due to the longer
bubble lifetime leading to slow developing froths that require longer residence times in
the concentrator to achieve a suitable froth recovery.
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8 Recommendations

After consideration of the results and conclusions developed from this study, the
following recommendations have been made:

Similar tests must be performed on different ore bodies and assess if the
observations can be translated to other ores.

The strong initial dependence of settling rate on particle size motivates for an
analysis of settling rate as a function of particle size to develop information on
settling rates.

First order kinetic models of Cu and Ni recoveries and water response did not
perfectly model the trends suggesting a need for an application of more complex
models.

pH control should be considered in the test procedure as a maintained variable
to remove any variations that may have an impact on flotation performance.

The higher ionic strength observed post milling motivate GDACA of the feed
water samples to further inform on the impact of galvanic interactions.

The increase in froth stability observed in response to water recycling motivates
that zeta potential and bubble size tests must be considered to further
interrogate the impact of water quality change.

Quantitative analysis of residual frother to decouple the impact of residual ionic
strength and residual frother on froth stability must be conducted.

Factorial Design of experiment accompanied by statistical analysis to develop
relationships of the different factors to consider must be included in future
studies.

The significant difference in EC between SPW water and slurry motivates that
test work on the impact of ore contact time on the water quality must be
considered.

The slow change in performance for consecutive recycles per point of addition
motivates for a study with more recycles with controlled interval times or the
implementation of longer residence times per recycle run.
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APPENDIXES

Appendix A. Froth Stability Data

Table 9-1. Experimental Data from 2 Phase Stability Column Tests of all recovered
Concentrate Water for all Tested Conditions.

2 Phase Stability Column Tests (Concentrate)
Frother Dosed 3 SPW 0| Recyclel | Recycle2 | Recycle3
20 30 40 50 60 Recy | Flo Flo Flo
g/t |g/t |g/t |g/t |g/t |cle Jat | Mill [at | Mill [at | Mil

Hi, max 12.9 18 | 39.6 | 46.1 | 53.9 26 30 39 33 32 39 35
Hi, max error 0.6 0.2 0.2 0.2 0.2 0 3 1 7 2 3 5
Hmax 12.5 17 39 | 442 | 54.1 25 27 38 31 30 37 34
Tau 15.4 | 22.8 | 40.7 | 51.7 | 49.5 37 67 67 | 135 43 | 118 47
019038049 |060| 0.29| 03| 04| 03| 03| 04| 03
h2 0.14 3 9 6 5 1 03 28 51 41 15 79
P value test 1 1 1 1 1 1 1 1 1 1 1 1
p value from
sum (XA2) 1 1 1 1 1 1 1 1 1 1 1 1
0.23 | 0.26 | 0.38 | 0.34
XA2 Actual 9 8 9 31252 1 16 2 20 3 12 2
X2 Theoretical 0 0 0 1 2.8 0 0 0 0 0 0 0
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Table 9-2. Experimental Data from 2 Phase Stability Column Tests of all recovered
Tailing Water Samples of all Tested Conditions.

2 Phase Stability Column Tests (Tailings water)
Frother Dosed 3 SPW 0 Recycle 1 | Recycle 2 gecycle
20 40 50 60 Recy | Flo .. | Flo .. | Flo | Mi
Mill Mill
g/t 308/t g/t |g/t | g/t |cle at " at "lat |
. 12. 39. | 46. | 53.
Hi, max 9 18 6 1 9 18 20 |27 |31 |23 |24 |24
Hi, max error 0.6 |0.2 0.2 0.2 |0.2 1 0 3 3 0 3 6
Himax 12. 17 39 44. |54 17 19 (29 |29 |21 |22 |25
5 2 1
Tau 15. 22.8 40. | 51. 1 49. 222 308 | 380 | 38 | 118 39131
7 7 5 9
0.1 03 |04 |06 02 {03 |03 |02 |02 0.2
2 4 0.193 89 96 05 0.2 18 (28 |25 |35 |5 8
P value test 1 1 1 1 1 1 1 1 1 1 1 1
p value from
sum (XA2) 1 1 1 1 1 1 1 1 1 1 1 1
0.2 [0.268 |0.3 0.3 2.5
A}
X~2 Actual 39 042 39 43 ) 17 24 35 10 39 50 | 34
X72 Theoretical 0 0 0 1 28 |0 0 36 0 40 48 | 34
cv 45 45 45 45 45 148 148 | 148 | 148 | 148 ;4 ;4

Table 9-3. Experimental Data from 3 Phase Stability Column Tests of all recovered
Tailing Pulp Samples of all Tested Conditions.

3 Phase Stability Column Tests
Recycle 0 | Recycle 1 Recycle 2 Recycle 3
Float Mill Float Mill Float Mill

Hi, max 19.4 27.8 24.4 30.3 30 26.8 28.5
Hi, max error 0.6 2.5 0.6 3.2 3.2 0.7 0.8
Hmax 17.8 26.1 22.6 28.2 26.7 25 26.5
T 21 27 30 29 25 32 33
z 0.199 0.293 0.253 | 0.316 0.3 0.3 0.319
P value test 1 1 1 1 1 1 1
p value from sum (X"2) 1 1 1 1 1 1 1
X72 Actual 5 5 4 6 9 8 6
X"2 Theoretical 0 0 0 87 0 0 0
cv 147 147 147 147 147 147 147

146



Lty of Cop,
o

: CENTRE FOR MINERALS RESEARCH

Appendix B. Mass Balance Data

Reagents Sarps | T, | Wass | War | Gim | Com | Avecum| Sader | Sdewr| Aveemw | Sader | Sdnr | Capper | Coper | Cum | Copper | Copper | Ave | SEdev [SWerr| Ave | SEdev [SWorer| Rekel | Rekw | Gum | el | Rew | Aw | Sudv [Serr| Aw | Sud [Senr
ma | pug [ Roca [ wassig [ water g [ Massg Reco % | Mass | copper | Grado | Rec |copperrade [capper e % | Mass | Nekst | Gads | Rac Nkl rac
ass | % by A % wass | % %
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150 g Dopamn267 | C2 6 | 3672 | 270 | sear |saros | sros | sos | 214 | w032 | oesir |31 | oos | ver | seo | otz | 4633 | o1 | oot | ooo | asse | it | 110 | o2¢ | s74 | 1810 | 032 | toss | o032 | oot | oot | 1221 | 3o | tos
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Fig 9-1. Solids, Water, Copper and Nickel recoveries and Grades for all baseline

recirculation tests.
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Fig 9-2. Solids, Water, Copper and Nickel recoveries and Grades for all float cell
recirculation tests.
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Appendix C. Material Data Safety Sheets of Reagents

A AFROX
P A e e MATERIAL SAFETY DATA SHEET (MSDS) Page1of2
AR
[Please ensure that this MSDS is received by the appropriate person)
DATE: Febmary 2017 Version? Biclogical Hazards Mo known effect
Ref No. M5104 Vapour Inhalation Mo known effect
1 FRODUCT AND COMPANY IDENTIFICATION Eye Contact No known effect
Slin Contact No known effect
PRODUCT IDENTIFICATION _
Product Name AR Ingestion No known effect
Chemircal Fornmia 21% Creygen’ Balance Nitrogen. 4 FIRST AID MEASURES
Trade MNames %W (hzimldhﬁmm&nmhﬂﬂnmgm-
Air b Grad deficient, or eucyzen-enriched atmospheres. Conscious persons
Air T Grade, (Zero) should be assisted to an uncontaminated area and inhale fresh
Medical Air air. They should be kept warm and quist. Cuick removal from
" : - the confaminated area is most impartant. The physician should
Colour Coding MF WLQE}‘[]'IJ&&JM e informed when a patient has experienced byperoxia
i“"h Eye Contact No known effect
Skin Contact Mo known effect
French Grey (H_30) body with the )
“Instrument Grade" logo affxad to Ingestion Ho kmewn effect
the body of the cylinder § FIRE FIGHTING MEASURES
MFWSSJ -y Extinguishing media. As Air is non-flammakle. but supperts
o EIi"hlngu“jmd combustion, the comect type of extinsuishant should
“ZER™ decal affiwed to the body be used depending on the combustible material
tind imvelved
%Mm Specific Hazards. Materials that would not nommally bum m
French Grey (H.30) body, with air could comiust vigonously in atmespheres having
it & black i on the hizh concentrations of oygen.
shoulder of the cylinder Emergency Actioms. All cylinders should be removed from
Valve All of tha at des have the 3 ﬂt\mtyuf'lheﬁre.(.‘yh:ndﬂsﬂut:mhe
50— Brass 9% mchright hand removed should be cooled with water from a safe
formale valve Hited disance  Cylinders which bave been exposed fo
Company [dentification Affican Oxygen Limsted excessive heat chould be clearly idemtified and
23 Webber Sieet retumed to the supplisr. COWTACT THE NEAREST
Toharmeshurg, 2001 AFROX BRANCH.
Tel. Na: (011) 490-0400 Protective Clothing Safty poggles, gloves and safety shoes
EMERGENCY . should be wom when handlimg cylinders.
NUMBER 0860 020202 or (011 873 4381 (14hrs) Environmental precantions. Nons
6 ACCIDENTAL RELEASE MEASURES
mmm&nmm Persomal Precamfioms Avoid exposure to either oxygen
Chemical M Air deficient, or oxygen-enriched atmospherss.
Synonyms Atmospheric Air Environmental precantions. Beware of ouygen enmriched
UN No. 1002 combustible materials.
ERG No. m Small spills Mo known effect.
Hamard Wamming~ 2C Non fameahile gas Large spills Ha kmown effect
7 HAZARDS IDENTTFICATION 7 HANDLING AND STORAGE

Main Hazards. All cylinders are portable zas containers and
must be regarded as pressure vessels at all times. Afr is
non -flammable, but readily supports combustion
Wewer permit oil, grease, or other readily combustible
substamce to come into comfact with air at high

PrEssures.
Adverse health effects. None. Air is pon-todc and mon-
flammable. Of the constiments which make up air,

only oxyzen and nitrogen are pecessary for life.
Chemical Hazards In air which conins more than the
nommal 21% oxyeen, combustible materials ae easier
to ignite and bum faster. The higher the concentration
of ecygen, the greater the fire risk. In a compartment
(su.u:llasahlmﬂ,msmudnnhu}ﬂhdmﬂ:m
under presoure, most combustible materials will iznite
more readily and bum omch more mapidly than they
would in air at nommal atmospheric pressure, becanse

of the inaease in partial pressure of oxygen, even
&nlghﬂna.irm:ﬂi]sml‘_rﬂnmmalﬂ%nf
OEYEED.

Fig 9-4. MSDS of air

Dio not allow cylinders to slide or come into contact with sharp
edzes. Cylinders of air should not be stared near cylinders of
acetylens or other combmstible msss. Air cylindsrs may be
stacked horizontally provided that they are finnly secured at
each end to prevent rolling. Prevent dirt, zrit of any sort, o, or
any other ubricant from emtering the cylinder valves. and store
cylinders well clear of any comosive infloence eg. battery
acid. Compliance with all relevant legislation is essential Use
a "first in - first out" iowentory system to prevent foll cylinders
from being stored for excessive periods of time Eeep out of
reach of children.
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SIG MA'ALD RICH shgma-aldrich.com
SAFETY DATA SHEET

according to Regulation (EC) No. 120772008

Version & () Revision Date 30.03.2016

Print Date 07 092019

GEMERIC EU MSDS - NO COUNTRY SPECIFIC DATA - NO OEL DATA

SECTION 1: Identification of the substance/mixture and of the company/undertaking

11 Product identifiers
Product name © Calcium nitrate tetrahydrate
Preduct Number : C1398
Brand : SIGALD
REACH Mo. 1 A registration number is mot available for this substance as the substance
or its uses are exempted from registration, the annual tonnage does not
require a registration or the registration is envisaged for a later
registration deadline.
CAS-MNo. T 1347T7-34-4
12 Relevant identified uses of the substance or mixture and uses advised against
Identified uses :  Laboratory chemicals, Manufacture of substances
13  Details of the supplier of the safety data sheet
Company : Merck (Pty) Lid.
1 Friesland Drive
Longmeadow Business Estate South
MODDERFONTEIN
16845
S0UTH AFRICA
Telephone 1 +27 +27 (0) 8600 G3725
Fax 1 +27 +27 (D) 860 522 329
E-mail address : Melissa.byme@merckgroup. com
14 Emergency telephone number
Emergency Phone #

SECTION 2: Hazards identification

21 Classification of the substance or micture

Classification according to Regulation (EC) No 127272008

Acute toxicity, Oral (Category 4), H302

Serious eye damage (Category 1), H318

Far the full text of the H-Statements mentioned in this Section, see Section 16
22 Label elements

Labelling according Regulation (EC) Mo 127252008

o

Signal word
Hazard statement(s)
H302 Harmful if swallowed.
H318 Causes serious eye damage.
SIGALD - C1396 Pagei ol 7

Fig 9-5. MSDS for Calcium Nitrate Tetrahydrate adapted from (Sigmaalderich, 2019).
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CENTRE FOR MINERALS RESEARCH

M
Aot ot b i MATERIAL SAFETY DATA SHEET (MSDS) Pagelofl
AIR
|Please ensure that this MSDS is received by the appropriate person)
DATE: February 2017 Version? Biological Hazards Mo known effect
Ref No. M5104 Vapour Inhalation o known effact
1 FRODUCT AND COMMPANY IDENTIFICATION Eye Contact Ho known effect
Slkin Contact Mo known effect
PRODUCT IDENTIFICATION y
Product Name ATR Ingestion No known effect
Chemical Fornmia 21% Crypen' Balance Mitrogen 4 FIRST AID MEASTRES
Trade Names E"},E}mﬂ Care chould be taken with the expesure to either oxygen-
Air & Grad deficient, or cxygen-enriched atmospheres. Conscions persons
g t Grad ) should be assisted to an unconaminated area and inhale fresh
Masdical Air (Zero air. They shoukd be kept warm and quiet. (huick removal from
cal . Air C"E‘DH;}_H the conminated area is most imporant. The physician should
Coding F :ulq{"nzylmu-ltdjnj e informed when a patient has experienced byperoxia
body Eye Contact Mo known effect
; Slin Contact No known effect
French Grey (H.30) body with the Y
“Instrument Grads™ logo affixed o Ingestion Ho kmown elfect
the bady of the cylinder 5 FIRE FIGHTING MEASURES
“-‘LF mﬁﬂ’ﬂm o Extinguishing media. As Air is non-flammsble, bt supperts
1 Eﬁlmi%m combustion, the comect type of extinguishant should
“ZERO" decal affixed o the body mmmmcmhm
%lhm Specific Hazards. Materiaks that would not nommally um in
French N 30) body, with air could combust vigorously in atmospheres having
1 &&E}'” ]EH Djl mlhe hirh concentrations of exygen
shoulder of the cylinder Emergency Actions. All cylinders should be removed from
the wicinity of the fire. Cylinders that caomet be
Vahe ATl afthe above Srades have the 3 removed should be cooled with water from a safe
o] ]'ﬁj”‘g" disance  Cylinders which have besn expossd o
it retumed to the supplier. CONTACT THE NEAREST
23 Webber AFROX BRANCH.
Joharmestnrz, 2001
Tel. No: (D11) 490-0400 Pmttdrrem:ng_ Safety poggles, gloves and safoty choes
EMERGENCY should be wom when bandling cylinders.
NUMBER 0860 020202 or (011) 873 4352 (24hrs) Environmental precantions. Moos
6 ACCIDENTAL BEELEASE MEASURES
1 COMPOSITIONTNFORMATION ON Persomal Precamtioms. Avoid exposure to efther oxygen
INGREDIENTS deficient, ar exygen-ennched
Chemical Name Air
Synomyms Atmesgheric &ir Environmental precantions. Beware of oxygen emriched
CAS Mo, amospheres comimz ioto conf@aot with readily
UN Ne. 1002 combustible materials.
Hazard Warming ~ 2C Non Hammabile gas Large spills Ho kmown effect
3 HAZARDS IDENTIFICATION 7 HANDLING AND STORAGE

Main Harards. All cylinders are portable gas containers and
must be regarded as pressure wessals at all imes Adr is
non -flammable, bot readily supports combmustion
HNewer permit ail, grease, or other readily combustible
substance to come into comiact with air at hish

pressures.

Adverse health effects. None. Air is pon-towic and non-
flammable. Of the copstifoents which make up air,

Chemical Hazards. In air which conmins more than the
nommal 21% oxygen, combustible materials are easier
o ipmite and am faster. The hipher the concentration
of oxygen, the greater the fire risk. In a compartment
(swch as a tunmel, caisson or chamber) filled with air
more readily and um omch more mpidly than they
would in air at nommal ammosphenic pressure, becanse
of the inoease in partial pressure of oxygen, even
thourh the air cootams ooly the pormal 21% of
OEYEED

Do not allow cylinders to slide or come into contact with sharp
edges. Cylinders of air should not be stored near cylinders of
acetylene or other combustble pases. Air cylinders may be
stacked horizontally provided that they are finmly secmed at
each end to prevent rolling. Prevent dirt, grit of any sort. oil. or
cylinders well clear of any comosive mfluence e g babery
acid. Compliance with all relevant legislation is essential Tse
a "first in - first out" iovemtery system to prevent foll cylinders
from being stored fior excessive periods of ime Keep out of
rech of children.

Fig 9-6. MSDS for Calcium Chloride Dihydrate adapted from (Sigmaalderich, 2019).
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AT AFROX

Ab=rlia el hielue b himg

AR

MATERIAL SAFETY DATA SHEET (MSDS)

CENTRE FOR MINERALS RESEARCH

Pagelof?

(Please ensure that this MSDS is received by the appropriate person)

DATE: Febmary 2017 Version
Eef No. M5104

1 FRODUCT AND COMPANY IDENTIEICATION

FRODUCT IDENTIFICATION
Product Mame AR
Chemical Fornmiy 2 IEr. Crypen’ Balance Mitrogen.
Trade Mames

Colour Coding

Vahve All of the above grades have the 3
50 - Brass 8 inch right band

Tel. Mo (01) 430-0400
0860 020202 or (011) 873 4382 (24hr=)

Biological Hazards Mo known effect
Vapour Inhalation Mo known effect

Eye Contact Nio known effect
Sldn Contact HNo known effect
Ingestion Nio known effect

4 FIRST AID MEASURES

Care shonld be taken with the exposure fo either uc:jrgm-
deficient, or oxyeen-enriched ammosphenes. Conscious persons
should be assisted fo an uncon@Aminated area and inhale fresh
air. They should be kept warm and quist. Chuick removal from
the confaminated area i most important. The physician should
e informed when a patient has experienced hyperoxia

Eye Contact No known effect
Slin Contact No known effect
Ingestion No kmown effect
5§ FIRE FIGHTING MEASTURES

Erhgmhg-h.ﬂshumn—ﬂunmblt.hnmm

combustible materials.
Small spills Mo known effect.
Large spills Mo known effect.

INGREDIENTS

Chemical Name Air

Synonyms Atmospheric Air

CAS No. HNome

UM Ma. 1002

ERGHo. 112

Harard Warning 2C Noo flammable gas
3 HAZARDS IDENTIFICATION

Main Hazards. All cylinders are portable zas containers and
must be regarded as pressure vessels af all imes. Air is
non -flammahble, but readily supports combustion
Newer permit oil, grease, or other readily combustible
substance to Ccome info comtact with air at hish

PressuTes.

Adverse health effects. None. Air is pon-towic and mom-
flanmable. Of the comstitmemts which make up air,
only oxygen and nitrogen are necessary for life.

Chemical Harards. In air which commins more than the
nommal 21%; oxyeen, combustible materials are easier
o ipnite and bum faster. The hipher the concentration
of oxygen, the greater the fire risk. In a compartment
(such as a tumnel, caisson or chamber) filled with air
more readily and bum omch more apidly than they
would in air at normal amospheric pressure, becanss
of the noease in partial pressure of oxygen even
thoush the air coofams only the pormal 21% of
OXyEeD.

T HANDLING AND STORAGE

Do noot albow cylimders to slide or come into contact with sharp
edges. Cylinders of air should not be stored near cylinders of
acetylene ar ether combustble pases. Air cylinders may be
stacked hormontally provided that they are finmly seomred at
each end fo prevent rolling. Prevent dirt, grit of any sort, oil, or
cylinders well clear of any comosive infloence eg. batery
acid. Compliance with all relevant legislation is essemtial Tse
a "first in - first out” inventery system to prevent full cylinders
from being stored for excessive perinds of fime Feep out of
reach of children.

Fig 9-7. MSDS for Sodium Chloride Tetrahydrate adapted from (Sigmaalderich, 2019).
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MATERIAL SAFETY DATA SHEET (MSDS)

CENTRE FOR MINERALS RESEARCH

Page 1 af 2

Biolegical Hazards  No known effect
Vapour Inhalation  No known effect

Eye Contact Nio known effect
Sldin Contact Nio known effect
Ingestion HNo known effect

4 FIEST AID MEASTUEES

Care shonld be taken with the exposure fo either oxyzen-
deficient, or ammosphenes, Conscions persons
should be assisted to an uncontmminated area and inhale fresh
air. They should be kept warm and quiet. Quick removal from
the confaminated area is most important. The physician should
e informed when a patient has expenienced byperoxia

Eye Contact Mo known effect
Sldn Contact No known effect
Ingestion HNo kmewn effect
5§ FIRE FIGHTING MEASTRES

combustion, the comect type of extingnishant should
be used depending om the combustble material
imrolved.

Specific Hazards. Materials that would not pommally um in
air could combust vieorously in atmospheres having
high concentrations of oxygen.

Emergency Actioms. All cylinders should be removed from
the wvicinity of the fire. Cylinders that cammot be
remowed should be cooled with water from a safe
distance Cylinders which have been exposad o
excpssive heat should be cleardly identified amnd
retumed to the supplier. COWTACT THE WEAREST
AFROX BREANCH.

Protective Clothing. Saﬂqrm&ghmmmm

Persomal Precamtioms. Aveid exposure fo ether oxygen
deficient, ar oxygen-enniched atmosphenes.
Environmental precautions. Beware of oxygen enriched

combustible materials.
Small spills Mo known effect.
Large spills Mo known effect.

T
A=l el el b bomg
AlR
(Please ensure that this MSDS is received by the appropriate person)
DATE: Febmary 2017 Version
Fef No. M5104
1 FRODUCT AND COMMPANY IDENTIFICATION
PFRODUCT IDENTIFICATION
Product Mame AR
Chemical Fornmla 21% Crypen’ Balance Niropen
Trade Names Air, Compressed.
Dy Air
Air, Instrument Grade
Air, Instroment Grade, (Zera)
Colowr Coding Air Compressed & Dry
French Grey (H30) body
prade
French Grey (H.30) body with the
“Insmment Grade™ logo afived to
the body of the cylinder
Air, Instroment
Protea Pink (P.5%) body with the
“Instnmment Grade" logo and
“ZERC™ decal affized to the body
of the cylinder.
French Grey (H.30) body, with
white & black quadrants on the
shoulder of the cylinder
Valve All of the above grades have the 3
50 - Brass 5% inch right hand
female valve fitted
. Identiicati Afican O Limited
13 Webber Street
Joharmestrg, 2001
Tel. No: (11} 490-0400
EMERGENCY
NUMBER 0360 020202 or (011) 873 4382 (24hrs)
1 COMPOSITIONINFORMATION ON
INGREDIENTS
Chemical Name Air
Synonyms Atmospheric Air
CAS No.
UN Na. 1002
ERGHo. 112
Harard Warning 2C Noo flammable gas
3 HAZARDS IDENTIFICATION

Main Hazards. All cylinders are portable zas containers and
must be regarded as pressure vessels at all times. Air is
non -fammable, bat readily supports combustion
Hewer permit oil, grease, or other readily combustible
substance to Come into comfct with air at hish

PressuTes.

Adverse health effects. None. Air is pon-towic and nom-
flammable. Of the copstfments which make up air,
unl}'mmmgmmmoﬁaryﬁcrhi

Chemical Hazards. In air which conmins more than the
normal 21% oxyeen, combustible materials are easier
o ipnite and bum faster. The hipher the concentration
of oxygen, the greater the fire risk. In a compartment
(such as a tumnel, caisson or chamber) filled with air
more readily and bum omch more apidly than they
would in air at normal ammospheric pressure, becanse
of the noease in partial pressure of oxygen even
thoush the air coofains only the pormal 1% of
OEYEED.

T HANDLING AND STORAGE

Do not alkow cylinders to slide or come into contact with sharp
edges. Cylinders of air should not be stored near cylinders of
acetylene or ether combustible pases. Air cylinders may be
sacked horzontally provided that they are finmly seomed at
each end fo prevent rolling. Prevent dirt, grit of any sort, oil, or
cylinders well clear of any comosive infloence e g, batery
acid. Compliance with all relevant legislation is essemtial Tse
a "first in - first out” inventery system to prevent full cylinders
from being stared for excessive perinds of time Keep out of
reach of children.

Fig 9-8. MSDS for Magnesium sulfate heptahydrate adapted from (Sigmaalderich,

2019).
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SIG MA'ALD RICH sigma-aidrich.com
SAFETY DATA SHEET

according to Regulation (EC) No. 1807/2006
Version &) Revision Date 30.03.2018

Print Date 07.09.2019

GEMERIC EU MSDS - NO COUNTRY SPECIFIC DATA - NO OEL DATA

SECTION 1: Identification of the substance/mixture and of the company/undertaking

11 Product identifiers
Product name * Calcium nitrate tetrahydrate
Product Number : C1398
Brand 1 SIGALD
REACH MNo. : A registration number is not available for this substance as the substance
of its uses are exempted from registration, the annual tonnage does not
require a registration or the regisiration is envisaged for a later
registration deadline.
CAS-Mo. T 134TT-344
12  Relevant identified uses of the substance or mixture and uses advised against
Identified uses : Laboratory chemicals, Manufacture of substances
13  Details of the supplier of the safety data sheet
Company : Merck (Pty) Lid.
1 Friesland Drive
Longmeadow Business Estate South
MODDERFONTEIM
1645
SOUTH AFRICA
Telephone ;427 +27 (0) 8600 63725
Fax : 427 +27 (0) 860 522 329
E-mail address 1 Melissa.byme@mernckgroup.com
14 Emergency telephone number
Emergency Phone #

SECTIONM 2: Hazards identification

241 Classification of the substance or micture

Classification according to Regulation (EC) No 1272/2008

Acute toxicity, Oral (Category 4), H302

Serious eye damage (Category 1), H318

For the full text of the H-Statements mentioned in this Seclion, see Section 16.
22 Label elements

Labelling according Regulation (EC) No 127212008

e

Signal word
Hazard statementis)
H302 Harmful if swallowed.
H318 Causes senious eye damage.
SIGALD - C1396 Pageiof 7

Fig 9-9. MSDS for Sodium Carbonate adapted from (Sigmaalderich, 2019).
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MATERIAL SAFETY DATA SHEET
; Page 1of 4
PRINT DATE: 02.09.2013
REVISION DATE: JAM 2013
[1.IDENTIFIGATION OF THE FRODUCT AND COMPANT._}
Proouct Wama: LOWERCTHY 200 FLOTATION FROQTHER
Company: Betachem {Poy) Ltd,
P, Box 2306
RAMDBURG 2123
FSA.
Emergancy talepfione Moo + 2T {11y TEZ G789 Fax:+ 27 (11 883 7458
+ 37 (3 306 T161 Eede 1715 (24 hr Response)
2 COMPOSITION/INE ORMATION ON INGREDIENTS |
rdaniification of tre preparihion:
ChS ¥ EINECS #
. Trepiomylene glycol methyl st 20324338 Lisled
Dii-propyiens glycol monc-methyl ather S4RG0-E4-5 202-104-2
DHethylene giycol manabund sther 203-851-9
Triethylene glycol monabulyl eher 142-20-6
Polyatfiylene glyeol moenobatyl ather 1568348
13, HAZARDS IDENTIFICATION : 3 |
This produd is ot hazardous 16 haatth and environment according b EV criterla
4 FIRST AID MEASURES LI =)
Wewer give Hulds or induce warriting if patient 5 unconsclous of is having oy ylsions
Inhaladicn: Remeye to frash 2lr i effecls oour. Gansuli a physician.
Skin Coneact: Wash off in Nowlng water o5 Jhower
Eya Contacl;  Imipaie with flowirg water immediately and conbinuously T 15 minutes. Consalt
@ medical personnel.

Ingestion: Induee wermiing ¥ large smounts ata ingested. Consul medical personnel

Note tz Physiclan: Mo specific anlidota. SUppeoive care. Trealment based on judgement o
the physiclan in raspense b 1eactions of the paligal.

[5-FIRE FIGHTING MEASLRES R |

Suitable extingulshing maaia: yymtar Tog, carbon dicwide, aluonol reslstani loam, dry
charmical

Harardouws CombusHor Praducts:  Mooe known. complete combuslion will giee carton
dioxide and water

Spaclal profective equiprient: Waar pusilive pressure selt-contained premihing
apparalus and protective Tire-fghting clathireg (Nl udes
firg-fighting TieAmet, coal lrousers, boots and glewes

- Temdarnarh of the Dow Chamcal Company ider [anse lu Naseco Intaraatenal Lirnkad

Fig 9-10. MSDS for DOW CORING 200 adapted from (DOW CORING, 2015)
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SIG MA'ALD RICH sigma-aidrich.com
SAFETY DATA SHEET

according to Regulation (EC) No. 1807/2006
Version &) Revision Date 30.03.2018

Print Date 07.09.2019

GEMERIC EU MSDS - NO COUNTRY SPECIFIC DATA - NO OEL DATA

SECTION 1: Identification of the substance/mixture and of the company/undertaking

11 Product identifiers
Product name * Calcium nitrate tetrahydrate
Product Number : C1398
Brand 1 SIGALD
REACH MNo. : A registration number is not available for this substance as the substance
of its uses are exempted from registration, the annual tonnage does not
require a registration or the regisiration is envisaged for a later
registration deadline.
CAS-Mo. T 134TT-344
12  Relevant identified uses of the substance or mixture and uses advised against
Identified uses : Laboratory chemicals, Manufacture of substances
13  Details of the supplier of the safety data sheet
Company : Merck (Pty) Lid.
1 Friesland Drive
Longmeadow Business Estate South
MODDERFONTEIM
1645
SOUTH AFRICA
Telephone ;427 +27 (0) 8600 63725
Fax : 427 +27 (0) 860 522 329
E-mail address 1 Melissa.byme@mernckgroup.com
14 Emergency telephone number
Emergency Phone #

SECTIONM 2: Hazards identification

241 Classification of the substance or micture

Classification according to Regulation (EC) No 1272/2008

Acute toxicity, Oral (Category 4), H302

Serious eye damage (Category 1), H318

For the full text of the H-Statements mentioned in this Seclion, see Section 16.
22 Label elements

Labelling according Regulation (EC) No 127212008

e

Signal word
Hazard statementis)
H302 Harmful if swallowed.
H318 Causes senious eye damage.
SIGALD - C1396 Pageiof 7

Fig 9-11. MSDS for SIBX Collector adapted from (Flottec, n.d.)
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=11y~ UGUR SELULOZ KIMYA

USK MAKINA VE GIDA SAN.VETIC_ AS.

0L5.B UMURLU Y AYDIN
— i TURKEY

¢

MATERIAL SAFETY DATA SHEET
CARBOXYMETHYL CELLULOSE

Duata - 24104 2007

SECTION 1 IDENTIFICATION OF SUBSTANCE

Product : CARBOXYMETHYL CELLULOSE, SODIUM also known as CMC
Commercial Name - USK

Manufacturer » UGUR SELULOE KIMYA MAKINA ve GIDA SAN. ve TIC. AS.
Address : 0.5.B. Umurlu ! AYDIN - TURKEY

Phone : +80 256 2501144

Fax - +00 256 2501004

SECTION 2 - COMPOSITION ; INFORMATION ON INGREDIENTS

FORMULATION : Cellulose + NaDH+ MCA F'SCMA > NMaCMC+MaCl

CAS no - BO04-32-4
Ccomponents | dry basks ) Technical Grades % Pure Grades % Highly Purified Grades %
Carboxymethyl Cellulose | CMC ) min. 60 up io 805 min. 88,5
Sodium chloride | MaCl ) miax 40 min. 0.5 maee. 0.5

SECTION 3 - HAZARDS IDENTIFICATION

« Mo particular hazards known, based on the available data the product is not dangerous.

SECTION 4 FIRST AID MEASURES

Skin Contact : In case of contact with skin wash with warm water.

Eye Contact > In ease of contact with eyes rinse thoroughly with water.

Inhalation : In case of inhalation move person to fresh air and seek medical assistance.
Ingestion > In case of ingeston consult a doctor whether a stomach washout is necessary.

SECTION S FIREFIGHTING MEASURES
Water Spray

Foam
Extinguishing Powder
Carbon Dioxide

L

SECTION & - ACCIDENTAL RELEASE MEASURES

Precautions : Extremnely shippery wet material on walking grounds when mixed with water.
Environmental : Use of water is not recommended.
Methods for cleaning up : Collect by vacuum or shoveling while avoiding dust formation.

SECTION 7 HAMDLING AND STORAGE

Handling : Keep formation of dust minimum. Use dust suction and ventilation.
Storage - Store in a dry place. Use onginal packing for humidity and water protection.
Explosion and fire  : No special measures required.

USK BRAND CARBOXYMETHYL CELLULOSE { CMC ) MATERIAL SAFETY DATA SHEET -1-

Fig 9-12. MSDS for CMC adapted from (USK, 2007)
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Sigma-hldrich.. A LA T D P

Version 6.6

Revicion Date 31.03. 2020

acoarding to Regulation {(EC) No. 19072006 Print Date 16.11. 2020

GEMERIC EU MSDS - NO COUNTRY SPECTFIC DATA - NO' OEL DATA
SECTION 1: Identification of the substance/mixture and of the company fundertaking
1.1 Product identifiers

Product name : Phenol
Product Number 1 242332
Brand :  Sigma-Aldrich
Index-No. 1 604-001-00-2
REACH Mo. 1 01-2119471329-32-2 XXX
CAS-No. 1 108-95-2
1.2 Relevant identified uses of the substance or mixture and uses advised against
Identified uses : Laboratory chemicals, Manufacture of substances
1.3 Details of the supplier of the safety data sheet
Company 1 Merck (Phy) Lid.

1 Friesland Drive
Longmeadow Business Estate South

MODDERFONTEIMN
1645
SOUTH AFRICA
Telephone : +27 +27 (0) 8600 63725
Fax : +27 +27 (D) 860 522 325
E-mail address 1 Melissa.byme@merckgroup.com
1.4 Emergency telephone number
Emergency Phone # : 0-800-983-511

SECTION 2: Hazards identification
2.1 Classification of the substance or mixture

Classification according to Regulation (EC) No 1272/ 2008

Acute toxicity, Oral (Category 3), H3D1

Acute toxicity, Inhalation (Category 2}, H331

Acute toxicity, Dermal (Category 3), H311

Skin corrosion (Sub-category 1B), H314

Serious eye damage (Category 1), H218

Germ cell mutagenicity (Category 2), H341

Specific target organ toxicity - repeated exposure (Category 2), Nervous system, Kidney,
Liver, Skin, H373

Long-term {chronic) aguatic hazard (Category 2}, H411

Sigma-Aldrich- 347322 Pags 1 of 10

The life science business of Merck operates as MilliporeSigma in
the US and Canada

Fig 9-13. MSDS for Phenol adapted from (Sigmaalderich, 2019).
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Wersion 6.2

Revigion Date 30004, 2021

according o Regulation (EC) Mo, 1907/2006 Print Date 21.05.2021
GEMERIC EL MSDS - NO COUNTRY SPECIFIC DATA - NO OEL DATA

SECTION 1: Identification of the substance/ mixture and of the company fundertaking
1.1 Product identifiers

Product name : Sulfuric acid 95-97% for analysis EMSURE®
IS0

Product Number : 1.00731

Catalogue Mo. 1 100731

Brand 1 Millipore

Index-MNao. : 016-020-00-8

REACH Mo. 1 01-2119458838-20-20X

CAS-No. 1 7564-93-9

1.2 Relevant identified uses of the substance or mixture and uses advised against

Identified uses 1 Reagent for analysis, Chemical production
1.3 Details of the supplier of the safety data sheet
Company 1 Mearck KGaA

Frankfurter Str. 250
D-54271 DARMSTADT

Telephane : +49 (0)6151 72-0

Fax 1 +49 6131 727780

E-mail address :  TechnicalService@@merckgroup.com
1.4 Emergency telephone

Emergency Phone # 1 +{44)-870-8200418 (CHEMTREC (GB))

+(253)-19014670 (CHEMTREC Ireland)
001-803-017-9114 (CHEMTREC India)

SECTION 2: Hazards identification
2.1 Classification of the substance or mixturs

Classification according to Regulation (EC) Mo 12722008
Corrosive to Metals (Category 1), H290

Skin corrosion (Sub-category 1A), H214

Serious eye damage (Category 1), H318

For the full text of the H-Statements mentioned in this Section, see Section 16.
2.2 Label elements

Labelling according Regulation (EC) No 1272/2008

Millipare— 100731 Pags 1 of 11

The life science business of Merck operates as MilliporeSigma in
the US and Canada

Fig 9-14. MSDS for Sulfuric acid adapted from (Sigmaalderich, 2019).
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Fig 9-15.Project Safety Data Sheet
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Appendix D. Ethics Application Form

Application for Approval of Ethics in Research (EiR) Projects
Faculty of Engineering and the Built Environment, University of Cape Town

ETHICS APPLICATION FORM

Please Note:
Any person planning to undertake research in the Faculty of Engineering and the Built Environment (EBE) at the University
of Cape Town is required to complete this form before collecting or analysing data. The objective of submitting this
application prior to embarking on research is to ensure that the highest ethical standards in research, conducted under the
auspices of the EBE Faculty, are met. Please ensure that you have read, and understood the EBE Ethics in Research
Handbook (available from the UCT EBE, Research Ethics website) prior

form: http:/iwww.ebe.uct.ac.za/ebe/research/ethics1

to completing this application

APPLICANT’'S DETAILS

Name of principal researcher, student or
external applicant

MICHAEL SEKIETTE NGAU

Department

CHEMICAL ENGINEERING DEPARTMENT

Preferred email address of applicant:

Your Degree:
e.g., MSc, PhD, etc.

MSc.Eng in Chemical Engineering

Credit Value of
If Student Research: e.q.,
60/120/180/360 etc.

180

Name of Supervisor (if
supervised):

Dr. Malibongwe Shadrach Manono, A/Prof. Kirsten Corin

If this is a researchcontract, indicate the
source of funding/sponsorship

Project Title

Recirculated Process Water in the Flotation of Sulphides

I hereby undertake to carry out my research in such a way that:

. there is no apparent legal cbjection to the nature or the method of research; and
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