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ABSTRACT

Flotation is a physico-chemical process used in South Africa as a primary
concentration step in the recovery of PGM metals from the Merensky Reef in the
Bushveld Igneous complex. Talc is a gangue mineral present in this ore and its
naturally hydrophobic nature and froth stabilisation character reduces the
effectiveness of the flotation process. Currently polysaccharides are used to reduce
the hydrophobicity of the talc but these reagents are expensive and their method of

operation is not well understood.

This dissertation describes an investigation into the combined effect of
polysaccharides and an inorganic dispersant on the surface characteristics of talc
and how this relates to the flotation performance of Merensky ore. The rationale in
investigating the talc changes are due fo its naturally flotable nature and the
downstream problems that result from its reporting to the concentrate causing
difficulties disproportionate to its average concentration of less than 2% in Merensky

Ore.

The effect of the various reagents, added both singularly and in combination on the
zeta potential of talc was evaluated. It was found that all the reagents added affected
the zeta potential in 2 manner which indicted their charged nature. Also it could be
surmised that co-adsorption of the polysaccharides and inorganic dispersant on the
talc surface was occurring. Settling tests with talc indicated that electrostatic effects
only dominated the coagulation or dispersion of {alc at low addiions of

polysaccharides as steric effects became increasingly dominant at higher additions.

Setlling tests with the Merensky ore in tap water showed that even at plant addition

levels of depressant to a pulp containing less than 2% talc, that dispersion could be
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enhanced with the inorganic dispersant. It was found that a change in dispersion of
the pulp manifested itself as a change in flotation performance which was generally

an improvement in grade.
Flotation performance could be changed by the addition of the inorganic dispersant in
addition to the depressant and thereby allowing greater control of the dispersion of

the pulp largely independent of the depression.

This thesis demonstrates the metallurgical benefits of adding these two reagents and

it is recommended that this investigation be continued to optimise the benefit.
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GLOSSARY

CMC- carboxymethyl cellulose

depression — the reduction of particle’s hydrophobicity

FF30 — a carboxymethyl cellulose derivative (F in figures)

guar — a degradation product of the guar bean

IMP4 — a modified guar product (I in figures)

NaHMP - sodium hexametaphosphate (N in figures)

PGM - platinum group metals

polymer — a macromolecule consisting of repetitive building blocks

pzc - point of zero charge
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Chapter 1 - Introduction

Chapter 1 INTRODUCTION

Froth flotation is an important concentration step in the recovery of a number of
metals particularly those associated with sulphidic minerals. In South Africa froth
flotation is used in the recovery of the valuable platinum group metals (PGM's) from
the Bushveld complex. There are a number of sub-processes involved and generally
froth flotation is described as a physico-chemical process which relies on an
understanding of the physical parameters such as cell and circuit design as well as
the chemical reagents required for successful flotation. Figure 1-1 indicates the

various areas of flotation research and shows the focus of this investigation.

The chemicals which are needed to achieve the necessary concentration of the
valuable materials can be classified into the following categories: collectors, frothers,
activators, depressants and dispersants. The function of the collectors and activators
are to promote the flotation of the valuables, the frothers are used to obtain a stable
water-air interface as well as to create fine bubbles such that the valuable material
can be collected, the dispersants are used predominantly in applications (In copper
operations in South America) where the mineral surfaces need to be cleaned of
slimes (ultra fine particles) ahd the depressants reduce the flotation of unwanted
naturally flotable gangue material such as talc. This investigation concentrates on the
role of depressants and dispersants and their possible use in combination in a

flotation environment.

Polymeric organic polysaccharide depressants are widely used on the Platinum
mines in South Africa. Two types are used, namely, modified guar gums (guar) and

carboxymethyl cellulose (CMC). The depressants are a major chemical cost at the



mines.

FROTH FLOTATION

Circuit and , Modelling of
Chemisiry Circuits
Cell Design
Image
Analysis Pulp Froth
Collettors Depressant Activators

Interaction of
Depressants and

Dispersants

Figure 1-1 - An iilustration of the focus of this investigation and its position within the

flotation research effort



The guars are considered to be coagulating polymers due to their low charge
densities while the CMC’s are considered dispersing because they have higher
charge. Dispersants can be organic such as CMC or inorganic such as sodium
hexametaphosphate (NaHMP). The dispersants are generally highly charged
molecules. While CMC’s are used in the South African Platinum Industry inorganic

dispersants which have a significantly lower cost are not.

The presence of talc in Merensky ore is a major problem in that it floats readily and

downstream processing of flotation concentrates is problematic if there is excess talc.

The overall research objective of this investigation was 1o elucidate the effect of
polymeric depressants and inorganic dispersants on the surface characteristics of
talc and on Merensky ore to thereby gain an understanding of the role of these

reagents in PGM flotation.

The motivation for this investigation is twofold:
1. Splitting of the depression and dispersion function for flotation

2. Reducing the cost of reagent addition as well as improving flotation efficiency

The methods and techniques used to address the overall research objective can be

summarised as follows:

e Zeta potential measurements to indicate change in surface characteristics
resulting from adsorption of reagent onto mineral
e Settling test to indicate the dispersing or coagulating bulk properties of mineral

and ore



s Batch flotation tests to evaluate effect of reagent addition on flotation

performance

The report starts by providing background to the theory of talc and its interaction with
polymers in an aqueous environment. The experimental techniques are then
described followed by the presentation and discussion of results. The conclusions
from this investigation are then discussed along with recommendations for future

work.
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Chapter 2 LITERATURE REVIEW

2.1 Fiotation

Flotation is a physico-chemical process used in South Africa to recover PGM
{platinum group metals) from the Merensky Reef as the first concentration step. It is
based on imparting a hydrophobic nature to the valuable material (sulphides) and
rendering the gangue hydrophilic. Chemical reagents are used to achieve this and
the primary focus of this investigation is on the depressants which ensure that the
gangue remains hydrophilic and therefore not recovered. The mechanism of

depressant action is not well understood and it is a major reagent cost.

It should also be noted thét particles in a flotation system may be recovered in the
concentrate by two mechanisms, the one being flotation (particle attached to bubble
due to hydrophobic nature of particle) and the other being entrainment which is a
physical process. A more detailed description of the flotation process may be found

in Wills (1988).

A bulk-sulphide float is used to recover the base metal sulphides and with it the
associated PGM’s as well as the liberated PGM’s (Liddel et al, 1986). It should be
noted that while the flotation is aimed at recovering the sulphides it is only
economical due to the value of the PGM'’s, as the head grade of the sulphur minerals
is lower than the tails of most other base metal sulphide operations. For effective
processing the ore is required to be a suitable size such that mineral liberation is
achieved without producing excessive fine material. The reagent addition is geared

towards maximising the wettability of the gangue minerals whilst reducing the
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wettability of the valuable minerals. Reagents known as collectors are used to impart
a hydrophobic nature to the valuable sulphides and frothers are added to increase
the stability of the bubbles in the pulp zone and to create a stable froth zone. It
should be noted some material is size selectively (but not mineral selective)
recovered by entrainment, and that there is proportionality between the water
recovery and mass recovery for flotation systems (Engelbrecht and Woodburn,
1975). Activators are added to improve the functioning of the collectors and
depressants are needed to improve the grade of the valuable minerals by reducing
the flotation of the gangue (Hochreiter et al, 1985). The flotation of PGM's is
performed at the natural buffered pH which is normally in the range of 8.5 to 9 (Liddel

et al, 1986).

The taicose nature of the ore necessitaies the addition of the depressants
(Hochreiter et al, 1985; Liddel et al 1986). This is due to the naturally hydrophobic
nature of the talc causing it to report o the froth zone as well as its froth stabilising
characteristics. This causes the increased recovery of other gangue minerals thereby
increasing the magnesium content of the concentrate by entrainment (Dippenaar,
1982; Harris 1982). Excessive amounts of magnesium in the flotation concentrate
causes inefficient smelter operation. The depression of talc is geared towards
reducing talc flotation rather than eliminating it due the need to maintain some froth

stability.

The flotation performance of a Merensky ore can be evaluated by analysing the
sulphides such as pentlandite and chalcopyrite, as the majority of the noble metals

are associated with these minerals (Liddel et al 1986).
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2.2 Polymers

Polysaccharides have been used and are currently successfully used in the mining
industry to depress gangue material in the flotation process. There is a wide range of
polymeric depressants, such as guars, CMC and starches, used in various industries.
(Pugh, 1988), however in the PGM industry only guars and CMC's are generally

used,

Two polymers have been selected for this study to represent the different classes;
FF30 (a carboxymethyl cellulose) and IMP4 (a modified guar gum) as well as an
inorganic dispersant sodium hexametaphosphate (NaHMP). The polysaccharides
have different building blocks and these have differing effects on the surface

properties of talc.

2.2.1 WModified Guar Gum

Guar is an agricultural product, derived from Cyamopsis tetragonolobus (Prabhanjan

et al, 1989; Mackenzie, 1980), which is chemically modified by alkaline degradation.

Guar has a branched structure and its monomer is shown in Figure 2-1 below. Guar
has a low degree of substitution yet is soluble in water. It is thought that the cis-

configuration of the OH™ groups and its branched nature increases the solubility.

Shortridge et al (1999a,b) have shown that guars are more effective depressants
than CMC'’s in the absence of ions and that ionic strength had minimal effect on the

performance of guars in depressing talc during micro-flotation tests.
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Figure 2-1 — Unit of modified guar gum (Guar)

See section 2.5 for adsorption properties of guar onto talc.

2.22 CMC

Carboxymethyl cellulose is a polymer whose manufacture is given by the following
chemical reaction (Oliviera and Gomes, 1992) of sodium chloroacetate with alkali

cellulose:

(CeH100s)n + NaOH + CICH,COONa—p (CeHeOsCH,COONa)n + NaCl +

The monomer of the CMC is illustrated in Figure 2-2. The ionic nature of the polymer
is due to the high degree of substitution of carboxylic groups along the chain. CMC’s
have three sites available for substitution (OH groups) and a degree of substitution of
3 implies that all three OH groups have been substituted. A possible degree of
substitution would be 0.5 which implies that 1 out of every 6 sites have been
substituted. Most commercial CMC’s have a degree of substitution of 0.7 to 0.8

(Pugh, 1888).
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CHzOH CHOCHCOO

Q G

CH:0CH,COO CHzOCHzCOO

Figure 2-2- Unit of carboxymethyi cellulose (CMC)

For CMC's a degree of substitution of at least 0.4 is required for the polymer to be

soluble in water (Steenberg, 1982).

Section 2.5 discusses the adsorption of the CMC onto the talc surface.

2.2.3 NaHMP

The structure of the NaHMP given by Laskowski and Pugh (1992) indicated a cyclic
structure. Laskowski (2000) indicated that NaHMP does not polymerise and this
implies that it is a very small molecule relative to the polysaccharides. Inorganic
dispersants have been used in the mineral processing industry especially in the
copper industry in South America as a slime cleaner by impariting a high negative
charge to the particles thus causing the particles to repel each other. This is
especially useful in applications where ultrafine particles are present which coat the

larger (and probably valuable) particles.
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Figure 2-3 - The proposed cyclic structure of NaHMP as given by Laskowski and Pugh (1992)

23 Tale

Talc is a gangue mineral present in PGM ores in the Bushveld complex in South
Africa (Steenberg, 1982, Liddel et al, 1986). 1t is naturally flotable and if talc were not
depressed would report to the flotation concentrate with the valuable PGM-bearing
sulphides. The strong stabilising effect of talc causes increased recovery of other
gangue minerais. This leads to difficulties in the downstream processing of the
concentrate in the smelter due to the large percentage of magnesium present due to
the talc but more importantly the other gangue minerals which are recovered by
entrainment due to the talc stabilised froth. Eventhough the percentage of talc in the
ore is not large (less than 2%) the effect that it has on the flotation performance is
marked. The froth character is largely influenced by the nature of the solids present

in the froth Dippenaar (1982) and Harris (1982). They noted that not only was the

10
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hydrophobic nature of the talc involved in the froth character but also that the shape

of the talc (sheet-like mineral) promoted a stable froth.

This review aims to describe the structure and properties of talc and how it's naturally

flotable nature can be depressed by using polysaccharide reagents.

2.3.1 Mineralogy of Talc

Talc is a layer silicate mineral within the clay mineral class known as phyllosilicates,
(Bragg 1937, Morris 1996). The classification of phyllosilicates is given in

Figure 2-4 to indicate the talc position within this class.

Silicates are the largest class of minerals with approximately 30% of all minerals
within this class and it is thought that approximately 90% of the earth’s crust consist
of silicates. (Kinlock, 2000). The basic chemical unit of the silicates is SiO,, which is

tetrahedron shaped anionic group.

Phyllosilicates are the sheet silicates and in this instance six member rings are linked
to other six membered rings in a plane which produces sheets. The silicon to oxygen
ratio is 1:2.5 as only one oxygen is exclusively bonded to the silicon with the other
three being shared. The sheets are generally connected to each other by cations
which are weakly bonded and often have water or other neutral molecules or atoms
trapped within them. This causes the mineral to be fairly soft and have perfect

cleavage.

11
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SILICATES
neostlcates cyclosilicates
sorosilicates
inosilicates
fectosilicates in &
v

PHYLLOSILICATES

serpentines 7 \ micas
chlorites
v
CLAY MINERALS
v
kaolinite talc pyrophylite

Figure 2-4- General Classification of talc within Silicate class (Morris, 1996)

The physical characteristics of talc are summariéed below: (Morris, 1996)

e unit structure is Mg;(Si;Os)2(OH),

e a platelike structure with a perfect cleavage plane in the {0 0 1} plane
s density of 2800 kg/m®

¢ hardness of 1 on the Mohr scale

¢+ monoclinic crystal system

s crystal habit is platelike

e decomposes at high temperature

12
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2.3.2 Structure of Talc
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Figure 2-5 - The schematic representation of the structure of talc (Morris, 1996)

Figure 2-5 shows the unit structure of talc. The formula for a unit cell is
Mga(SioOs5)(OH),. As can be seen from the figure there is a brucite sheet
sandwiched between two silica sheets. Talc cleavage is (0 0 1) perfect with the
cleavage planes being non-polar and hydréphobic and the edges being polar and

hydrophilic.

2.3.3 Chemistry and Nature of Talc Surface

The tailc surface consists of two natures, that is, the planes (hydrophobic) and the
edges (hydrophilic). The characteristic of the talc is therefore dependent on the ratio
of these two surfaces (Steenberg and Harris, 1982; Jenkins and Ralston, 1998). Rath

and Subramanian (1995) indicated that the Mg® from the edge dissolves into

13
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solution when the talc is placed in water. This dissolution of Mg® plays a role in the
adsorption of polysaccharides especially guar onto the talc surface (Rath and

‘Subramanian, 1995). The zeta potential of falc is discussed in section 2.4.1

2.4 Electrical Double Layer and Zeta Potential Measurements

The electrical double layer is the term given to describe the separation of electrical
charge at an interface (Hiemenz, 1997) but with the overall charge remaining neutral.
In general adsorption phenomenon is controlled by the electrical double layer and
therefore factors affecting its formation need to be studied. A schematic
representation of the electrical double layer is given in Figure 2-6. As can be seen
from the figure there is an exponential decline in the zeta potential as one moves

from the surface of the mineral to the bulk solution.

Particie surface
Stern plane
Suriace of shear

N Diffuse tayer

Stern fayer

H
£, Zeta potential

i W¥q, Potential of the
4 diffuse-layer boundory

Potential, y

Distance

Figure 2-6 - Schematic representation of the electrical double layer indicating the position of

the Stern Plane and the relative magnitude of the zeta potential

14
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The distance of closest approach of the counter-ions to the mineral surface is the
Stern Plane. The zeta potential is measured at the slipping plane and is indicated on
Figure 2-7. This indicates how the charge decays from the surface of the mineral to
zero in the bulk solution. The zeta potential was measured at the surface of shear
which was within the diffuse layer (Hiemenz, 1997). The exact location of this surface
of shear is not known though there is evidence that it is close to the Stern Plane and
that is within a couple of molecular diameters of the surface. It can thus be seen that
if the surface charge remains constant and the electrical double layer expands then
the negative zeta potential must decrease. It can be seen that the zeta potential
measurement is affected by charge and thickness of surface adsorbed film, which

causes double layer expansion

A

Yo

Vs

Potenti

¥
&
/ \S . i Distance from
urface o
Stern surface

surface shear

Figure 2-7 - Schematic representation of the of the decay of charge from the particle surface

fo the bulk solution

it should be noted that in this system the medium is water and thus the properties of

water have an important effect on the interaction between the reagents and the

15
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minérals and especially the talc. Water has been widely studied not only because itis
the most important fluid but also due to its unique characteristics and anomalous
behaviour (Israelachvili, 1992). Two important and rather unique forces or
interactions are the hydrogen bond and the hydrophaobic effect, both of which have

significant influence on the flotation performance.

The hydrogen bond results from the bonding of the hydrogen ion to an ion which is
normally highly electronegative like oxygen. This bond is stronger than a normal van
der Waals force as it causes a polarisation of the negative and positive charges and
thus a polar molecule results. In water the increased density of the liquid to the solid
is ascribed to this bond as well as the high work of cohesion of water. (Israelachvili,
19892; Laskowski, 1986) For a particle to be wetlted the work of adhesion must

exceed the work of cohesion of water.

Laskowski (1986) indicated that a particle with no charge and no hydrogen bonding
groups will be hydrophobic. When such a particle is placed in water, the water
rearranges itself so as to minimise particle-water contact. Air does not form hydrogen
bonds and thus water favours minimising the contact with air. Thus when air and a
hydrophobic particle contact in an aqueous medium the water favours surrounding
both the particle and air rather than surrounding each separately. It is this that
imparts the hydrophobicity to the particle and makes it amenable to concentration by

flotation.

16
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2.4.1 Zeta Potential of Talc

The zeta potential of a particle may be defined as the potential at the plane of shear
between the slipping plane of liquid adjacent to the particle and the liquid constituting

the bulk solution. (Mackenzie, 1995).

The zeta potential of talc is indicated by Figure 2-8 below (Morris, 1996). As can be
seen it is negative over the range measured with a pzc of approximately 2.5. The
value for the zeta potential is fairly constant from pH 5 upwards at a value of
approximately ~35mV. According to the DLVO theory (Pashey, 1992) this is sufficient

for dispersion which indicates that without reagent addition the talc disperses.

The potential determining ions in aqueous solution have been shown (Morris 1996) to
be the adsorbed H* and OH". The siloxane faces are inert to water except high pH
values and therefore do not generally interact with the H* or OH" ions. It is therefore

postulated that the interaction with the H" and OH’ ions had to be via the edges of the

talc mineral.
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Figure 2-8 - The zeta potential as a function of pH as determined by Morris (1996}
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Steenberg and Harris (1984), Jenkins and Ralston (1998) and Rath and
Subramanian (1997) have shown that the addition of polysaccharides has an
influence on the zeta potential of talc. The CMC increases the negative zeta potential
whereas the modified guar gum reduced the zeta potential towards 0. The guar

would therefore lead to coagulation if electrostatic forces were considered.

Ouyang et al (1995) have shown that NaHMP increases the negative zeta potential
of télc which follows since it is classified as a dispersant. However its manner of
modifying zeta potential is bound to be different to the polysaccharides due to its
smaller molecular size. The zeta potential measurements indicate that NaHMP
adsorbs onto the talc surface yet it does not depress talc indicating that the site of

adsorption may be different to that of the polysaccharides.

2.5 Adsorption of Polysaccharides onto Talc

251 Guar

The guar monomer is low charged and thus electrostatic repulsion between the talc
surface and the polymer should be minimised. Jenkins and Ralston, 1998 have
reported that electrostatic interaction makes no contribution to the overall
thermodynamics of the guar adsorption process onto talc. The major driving force is
entropic as guar adsorption leads to the minimisation of talc-H,O bond. The guar is
reported to adsorb onto to the hydrophobic face of the talc and adopts a flat
conformation with a “boat type” the most likely which maximises the number of
CH/CH, group talc contacts. Morris (1996) reported that the polysaccharides

absorbed as shown in Figure 2-9. This indicates a large percentage of the polymer

18
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protrudes into the bulk solution possibly indicating the method of double layer

expansion.

The effect of guar adsorption on the zeta potential of talc is to reduce the negative
value towards zero. This can be ascribed to two factors, i.e., the low charge present
on the guar and the expansion of the double layer. As was illustrated in Figure 2-7
the zeta potential is measured at the slipping plane and is close to but not equal to
the surface charge of the mineral. Jenkins and Ralston (1998) also reported that the
galactose side chain had the effect of increasing the expansion of the electrical
double layer which would reduce the negative zeta potential further. This would
indicate that the expansion of the electrical double layer would not be homogenous
on the talc surface but would be comb-like. The nett effect of guar adsorption is
therefore to reduce zeta potential and thereby promote coagulation up to a maximum
addition level where the zela potential should remain constant. However Steenberg
{1982) indicated that steric stabilisation could occur at higher reagent dosages

negating the effect of reduced zeta potential and leading to dispersed systems.

Previous workers (Rath and Subramanian, 1997) have shown that the adsorption
density is independent of the pH of the system. This implies that changes in the
charged nature of the talc surfaces do not affect the amount of guar adsorbed
indicating that an electrostatic mechanism was not significant. Steenberg (1982)
however showed that pH had an effect on adsorption density attributed to the
changing polymer conformation. Rath and Subramanian (1997) have stated that the
cis-configuration of the hydroxyl groups play an important role in the adsorption of
guar onto the falc surface and claim that this is a major reason for the greater
adsorption of guar compared to dextrin which has trans-configuration. Jenkins and

Ralston (1998) have reported that there is no chemicai basis for the adsorption of

19
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guar gum onto the talc edge as neither monomer of a guar unit (galactomannose or

galactopyranose) adsorbs onto the talc surface.

Figure 2-9 - A schematic representation of the manner of polymer adsorption on the

surface of talc

Jenkins and Ralston, 1998 reported that hydrophobic interactions of the
polysaccharide are the dominant mechanism for adsorption onto the talc face.
However Steenberg and Harris (1984) and Mackenzie (1980) indicated that hydrogen
bonding onto the talc edge was significant and Rath and Subramanian (1997)
substantiated this by doing tests with EDTA which confirmed that adsorption onto the
talc edge occurred. It can therefore be postulated that the major mechanism is
hydrophobic for adsorption onto the talc face but that a significant role is played by

hydrogen bonding onto the edges.

20
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252 CMC

As discussed in section 2.2.2, CMC’s are charged molecules and for CMC adsorption
onto the talc surface the electrostatic repulsion between its negative charge and the

predominantly negative talc edge has to be overcome.

The CMC is reported to increase the negativity of the zeta potential of talc
{Steenberg and Harris, 1982; Morris 1996) and therefore has dispersing properties. It
should be noted here that the CMC probably introduces negative charge within the
double layer thereby increasing the negative zeta potential but the increase in the
double layer thickness also reduces the negative zeta potential. There are therefore
counter forces in terms of the zeta potential measurements. It has been shown
(Steenberg and Harris, 1982) that the zeta potential decreases rapidly with low CMC
addition but as the dosage is increased the zeta potential becomes more neutral but
remains more negative than without the polymer adsorption. It can be postulated that
the initial increase in negativity is due to the introduction of the negative charge into
the double layer but as the dosage is increased the double layer expansion becomes

more significant and this actually reduces the negative zeta potential.

Shortridge et al (1998b) indicated that high ionic strength had a beneficial effect on
the depression of talc by CMC’s during micro-flotation tests. This indicated that
soluble metal hydroxide aided the adsorption of the CMC onto the talc. Furthermore
the authors indicated that in the absence of depressant, high ionic concentrations

were also able to depress talc.
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Laskowski and Liu (1999) reported that both the carboxy and hydroxy groups play a
role in the adsorption of the CMC onto mineral surfaces. The carboxyl-group interacts
with various metallic ionic species but the hydroxyl-group is only considered to react
with the metal hydroxy species. This could indicate why the greater depression of talc
is achieved with increased ionic strength as reported by Shortridge et al (1999b) as

the greater possibility of forming metal hydroxy complexes exists.

Koopal (1992) indicated that in a polydisperse system that the smaller molecules
adsorb first onto the mineral surface but that the bigger molecules then displace the
smaller ones as a function of time. This is most likely reason for the long adsorption

times measured for CMC'’s by Hoogendam (1998).

2.5.3 NaHMP

NaHMP is a much smaller molecule than the polysaccharides and thus would not
affect the size of the electrical double layer significantly. The change in the zeta
potential should therefore be a function solely of the introduction of charge within the
electrical double layer. Jenkins and Ralston (1998) have reported NaHMP adsorbs

via hydrogen bonding probably to the talc edge and that it is limited in extent.

The reported difference in adsorption sites of the polysaccharides and the inorganic
dispersant is important in considering the possibility of co-adsorption. It is therefore
possible that one could co-adsorb a polysaccharide and the NaHMP, as their
preferred sites of adsorption are different but since the polysaccharides also adsorb
at the edge there may be competition at the taic edges. Ouyang et al, 1995 had
indicated that NaHMP affected the zeta potential and settling nature of talc by

increasing the negative zeta potential and dispersing the talc.
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2.6 Settling Tests

Settling tests are used to qualitatively describe the coagulative/dispersive nature of a

pulp and have been used to test flocculants as well as in water treatment.

It has been shown (Vergouw et al, 1998) that there is a direct relationship between
the zeta potential of a system and its setlling rate. As a system moves closer to its
pzc the settling rate increases. In this system, adsorbed ions were used to modify the
zeta potential. Their study was limited fo the effect of ions on the setiling rate of

sulphide minerals. Steric effects were thus not a factor in their investigation.

Steenberg (1982) showed that at low guar additions flocculation of the talc resulted.
An increase in the guar addition led to a greater dispersion with maximum
flocculation occurring at an addition which results in coverage of 50% of the Vbasal
plane. Steenberg (1982) further observed that CMC was an effective dispersant for
talc across all dosages. Ouyang et al (1995) indicated that NaHMP was a dispersant

for talc at all dosages.

Harris et al (1999) reported that molecular mass had a pronounced effect on the
coagulative nature of a platinum PGM bearing ore. IMP4 was shown to have no
effect on the settling rate at a 100gfton whereas the bigger guars increased the

coagulation.
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2.7

Research Objectives

The overall aim of this investigation was to characterise the effects of a polymeric

depressant and NaHMP (singularly as well as mixtures) on the surface properties of

talc and the resulting effects on the flotation performance of a PGM ore.

More specifically the research objectives can be summarised by the following key

gquestions:

How does the addition of pure polymers and NaHMP affect the zeta potential of
talc?

What is the effect of mixing polymers (guar and CMC) and NaHMP on the zeta
potential of talc?

Does the order of addition of reagents affect the measured zeta potential?

Does polymer and NaHMP addition affect the settling rate of taic?

Can the settling rate of talc measured be correlated to the zeta potential changes
observed with the different polymer additions?

Can settling tests be used with a PGM Merensky ore to indicate coagulation and
dispersion?

Can using a mixture of inorganic dispersant and polymeric depressant enhance
the flotation performance of Merensky ore?

Can the settling behaviour of the PGM ore be correlated to changes in the

flotation performance with corresponding reagent change?
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Chapter 3 GENERAL EXPERIMENTAL
PROCEDURES

This study investigates the behaviour of polymeric depressants, IMP4 and FF30 and
an inorganic dispersant on the surface properties of talc using zeta potential
measurements and settling tests. It is extended to Merensky ore with settling tests

and float testwork.

3.1 Ore Sample

3.1.1 Sample Preparation

The talc was obtained from Scotia Mines in Barberton and was wet sieved into
various size classes using a sieve shaker. The-38um size fraction was used for the
settling tests and was further ground using a mortar and pestle for the zeta potential

measurements.

The Merensky ore was obtained from Impala Platinum Mines. The ore was crushed
to -2mm and then split into one kg samples. The ore was then rod milled in the
laboratory to obtain the required size distribution. This is described in greater detail in

Chapter 5.

31.2 Mineralogical Composition

The mineralogy of the talc was investigated by XRD’s (done by MINTEK) and XRF’s

(done by the Geology department at UCT). The resulis are presented in Appendix 1.
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The results indicated that talc contained magnesite as an impurity though this was a

relatively small amount. It was therefore considered that the talc was suitable to be

used for testwork.

Table 3-1 — Mineralogy of Merensky Ore

Mineral Abundance (%)
Talc 0.5
Feldspar 40
Pyroxene 52
Chromite 3-4
Sulphides <1
Other 2-3

3.1.3 Size and Surface area

The size for the two experimental techniques (zeta measurements and settling tests)

was analysed by the Malvern Particle Size Analyser.

The surface area of the talc sample was determined using BET techniques and these

are indicated in Table 3-2.
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Table 3-2 — Table indicating the surface area and size of the material used

Sample BET surface area(m’/g) Size Distribution
Talc for Zeta 2.8 90% passing 20pm
Talc for Settling 3.6 100% passing 38um
Merensky Ore 1.6 75% passing 60um

3.2 Characterisation of Depressants

Two depressants were used in this investigation, namely IMP4 (a modified guar gum,
obtained from Trchall) and FF30 (analytical grade carboxymethyl cellulose). The
characterisation of the depressanis was performed by the Depressant Research
Facility at the University of Cape Town. The techniques used are described in
Appendix 3 and the values obtained were molecular mass, degree of substitution,

purity, moisture content, percent insolubles, viscosity and pH and these are indicated

below.
Table 3-3- Characierisation of the Depressanis used in the festwork
FF30 IMP4

Purity 98% 79%

pH 5.93 6.17
Viscosity (1.5%) 7.74cPs 6.68cPs
Mw 148 100 180 100
Mn 43 500 28 200

PD 3.4 6.7

The NaHMP was obtained pure from Saarchem.
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Chapter 4 RESULTS AND DISCUSSION OF ZETA
POTENTIAL AND SETTLING OF TALC

41 ZETA POTENTIAL

The changes in zeta potential measurement due to reagent addition can be used as
a qualitative measure to determine whether adsorption has occurred. The zeta
potential is measured at the slipping plane which is well within the diffuse layer. The
maghnitude of the surface charge or the charge within the diffuse double layer affects

the zeta potential.

The polysaccharides that were added generally had the ability to change zeta
potential in two ways by introducing charge or expanding the electrical double layer
while the NaHMP, due to relatively low molecular mass, should only affect the zeta

potential by charge effects.

The zeta potential measurements were performed to determine whether the
polymers adsorb, both singularly or when added in combination, onio the talc

surface.

41.1 EXPERIMENTAL PROCEDURE

A stock solution of electrolyte (0.1M KNO3), acid (0.01M HNO3) and base (0.01M
KOH)} was prepared. These reagents were all analytical grade and prepared in
deionised water. The NaHMP was also analytical grade and supplied by Saarchem

and was made up as a 1% solution.
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The depressants were made up as a 1% solution, that is 1g in a 100ml of deionised
water. The depressant was added at a slow rate to a stirred beaker containing the
de-ionised water. The slow addition was necessary to prevent the clumping of the
depressant leading to large masses of insoluble balls. The solution was then carefully
made up to a 100ml and allowed to equilibrate overnight. The depressants were used

for a maximum of four days and then fresh solution was made up.

The calculated amounts of electrolyte (to obtain a final electrolyte strength of
0.001M), and depressant and/or inorganic dispersant were added to a beaker
containing de-ionised water. This solution was stirred and then added to a 200ml
volumetric flask containing 0.2g of talc (a 0.1% talc solution). This mixture was then
stirred and sonicated. The pH modifiers were then added to obtain the desired pH
and then the zeta potential was measured using a Zetasizer4. The photograph of the

Zetasizer is shown beiow in Figure 4-1.

Figure 4-1 - Photograph of the Zetasizerd
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4.1.2 PRELIMINARY TESTS TO ESTABLISH OPERATING CONDITIONS

Preliminary tests were required to determine the necessary operating conditions that

would be suitable for this system.

4.1.2.1 Pure Talc
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Figure 4-2 - Zeta Potential as a function of pH for talc with KNO; as electrolyte at a

concentration of 0.001M with pzc projected

The zeta potential of talc across a pH range from 3 to 10 is indicated in Figure 4-2.
The relationship is similar to that obtained by previous researchers (Steenberg and
Harris (1984), Morris (1996)). The zeta potential was relatively constant over the pH
range from 6 to 10 whereas there was a sharp increase in the zeta potential at pH's
lower than 6.0. The pzc (indicated by dotted line in Figure 4-2) can be extrapolated

to 1.9 pH units which was in the similar region to those reported in the literature by
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Morris (1996). It was postulated that this is due to the dissolution of Mg ions (Rath

et al, 1995) from the talc edge leading to a decrease in the negative zeta potential.

For flotation systems the gangue minerals in typical PGM ores lead to buffered
systems in the region of 8.5 to 9.0 pH unils (Liddel et al, 1986). This region was
therefore the most significant for testwork and it was fortuitous that the zeta potential

was constant over that region.

4.1.2.2 Electrolyte

It was necessary to investigate the indifference of the electrolyte to the talc system.
For an electrolyte to be indifferent there should be no difference in the pzc with

changing electrolyte concentration (Rath et al 1995).

The electrolyte used for the zeta potential tests was potassium nitrate (KNO;) at a
concentration of 0.001M. Figure 4-3 below indicated how ionic strength of the
electrolyte affected the zeta potential of the talc. This indicated the indifference of the
electrolyte in that ionic strength affected the zeta potential as a function of pH but that

the point of zero charge (pzc) remained relatively unchanged.

The expected trend was that the lower ionic strength having a lower absolute zeta
potential and thus a flatter curve with the higher ionic strength a greater absolute zeta
potential. The reported pzc for talc was low (Steenberg and Harris, (1984);
Fuerstenau (1988) and pH of 1.9 estimated from this investigation was within ranges
obtained from the literature of 1.0 to 2.5. The pzc's for the three curves are obtained

by extrapolation and there is a minimal change (range was 1.9 to 2.0) and it can
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therefore be postulated that KNO; is an indifferent electrolyte for the talc used as

reported by (Rath et al, 1995).
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Figure 4-3 - The zeta potential of talc at varying electrolyte strength of KNO; indicating that the

change in pzc (profected) was minimal

4.1.2.3 Effect of time

It was necessary to determine if there was a variation in the measured zeta potential
with time to determine the duration of the conditioning step to obtain a constant zeta

potential.

The time dependence of zeta potential at a dosage of 100mg/l for all reagents was
illustrated in Figure 4-4. It can be seen that constant vaiues were obtained for all
times recorded. The zeta potential measurements remained constant from the first

measurement at 15 minutes until the last measurement at 2 hours. It has been
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reported in literature (Rath and Subramanian (1997), Jenkins and Ralston (1998))
that the adsorption of polysaccharides reached equilibrium within 15 minutes
especially for the guars. However, conversely (Hoogendam, 1998) reported that
CMC's adsorbed over a time period that was measured in years. Therefore it was
necessary that the zeta potential measurement equilibrium (within the accuracy of
the technique and equipment) was measured. It was therefore accepted that
equilibrium values could be measured from 15 minutes onwards though the

adsorption of FF30 may continue it did not appear to have an effect on the zeta

potential.
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Figure 4-4 - The effect of time on the measured zeta potential of talc in the presence of

polymers and with an electrolyte KNO; at 0.001TM at pH §
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4.1.2.4 Reproducibility

For all the tests five readings were taken with the Zetasizer4. Also the reproducibility

of the technique was evaluated by repeating the test for pure talc in 0.001M KNO,.

The results obtained are presented below in Figure 4-5.
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Figure 4-5 - The reproducibility of the zeta potential measurement technigue for pure talc in

0.001M KNO3 as a function of pH.

The tests indicated that reproducibility was acceptable though therewas a difference
in the neutral to alkaline pH range. However, this difference was not significant when

compared to the differences obtained with the varying reagents.
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4.1.3 Single Reagent Addition
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Figure 4-6 - The effect of IMP4 addition (indicated in the legend in mg/l) on the zeta potential of

i talc as a function of pH
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Figure 4-7 - The effect of FF30 addition (dosage given in legend as mg/) on the zeta potential

of talc as a function of pH
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Figure 4-8- The effect of NaHMP addition {legend indicates dosage in mg/l} on the zeta

potential of talc as a function of pH

4.1.31 Modified Guar (IMP4)

The addition of IMP4 at various dosages was indicated in Figure 4-6 as well as
Figure 4-9 and also was in agreement with other workers (Steenberg and Harris
(1984), Rath et al (1997) and Jenkins and Raiston, (1998)) who have performed zeta
potential tests of modified guars on talc. There was an expecled decrease in the
negativity of the zeta potential of the talc when IMP4 was added. As shown in Figure
2-1 the IMP4 is a low charged polymer and when it adsorbed onto the talc surface it
has the ability to lower the charge within the diffuse layer and therefore the zeta
potential. Further, due to the molecular size of the polymer (approximately 200000}, it
is expected to increase the electrical double layer and this would further reduce the

negative zeta potential as discussed in Section 2.
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It was interesting to note that even at low additions (1mg/l) there was a marked effect
on the zeta potential of talc when compared to pure talc. At this low addition
monolayer coverage should not be attained and it was therefore expected that
significant expansion of the double layer should not occur and thus the decrease in
zeta potential at the lower additions should be due to the decrease in the surface

charge of talc.

The increase in the IMP4 addition leads to further reduction in the negative zeta
potential measurements until an addition of 100mg/l beyond which the changes are
minimal. Expansion of the electrical double layer should be the significant effect at

higher dosages of IMP4.

Rath et al (1995) indicated that the effect of increasing guar dosage had a similar
effect to a changing concentration of the indifferent electrolyte. The similarity could
be seen in that no change in pzc could be noted with the changing IMP4 dosage
eventhough the magnitude of the zeta potential was changed. A similar trend was

observed in this work.

It has been reported by Jenkins and Ralston (1998) that the mechanism for polymer
adsorption can be either hydrophobic, chemical, electrostatic or via hydrogen
bonding. Jenkins and Ralston (1998) reported that the driving force for guar
adsorption onto the talc plane was via hydrophobic interactions, which agrees with
the findings of Steenberg and Harris (1984). Pugh (1989) indicated that depressants
function by replacing the water/mineral interface by a depressant/mineral one which
causes a strong repulsive hydration force. This force needs to be large enough to
repel bubbles such that flotation cannot occur. Jenkins and Ralston (1988) have
claimed that this occurs naturally at the talc edge but that the talc face is generally
the dominant surface and thus the naturally floatable nature of the talc results. It
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would therefore be imperative that a depressant adsorbs onto the talc face to achieve

depression.

Jenkins and Ralston (1998) also proposed that the mode of adsorption was that the
mannose backbone adsorbed onto the talc surface and that the galactose branch
protruded into the bulk solution. This would explain the marked decrease in the
negative zeta potential with guar addition as the electrical double layer would be
moved further outward by the galactose groups. They described the manner of guar
adsorption to be comb-like which was indicative that the expansion of the electrical
double layer is not homogenous around the talc surface but that there are peaks and
froughs. It should also be noted that the manner of polymer adsorption, with loops
and tails (Morris, 1996), also indicates why there is no homogeneity of the adsorption

on the tale surface.

Rath et al (1997) reported that a major factor in the adsorption of the guar onto the
talc surface is the cis-configuration of the hydroxyl groups. Furthermore tests
conducted with EDTA indicated that the metallic sites on the talc edge played an
important role in the adsorption of the guar onto the talc surface. It was also shown
(Shortridge et al 1998) that guars are more effective depressants than CMC’s at

conditions of low ionic strength.

4.1.3.2 Carboxymethyl cellulose (FF30)

The effect of FF30 addition on the zeta potential of talc was indicated in Figure 4-7.
The increase in the negativity of talc with FF30 addition was marked even at low
addition of 1 mg/l. The changes are less marked as the dosage was increased

though there was a continual increase in the negative zeta potential. As with the

38



Chapter 4 — Results and Discussion of the Zeta Potential and Settling Characteristics of Talc

IMP4 there was a dual mechanism involved in changing the measured zeta potential;
charge and film thickness. FF30 had a higher charge density than the IMP4 and thus
increased the negative charge in the double layer and therefore increased the
negativity of the negative zeta potential. However increasing dosage would have also
led to expansion of the electrical double layer which reduced the negativity of the
zeta potential. In this instance the mechanisms affecting the zeta potential conflict
and have opposing effects. It was postulated that at the low additions, increasing the
negative surface charge was the dominant effect whereas at higher additions the
expansion of the electrical double layer becomes more marked minimising changes
in the zeta potential. Steenberg and Harris (1984) found that at low CMC addition
there was a marked increase in the negative zeta potential followed by an decrease
in the negative zeta potential with increased dosage which then remained fairly
constant as the dosage was increased still further. This was not found at pH 9 but
was found at pH 4 (as indicated by Figure 4-8) in this investigation probably due to
the difference in charged nature of the talc surface at the different pH's due to the

counterions (Steenberg, 1982).

The structure of the FF30 (Shortridge et al, 1998; Pugh, 1988; Morris 1996) is linear
and this affects the way in which the zeta potential changed as the polymer was
added. Morris (1996) indicated that polysaccharides adsorbed in a tfrain-loop-tail
formation as indicated in Chapter 2, Figure 2-9. The multiple conformations that are
possible when macromolecules of this type adsorb onto a surface played a role in the
time taken for this macromolecule to adsorb onto the surface. However Koopal, 1992
also reported that for a polydisperse system the higher molecular species would
adsorb preferentially to the lower molecular species. This would imply that the lower
molecular species might get onto the surface of talc first, due to greater diffusion rate,

but that they would be replaced by the higher molecular species as a function of time.
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This could be a factor in the long adsorption time reported by Hoogendam et al

(1998).

The major mechanism for the polymer adsorption on to the talc plane appeared to be
hydrophobic interaction as reported by (Jenkins and Ralston, 1898; Oliveira and
Gomes, 199&; Morris et al, 1999). Jenkins and Ralston (1998) further reported that
hydrogen bonding to the edge played a minor role in the adsorption of the

polysaccharide onto the talc.

However there are investigators (Steenberg and Harris, 1984; Rath et al, 1997,
Mackenzie, 1980) who have reported that hydrogen bonding played an important role
in the adsorption of guar gum onto the talc surface. It should therefore be considered
that hydrophobic interactions are important for adsorption onto the talc face and

hydrogen bonding could have played a role for adsorption onto the talc edge.

However, it should be noted that the planes are not perfect and that deformations
may play a role in the polysaccharide adsorption. The relative importance of the
interactions would be dependent on the face to edge ratio as well the deformation of

the taic plane.

4.1.3.3 Inorganic Dispersant (NaHMP)

The NaHMP addition increased the negative zeta potential to a greater extent than
the CMC. This was to be expected as it had a higher charge density as well as being
a smaller molecule had a limited effect on the possible electrical double layer
expansion Laskowski and Pugh (1992). This trend was shown in Figure 4-8. The

legend indicates dosage in mg/l.
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It was expected that the effect of NaHMP on the zeta potential of talc would be
similar to that which was observed with the FF30 (Ouyang et al, 1995). The
measured zeta potential indicated that a greater negative zeta potential was obtained
with the NaHMP than with the FF30. Possibly both effects (charge introduction and
lack of increase in double layer expansion) played a role in the greater negative zeta
potential being determined with the NaHMP but it was postulated that it was the lack

of double layer expansion which was the most significant.

it should also be noted that with the FF30 at low dosages the pH range over which
the zeta potential remained constant increased and as the dosage was increased the
range returned to similar values obtained with pure tale. On the other hand, the
NaHMP addition resulted in an opposite trend in that the range was decreased at low
additions and returned to the pure talc type of range at the higher additions. It has
been reported by Rath et al, 1995 that the decrease in negative zeta potential was
due to the dissolution of the Mg?* ions from the talc edge. This would indicate that at
low FF30 dosages the dissolution of the Mg®" was inhibited whereas at the higher
dosages it was enhanced. The NaHMP appeared to enhance dissolution of Mg* at

the lower addition and inhibit it at higher additions.

4.1.3.4 Comparison of the effect of the polymers on the zeta potential of talc

at pHY

The pH value of 9 was chosen for this representation since the nature of the gangue
minerals in PGM-bearing ores leads to buffered slurries in the region of 8.5 to 9 pH

units (Liddel et al, 1986).
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The ’effect of the polymers at varying dosages at pH 9 on the zeta potential of talc
was indicated in Figure 4-9. The contrasting effect of the polymers can be clearly
seen in terms of their charged nature, that is, guar reducing the negalive charge
while CMC and NaHMP increasing the negative charge of pure talc. As discussed
previously the NaHMP increased the negative zeta potential to a greater extent and
this was probably due to its smaller molecular mass and thus its minimal effect on the
~ electrical double layer. There appeared fo be no further change for all the polymers

when the addition exceeded 100mg/l.

At the lower dosages the electrical double layer expansion was not as marked as at
the higher dosages where the negative zeta potential was reduced to a greater
extent. As the dosage is increased to 10mg/l the decrease in the negative zeta
potential is rapid and then the rate decreased. It is postulated that at these dosages
(above 10mg/l) that electrical double layer expansion becomes more significant and
that the reduction of the negative zeta potential is most probably due fo this effect
(Steenberg and Harris, 1984). Above 100mg/l the constant zeta potential suggests
that maximum adsorption had been reached and that increasing the addition did not

lead fo increased multilayer adsorption or expansion of the electrical double layer.

FF30, a polysaccharide with a negative charge density, increased the negative zeta
potential across all dosages which does not agree with results reported by Steenberg
and Harris (1984) which indicated a sharp drop followed by a decrease in the
negative zeta potential. However the CMC that they used had a greater molecular
mass than FF30. For this polysaccharide, the change in zeta potential was most
marked at the lower dosages. Beyond 10mg/l the rate of decrease slowed but
continues until 200mg/l (last dosage added). It is thought that the continucus
increase in the negative zeta potential beyond 100mg/l indicated that 2 hours may
not be sufficient for true equilibrium as reported by Hoogendam et al, 1998. It was
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also noted that at the higher dosages used by Steenberg and Harris, 1984, (10mg/l)
the measured zeta potential was approximately equal to the one measured for
untreated talc. In this study there was a steady increase in the negative zeta potential
with dosage. This could be an effect of the difference in molecular mass of the

CMC's used.

0.0

v

o>
E

|4 S,
% e |BAPY

g 400 (el FF30
Z g HRAP

c | POTRSR——
0.

B

B L\‘ —]

N

. \

'S

0 100 200 300 400 500
Dosage in mg/l

Figure 4-9 - The effect of the polymers on the zeta potential of taic at pH 9 as a function of

polymer dosage

The NaHMP had a similar effect on the zeta potential of talc as FF30 but the
resultant zeta potential was more negative than the FF30 at the same dosage. This
could be due to NaHMP introducing a greater charge to the talc surface or that due to
its relatively small size it does not expand the electrical double layer. In this instance
the maximum rate of change in the zeta potential was at the low dosages (<5mg/l)
and thereafter the rate decreased. However the negative zeta potential still increased
faster than the rate observed with the FF30 for comparative additions. After 100mg/l
the zeta potential remained relatively constant.
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4.1.4 Effect of Mixtures

The co-adsorption of the polymers and the inorganic dispersant was investigated by
zeta potential measurements in the presence of a mixture of the polymers. It was
inferred that, if the measured zeta potential (of a mixture) was between the zeta
potential obtained for the individual additions, then the samples co-adsorbed to a
degree. However as this was an indirect measurement it was not possible to

differentiate between complex formation in bulk or co-adsorption on the talc surface.

4.1.4.1 Order of Addition
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Figure 4-10 - The effect of addition order of IMP4 and FF30 (at 1mg/l) on the zeta potential of

talc with KNO; as electrolyte at 0.001M
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The order of addition was investigated to determine whether the zeta potential was
affected by the sequence of polymer addition if the polymers were added sequentially
or simultaneously as an indication of strength of adsorption. The results from these
tests {for IMP4 and FF30) are shown in Figure 4-10 and Figure 4-11. The legend
indicates whether the reagents were added simultaneously (S), or IMP4 first (IMP4)

or FF30 first (FF30).

It can be seen that the order of addition had no significant effect on the measured
zeta potential for additions of 1mg/l. This indicated that the adsorption of the
polymers especially (FF30) is reversible below pH 6 as the final zeta potential
approximated the zeta potential of the IMP4 singular addition. However it should be
noted that at additions of 1mg/l that the adsorption density was low so that there is
sites available for both polymers to adsorb onto the surface. This was an important
finding in that it showed that the polymer, which was thermodynamically favoured,
would displace (to a degree) any other on the talc surface, which for the polymers

tested indicated that IMP4 would displace FF30.

At the higher addition of 50mg/l (Figure4-11) there appeared to be a difference in the
resultant zeta potential with the varying reagent order. However this change was not
as expected in that the combined addition had a zeta potential closer to that of IMP4
only than the addition when IMP4 was added first. However it can be seen that the
difference is minimal when compared to the difference between the single reagent
additions. This indicated that the effect of reagent order was much less than the
measured zeta potential differences between the single reagent additions. For

remaining tests simultaneous additions was used.
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Figure 4-11 - The effect of addition order of IMP4 and FF30 (at 50mg/i) on the zeta potential of

talc with KNQ; as electrolyte at 0.001M

4.1.4.2 IMP4 and NaHMP added together

In Figure 4-12 the effect of IMP4 addition on the zeta potential of talc with NaHMP

was indicated. The measured zefa potential indicated that co- adsorption was likely.
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Figure 4-12 - The combined effect of IMP4 and NaHMP on the zeta potential of talc at a pH of 9

It can be seen that even at the high IMP4 addition of 100mg/l that the NaHMP has an
effect on the zeta potential by increasing the negative zeta potential. There was a
clear trend in that as increasing amounts of NaHMP was added at constant IMP4
addition the zeta potential became more negative. The change in zeta potential is
more pronounced at low NaHMP addition (1mg/l) and then the slope of the curve
flattens out. The increased adsorption affinity of the IMP4 is borne out by the skewing
of the combined zeta potential towards the pure IMP4 value. This is especially
marked at higher IMP4 additions but it should be noted that even at 100mg/l IMP4
that the negative zeta potential was increasingly negative with NaHMP addition. This
indicated that co-adsorption of IMP4 and NaHMP on the talc surface was possible.

However Jenkins and Ralston, 1998 have reported that NaHMP adsorbs onto to talc
edge rather than the face which indicated that there might be no competition between
IMP4 and NaHMP for adsorption space on the talc mineral. Further work in this area
to elucidate the mechanism may require adsorption tests to see if a change in zeta

potential can be related to a change in adsorbed amount of IMP4. It may be that
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there is no displacement of IMP4 from the talc surface with NaHMP addition but that
the NaHMP adsorbs onto the edge. The relative size of the molecules implied that
IMP4 would be more dominant as it would expand the electrical double layer as well

as reduce the surface charge of the talc mineral.

it should also be considered that the NaHMP adsorption density was increased due
o the presence of the guar in that it was possible that the NaHMP adsorbs onto the
guar molecule itself. This would increase the “surface area” available for the NaHMP
adsorption as it had been reported (Jenkins and Ralston, 1998) that NaHMP
adsorption onto talc was minimal and limited to the edges. However with the guar
adsorbed onto the entire talc surface, that “surface area” could become available to
the NaHMP. This could explain why the zeta potential was changed with NaHMP
addition even when the IMP4 addition was 100mg/l considering that minimal changes
were noticed when IMP4 dosage was increased beyond 100mg/l (when compared to

the zeta potential changes at the lower dosages).

4.1.4.3 FF30 and NaHMP added together

The relationship between the combined addition of FF30 and NaHMP and the
measured zeta potential at a range of pH’s are indicated in Figure 4-13. In spite of
both polymers being negatively charged a measure of co-adsorption appears to
occur. It is interesting to note that there was a crossover at approximately 30mg/l

NaHMP in the zeta potential measurements.
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Figure 4-13 - The combined effect of FF30 and NaHMP on the zeta potential of talc at a pH of §

At low NaHMP additions a similar trend is observed to that seen with the IMP4 and
NaHMP mixture in that the NaHMP increases the magnitude of the negative zeta
potential which indicated a “compromise” between the individual zeta potentials. The
anomaly was that at 1mg/l NaHMP addition the most negative zeta potential was
achieved with 100mg/l FF30 followed by 50mg/l and then 1mg/l the least negative
zeta potential. This would be expected behaviour if one considers the combined zeta
potential to be a linear additive one between the zeta potential of the polymers on
their own. However there is a crossover at approximately 30mg/l (estimated from
graph) and at 100mg/l NaHMP the order is different in that the most negative zeta
potential is obtained with 1 mg/l FF30 and the least negative with 100mg/l FF30. This
could be due to expansion of the elecirical double layer at increased FF30 additions
as the surface charge of the talc should be similar at the higher FF30 and NaHMP

additions. This indicated the conflicting mechanisms that dictated the zeta potential in
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that increasing charge with the electrical double layer increased the zeta potential but

that expansion of the double layer decreased the negative zeta potential.

This indicated that co-adsorption of the high negatively charged polymers was
possible onto the talc surface. This suggested that FF30 and NaHMP adsorbed onto
different sites on the talc surface with the NaHMP on the talc edge as suggésted by

Jenkins and Ralston, 1998 but this was not conclusive.

4.1.4.4 IMP4 and FF30 added together
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Figure 4-14 - The combined effect of IMP4 and FF30 on the zeta potential of talc at a pH of 9

It has been reported that these polysaccharides both adsorbed on the plane of the
talc surface as well as the edge and that IMP4 adsorption was thermodynamically
favoured to FF30 (Harris, 2000). Figure 4-14 indicated co-adsorption was achieved

even at relatively high additions (100mg/l) of both polysaccharides.
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A similar behaviour was displayed to that observed with the IMP4 and NaHMP
mixture. There appeared to be co-adsorption in that instance as both IMP4 and FF30
are thought to adsorb onio the talc face and would thus compete for sites. It should
be noted that the combined zeta potential is between the zeta potential of the
measured zeta potential of the individual additions. As the FF30 dosage is increased
the zeta potential becomes increasingly negative though this trend is minimised at
the higher IMP4 additions (50 and 100mg/l) which indicated that IMP4 had the
greater affinity for the tale surface and that electrical double layer expansion is more
significant. However this also indicated that even though sufficient IMP4 was added
for monolayer coverage that FF30 was able to co-adsorb onto the talc surface
affecting the zeta potential. In this instance adsorption tests are recommended as
they would indicate whether the guar was being displaced by the CMC or if the CMC

was able to adsorb without displacing a portion of the IMP4.

4.2 SETTLING TESTS

The settling nature of particles in a slurry has been shown to represent the
coagulative or dispersive nature of the pulp and is important in a flotation context in
that particles in a pulp which are agglomerated may cause a poorer flotation
performance. This could be due to valuable minerals being trapped within gangue
particles and thus lost or that gangue material attached to valuables float due to this

coagulation and thus reduce the grade of the valuables in the concentrate.

The settling characteristics of talc was measured to determine the relationship
between zeta potentials and settling rate. It was postulated that near neutral zeta
potentials would have led to a coagulated system whereas absolute zeta potentials in

excess of 30mV (Pashey, 1992) would have led to dispersed systems.
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For the settling tests an image analysis technique was used which measured the
luminosity (a more detailed description is available in Chapter 3} down the tube. The
scale for the luminosity was from 0 (no light transmitted) to 255 (all light transmitted).
This meant that if a low luminosity reading was obtained, at that point the
concentration of solids was high. For this tests a point 3cm below the meniscus was

used at a time of 10 minutes after mixing.

4.2.1 Experimental

The reagents were made up as described in section 4.1.1 and similar conditions
were used to that of the zeta potential measurements. In this instance 2g of talc of-
38um was used in a 100ml of solution. The depressant and or polymer were added
with the calculated amount of the KNO; stock solution to obtain 0.001M electrolyte

strength. KOH and HNO; were used as the pH modifiers.

The talc was added to the solution containing the reagents in a beaker and was
stirred. It was then transferred to a cylindrical settﬁng test vessel for the settling test
and de-ionised water added to makeup the 100ml volume of pulp. This was then
mixed for a further five minutes by continuously inverting the mixture. The solution

was sonicated for a further minute.

The settling setup is illustrated below in Figure 4-15. The settling vessel (length 23
cm and diameter of 28mm) was placed in a water-bath which maintained a constant
temperature of 25°C. A black and white video camera captured the image which was
then analysed by the software package OPTIMAS. The macro which was used and
sample output can be found in APPENDIX 4. Essentially the length of the slurry

{18cm) was divided into 180 points along the centre. The luminosity was measured at

52



Chapter 4 — Results and Discussion of the Zeta Potential and Settling Characteristics of Talc

each point at various times for a period of one hour. These values were then
exported to the spreadsheet package Excel, where the data was analysed. For

analysis a value 3cm below the meniscus was used for evaluation purposes.

&

Figure 4-15 - Photograph of Settling Test Apparatus

4.2.2 Reproducibility

The reproducibility of the experimental technique is shown in Figure 4-16 below. It
can be seen that similar results are obtained when similar conditions are tested. This
would imply that any luminosity variation greater than 10 units can be considered

significant.
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Figure 4-16 - The reproducibility of the experimental technique for 1mg/l NaHMP at pH 3

4.2.3 Single Reagent Addition

The effect of IMP4 dosage at a pH of 4 on the settling character of talc was shown in
Figure 4-17. The change in pH investigation is due to the greater change in zeta
potential at a pH of 4 rather than at 9 which implies that greater changes in the
settling behaviour could be observed. These tests were used primarily to determine
whether zeta potential changes could be seen to change settling character. it can be
seen that at low dosages the effect of the guar can be deduced from the zeta
potential measurements in that the lowering of the zeta potential led to a more
coagulating system. However as the dosage was increased the system became
more dispersed which was contrary to the zeta potential measurements. It would
therefore appear that a correlation between zeta potential measurements and settling

character was only possible at low dosages.
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Figure 4-17 - The effect of IMP4 dosage on the settling nature of talc at pH 4.

It can be seen that at low additions (up to 1mg/l) there was a correlation with zeta
potentials (see Figure 4-6 in Chapter 4) in that the settling rate increased implying
greater coaguiation which was predicted from the zeta potential measurements.
However as the dosage was increased beyond this level, dispersion increased and
the talc settled at a slower rate. This was not in agreement with the zeta potential
measurements which became less negative with increasing IMP4 addition and
therefore implied greater coagulation and therefore a faster settling rate, however

similar results have been reported by Steenberg (1982).

it has been shown (Hiemenz, 1997) that particles can be stabilised electrostatically or
sterically. The electrostatic stabilisation can be predicted by the zeta potentials in that
like charged particles (of relatively high magnitude) will repel each other and thus not
coagulate. Steric stabilisation was ascribed to comprehensive coverage of the

particles and thus preventing particles from approaching close enough to coagulate.
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Steenberg (1982) has reported that guars do stabilise talc slurries when the addition

led to adsorption greater than half of the basal plane.

Vergouw et al (1998) investigated the relationship between zeta potential and settling
character. They indicated that good agreement was found between the zeta potential
measurements and the settling nature in that lower zeta potentials led to faster
- seftling but they investigated the effect of ions on galena and pyrite. In that system

steric effects were minimal if any.
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Figure 4-18 - The comparative effect of IMP4 at 1mg/l on the zeta potential and settling nature

of talc as a function of pH.

The comparison between zeta potential and setlling character as a function of pH, at
a dosage of 1mg/l of IMP4, was shown in Figure 4-18. This dosage was chosen due
to the correlation between the measured zeta potentials and the settling rate which
was not evident at the higher dosages. The graph indicaled that at these low

dosages that the settling character could be predicted from the zeta potential
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measurements or vice versa. This indicated that electrostatic effect was dominant at
this dosage as the lower zeta potential compared to a faster settling pulp. It should
however be noted that the tests were conducted in quiescent conditions in that no
agitation was present during the test which may affect the stability of any
agglomerates formed. It should also be noted that a zeta potential of-25mV led to a
fairly dispersed system while the zeta potential of approximately —15mV led to a
coagulated system. This was in agreement with (Pashley, 1992) who indicated that a
zeta potential of —~30 mV was required {o obtain dispersion. Vergouw et al, 1998
stated that zeta potentials of magnitude 15 mV was not sufficient for dispersion.
However it should be noted that while steric effects are minimised at 1mg/l addition

they are not completely non-effective and might still contribute to the stabilisation

sterically.
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Figure 4-19 - The comparative effect of FF30 at 1mg/l on the zeta potential and settling nature

of talc as a function of pH.
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The effect of FF30 at 1mg/i with varying pH on the settling nature of talc as compared
to equivalent zeta potential measurements was shown in Figure 4-19. The low
addition was chosen to minimise the effect of steric stabilisation. It can be seen that
there was a correlation between the zeta potential measurements and the settling
tests. It was expected that as with the guar that steric effects would dominate at
higher dosages and thus settling behaviour could not be determined from the zeta
potential measurements. The dispersion effect of CMC’s was reported by Steenberg
(1982) for all dosages. It should be noted that for this polymer the steric effect and
electrostatic effect both promote stabilisation. For this polymer it can be seen that at
the lower pH (3) that a zeta potential of approximately ~18mV was measured and
that the system was fairly coagulated. At the higher pH's measured (4 and 9) the zeta
potential was approximately —-38mV and this led to dispersed systems which was in

agreement with the prediction of Pashley (1992).

The effect of NaHMP on the settling rate of talc at 1mg/l with varying pH was shown
in Figure 4-20. The trend indicated was similar to that observed with the zeta
potential measurements though the system remained dispersed over the pH range.
While the zeta potential measurements varied from approximately—42mV at pH 5.8
to —25mV at pH 3, there was minimal change in the luminosity readings though they
did follow a similar trend. The setiling tests were not as sensitive as the zeta potential
measurements. However it should be noted that the least negative zeta potential
measured was approximately —25mV which is close to the value of -30mV indicated
by Pashley, 1992 for dispersion. The change from -25mV to —42mV did not lead to
marked changes in the luminosity but this can be attributed to the sensitivity of the

settling measurements in that further dispersive effects could not be observed.

Ouyang et al, 1995 indicated that NaHMP increased the dispersion and the negative
zeta potential of talc markedly. However the reason that they reported that NaHMP
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introduced steric effects into their system was that it was a larger molecule than the
sodium decyl ammonium sulphate that they were comparing. However compared to

the polysaccharides, NaHMP steric stabilisation was insignificant.
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Figure 4-20 - The comparison between settling behaviour and zeta potential for talc in the

presence of Tmg/l NaHMP and varying pH.

4.2.4 IMP4 and FF30 added together

The combined effect of the polysaccharides on the settling nature of falc was shown
in Figure 4-21 and Figure 4-22. There was a clear indication that a similar trend
could be noticed to the zeta potential measurements but that the settling tests were

not as sensitive as the zeta potential tests.
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Figure 4-21 - The effect of combined effect of IMP4 (at 1mg/l) and varying FF30 addition on the

zeta potential and settling nature of talc at pH 4.
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Figure 4-22 - The effect of IMP4 (at 50mg/l} and varying FF30 dosage on the zeta potential and

settiing character of talc at pH 4
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It can be seen that there was agreement in that higher zeta potential (without any
FF30) was more coagulated. With the increase in FF30 dosage from Omg/l to 1mg/l
there was an increase in the negative zeta potential from -27 to ~33mV. However
whilst increasing the FF30 dosage had an effect on the zeta potential, in terms of
increasing the negative zeta potential, the settling rate remained reasonably
constant. This could be due to the limitation of the settling system. However it can
also be seen that the lower end of the setlling tests also masked the additional

stability which should be due to steric effects.

Figure 4-22 indicated the effect of combining varying dosages of FF30 to IMP4 at
50mg/l at pH 4 on the zeta potential and settling character of talc. A similar effect to
the lower IMP4 addition can be seen. It should be noted that in this instance as well
that a similar settling nature was observed with the low and high FF30 addition. This
was probably due to the limitation of the settling tests in that the pulp may have been
more dispersed at the greater FF30 addition but this change was not measurable by

the equipment.

43 CONCLUDING REMARKS

The measurement of zeta potential clearly demonstrated the effect of polymer

adsorption on the surface charge of taic.
The guar, IMP4, was confirmed to be of low charge while the inorganic dispersant

(NaHMP) and the CMC (FF30) had relatively high negative charge densities,

resulling in more negative zela potentials.
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It appeared that expansion of the electrical double layer was significant at higher
dosages of the polysaccharides which are large molecules while that, predictably,
with the much smaller NaHMP, expansion played no part in the NaHMP adsorption. It
was for this reason that the zeta potential had a greater negative value with the

NaHMP rather than the FF30.

Zeta potential measurements suggested that IMP4 had the greater adsorption affinity
than the FF30, which in turn had a greater affinity for the talc surface than the
NaHMP. This correlated to the observation that guar was considered to be a more

effective depressant for talc than CMC in systems with no ions added.

For all polymers, the greatest rate of change in zeta potential occurred at the low
additions of reagent and then the effect reduced in magnitude with increasing
dosage. This indicated that changes in the charge within the electrical double layer
which occurred at the lower additions had a greater effect than double layer
expansion which would become significant at the higher dosages. Increasing the
dosage beyond a 100mg/l for all the reagents had a minimal effect indicating that

maximum adsorption was achieved at this level.

The polymers appeared to co-adsorb on the talc surface when added in combination.
However the mechanism of co-adsorption cannot be clearly defined from the tests
performed. An analysis of the talc surface was required to determine whether the
polymers competed for sites on the talc surface or whether they were associated with
each other. This is especially pertinent for the NaHMP which may adsorb onto the

talc edge or may find sites on the polysaccharide.

Zeta potential measurements obtained with the IMP4 and NaHMP mixture indicated
that co-adsorption of these reagents onto the talc surface was possible. The NaHMP
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affected the zeta potential of talc even when 100mg/l IMP4 was present. This
indicated that eventhough no further change was noted when IMP4 dosage was

increased beyond 100mg/l the NaHMP effected a change in zeta potential.

The effect of expansion of the electrical double layer was shown in Figure 4-13 in
which there is a crossover for the measured zeta potential with combined addition of
FF30 and NaHMP. As both these polymers are negatively charged they introduced
negative charge within the electrical double layer and therefore increased the

negative zeta potential.

The zeta potential measurements can be used to predict the settling character of a
talc puip at low polymer addition. It would appear that zeta potentials of magnitude
30mV were required to obtain a dispersive environment when steric effects were

minimised.

At low IMP4 dosages (<1mg/l) the setlling nature can be predicted from the zeta
potential measurements in that decreasing the negative zeta potential of talc led fo
an increased coagulation and therefore faster settling rate. However as the dosage of
the IMP4 was increased the pulp became stabilised and thus settled slower. This
was conifrary to what was expected from the zeta potential which became
progressively less negative with increasing dosage. Steric effects are therefore
significant at the higher polysaccharide addition and thus electrostatic effects are

minimised at these dosages.

At a dosage of 1mg/l for all the polymers the settling behaviour as a function of pH

could be predicted from the zeta potential measurements.
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The measuring of the setlling nature was not sufficiently sensitive to differentiate
between degrees of dispersion. This sensitivity would have to be improved to obtain

a greater correlation to the zeta potential measurements.
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Chapter 5 RESULTS AND DISCUSSION OF
MERENSKY SETTLING AND FLOTATION TESTS

51 SETTLING TESTS

As discussed in the previous section, the results obtained using settling tests with
talc pulp were compared to zeta potential measurements with the same talc sample.
In this chapter tests were extended to use Merensky ore. It is proposed that the
coagulative / dispersive nature of the pulp may affects the flotation performance in
that recovery could be reduced if the ore coagulates and valuable minerals are
trapped between the gangue particles. However the flotation process is followed by a
solid-liquid separation step which would be difficult to handle if the particles did not

setlle in a reasonable amount of time due to high dispersive properties.

The settling characteristics of a typical PGM ore, Merensky ore from Impala in the
presence of flotation reagents was evaluated to determine whether the effect of the
polymers could be observed at the dosages that were added in typical flotation
conditions. While CMC's and NaHMP are known to be dispersing and the guars
coagulating under certain conditions, it was not sure if that was the case at typical

plant conditions. It must also be noted that the talc content was approximately 1%.

5.1.1 Experimental

The experimental set-up (in terms of equipment—see Figure 4-15) was the one used
for the talc setiling tests with the difference for these tests beingthe operating

variables such as ore, particle size, solids concentration and the reagent addition.
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For these tests conditions similar to those that were to be used for the batch flotation
tests were used. The ore was Merensky ore which was obtained from Impala
Platinum Mine (see Chapter 3 for the mineralogy). Prior to the settling tests, a sample

was milled to 60% passing 75um was split info 30 samples.

Each sample was then added to tap water and well mixed using a magnetic stirrer.
Collector, namely sodium isobutyl xanthate (SIBX), at a dosage of 45g/ton was then
added. This was followed by 5 minutes later by CuSQ, at 30g/ton as an activator for
the sulphide minerals. Two minutes thereafter the depressant and or the inorganic
dispersant as specified was added. The conditioning was continued for a further two
minutes. Thereafter the pulp was transferred to the setitling vessel and the volume

made up to a 100mi by adding tap water.

The sample was then further conditioned by inverting the seltling vessel for a further
2 minutes and then sonicated for one minute. The seitling tests with Merensky ore

were conducted in the same way as the talc settling tests.

5.1.2 Reproducibility

The ore system with standard reagent addition excluding any depressant or
dispersant addition gave the settling characteristics as shown in Figure 5-1. The
tests were conducted in duplicate to ascertain the reproducibilly of the test
procedure. The luminosity values increased rapidly after approximately 6.5 minutes
and reached a value of approximately 170 at the end of the test. It should be noted
that a clear supernatant at the point of interest would have resulted in a luminosity of
250. This indicated that though the system was coagulating without any polymer

there were still significant amounts of particles that had not settled. It should be noted
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that these tests were conducted in tap water and therefore the effect of ions was
excluded except for the addition of CuSQO,. The increased ionic strength would be
expected to increase the coagulative nature of the system due to the formation of the
metal hydroxides which coat the particles (Vergouw et al, 1998) as well as compress

the double layer.
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Figure 5-1 - The setiling character of Merensky ore with the addition of collector SIBX(45¢/ton)

and CuS0; but without the addition of polysaccharides or inorganic dispersants in duplicate at

natural buffered pH (in; the range of 8.5 to 9.2) and a temperature of 25°C

The coagulative nature of the system without depressant or dispersant could be
attributed to the effect of the CuSQ, that is known to aid coagulation (Harris, 2000). It
should be considered that homo-coagulation would be beneficial to the flotation
process provided valuable minerals agglomerates do not become too big to be
floated but that heterocoagulation would be disadvantageous as that would involve
the agglomeration of valuable and gangue material, lowering the grade of the

concenirate.
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5.1.3 Single reagent addition

The effect of the reagents on the settling rate is shown in Figure 5-2. It can be seen
that the only reagent addition that increased the coagulative nature of the pulp was
IMP4 at 40g/ton. All the other reagents increased the dispersity of the slurry which
was expected for the FF30 as well as the NaHMP. It was noted that comparable
dispersities were obtained when the similar reagent additions of NaHMP and FF30

were compared.
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Figure 5-2 - The final luminosity (1 hour) for the slurry with varying singular reagent addition

at a point 3 cm befow the meniscus.

The addition of IMP4 at 100g/ton did not lead to a increased coagulation but to a
system which was more dispersed than the 40g/ton addition and was similar to the

slurry without any polysaccharide or inorganic dispersant.
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This indicated that steric stabilisation effects were present at the IMP4 addition of
100g/ton. While the difference in luminosity between the blank and the IMP4 at
100g/ton was not marked the difference between the two IMP4 additions was
significant. This would indicate that at typical plant conditions, steric effects might be
significant in terms of the settling characteristics of an ore. Though it should be noted
that these tests were conducted in tap water rather than plant water and thus limited

in its applicability to the plant conditions.

These results show that in tap water at plant depressant dosages which are in the
order of 100g/ton that the guar does not act as a coagulant for this system. This
could be the reason for the high dosages used on the PGM flotation plants and if a
dispersing environment could be achieved with lower guar additions, flotation
performance may be improved at lower reagent addition. Work done by Harris et al,
1999 (also done in tap water) showed that guars were coagulative but that IMP4 was
not as effective a coagulant as larger guars and that energy input has an important
effect on the coagulation. This would be an important consideration as the lower
energy input (energy/mass treated) would imply that the coagulants would not be as
easily broken up in industrial cells. This could be one of the reasons for reagents
performing differently in the laboratories compared to plant-scale tests. It should also
be noted that the use of inorganic dispersants could be considered a chemical
method of introducing high intensity conditioning. Thus perhaps adding larger guars,
which may be stronger depressants, but promote coagulation of the pulp in industrial

size cells produce poorer flotation performance than expected.

The trend with FF30 addition was as expected (indicated in Figure 5-2) with
increasing FF30 dosage leading to an increased degree of dispersion. This would be
expected from the zeta potential resulis which indicated that the FF30 increased the
negative zeta potential across the dosage range. The increased charge introduced
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onto the particle surfaces should lead to greater electrostatic repulsion which would
lead to dispersion. However as was demonstrated with the IMP4 effect on settling
character, steric stabilisation should also play a role at the higher polysaccharide
addition (Steenberg, 1982). It was probably due to this added effect that there was
such a marked change in the luminosity (and therefore degree of dispersion)

between the 40 and 100g/ton additions.

The expected trend with the NaHMP addition was shown in Figure 5-2. The
dispersion increased as NaHMP addition was increased even moving from 100g/ton
to 200g/ton. This indicated the effect of increasing charge on the particle surface and
the effect that this had on the setlling rate. It was not expected that the NaHMP
would stabilise the slurry sterically due to its relatively low molecular size. It should
be noted that similar setiling characteristics were noted for the NaHMP and the FF30
at similar additions eventhough from the zeta potential measurements the NaHMP
was shown to impart a greater negative zeta potential onto talc. Talc constitutes less
than 2% of the ore and thus effects obtained with ore and talc are not expected to be
identical. This difference in settling behaviour could also have indicated the additional
stability imparted by steric effects with the FF30 but also may be due to the effect on
the other minerals present in the ore. It should also be noted that complete
dispersion was achieved with the 200g/ton dosage which indicated that flotation at
this dosage (or greater additions) may not be feasible due to solid-liquid separation
problems downstream, though if flotation performance is enhanced enough then it
may be economically feasible. It should however be noted that NaHMP was not
expected to have a depressing effect in that it adsorbs onto the talc edge rather than
the hydrophobic face (Jenkins and Ralston, 1998) and therefore does not reduce the
flotability of talc. However the dispersive effect could improve recovery of the
valuables by releasing valuables trapped within gangue agglomerates as well as
increasing grade by cleaning up the sulphide surface of fine gangue material.
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5.1.4 IMP4 and NaHMP added together

The addition of IMP4 and NaHMP together was studied as it providedan opportunity
to investigate a system where dispersion and depression could be achieved by
different reagents. The guar (IMP4) was known to be a good depressant for taic
(Shortridge et al 1999a) and was thought to coagulate the pulp by reducing the
charge whereas the NaHMP was expected 1o stabilise the pulp by introducing

charge.
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Figure 5-3 - The effect of NaHMP addition on the settling character of Merensky ore with a

constant P4 dosage of 40g/ton.{where 140 = 40g/ton IMP4 only; I4ON50 40g/ton IMP4 and
50g/ton NaHMPE; 140N100 40g/ton IMP4 and 100g/ton NaHMP; 140N200 40g/ton IMP4 and 200g/ton

NaHMP)

The combined effect of IMP4 at 40g/ton and varying NaHMP additions on the settling

rate of a Merensky ore is shown in Figure 5-3. At this dosage of IMP4 the addition of
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NaHMP increased the dispersity of the pulp when compared to IMP4 alone. At the

200g/ton NaHMP addition the pulp was effectively fully dispersed.
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Figure 5-4 - The effect of NaHMP addition on the settling character of Merensky ore with a

constant IMP4 dosage of 100g/ton. (where 100 = 100g/ton INMP4 only; 11D0NS0 100g/ton IMP4 and
50g/ton NaHMP; MOON100 100g/on IMP4 and 100g/ton NaHMP; 1100N200 100g/ton 1MP4 and
200g/ton NaHMP)

it should be noted that even at the 50g/ton NaHMP addition the pulp was more
dispersing than the blank which indicated that the NaHMP had a greater effect on the
settling nature than the IMP4 at these dosages as expected due to its greater

charged nature.

The combined effect of IMP4 (at a 100g/ton} and varying NaHMP on the settiing
characteristics of pulp is shown in Figure 5-4. A similar trend was noticed for the
settling test in terms of the luminosity. With increasing NaHMP addition the

dispersion of the pulp increased though the change was most marked at the low
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NaHMP addition, that is, moving from no NaHMP to 50g/ton. However, therewas still
a change moving up to 200g/ton, which indicated that there was still adsorption of the
NaHMP on the particles and that it could affect the settling character of the Merensky

Ore.

Figure 5-5 indicated the combined effect of NaHMP and IMP4 on settling
characteristics of Merensky pulp. It was shown that at the higher IMP4 dosage of a
100g/ton the slurry was more dispersing than without any polymer addition.
Therefore it was possible at the 100g/ton IMP4 addition steric stabilisation was
occurring and that the dispersion was enhanced with the addition of NaHMP at
50gfton. With increasing NaHMP from 100 to 200 g/ton addition (at the 40 and
100g/ton IMP4) the dispersion achieved remained relatively constant. It would appear
that at this concentration, the increased charge that the NaHMP introduced was

offset by the electrical double layer expansion of the guar.

The increased dispersion achieved with combined IMP4 (40g/ton) and NaHMP
(50gfton) greater than the NaHMP added alone at 50g/ton addition indicated that
enhanced NaHMP adsorption may result from the presence of the polysaccharide. At
this level of IMP4 addition steric stabilisation was not significant as a singular IMP4
addition of 40g/ton led to a more coagulated pulp than the blank test as indicated in

Figure 5-1.
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Figure 5-5 - The combined effect of IMP4 and NaHMP on the settling nature of Merensky ore

{where N only = NaHMP added alone; 140 = IMP4 at 40g/ton with various NaHMP additions; 1100 =

#4P4 at 100g/ton with various NaHMP additions)

it should be noted that anomalous behaviour occurred when 50g/ton NaHMP was
added in combination with the IMP4 at both dosages. The luminosity was lower
(indicating a more dispersed system) when the IMP4 was combined with the NaHMP
than the FNaHMP on its own. There is a crossover at approximately 80g/ton
(estimated from graph) whereby higher luminosity readings would be obtained in the

presence of IMP4 than without which was the expected situation.

5.1.5 FF30 and NaHMP added together

The effect of FF30 and NaHMP added together on the settling rate of Merensky pulp
was shown in Figure 5-6. The combined addition led to a more dispersed system

than the individual additions, which was expected. This would indicate that solid
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liquid separation would not be achieved easily and that flotation with such mixtures

may not be feasible due to the downstream difficulties.
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Figure 5-6 = The combined effect of FF30 and NaHMP on the settling nature of Merensky ore

It should be noted that addition of the mixture led to an increased degree of
dispersion which was expected due to the increase addition of charge. It was noted
that the least dispersed system resulted from the NaHMP addition at 100g/on
compared to FF30 at 100g/ton. The zeta potential measurements of talc, reported in
Chapter 4, indicated that a greater charge was imparted with the NaHMP than the
FF30. However that was found with a pure talc system whereas in the ore talc
constituted less than 2% of the ore and thus overall zeta potential, if it could be
measured, would be expected to be different. However the greater stabilisation may

be due io the additional stabilisation due to steric effects.

It can be seen that the combined addition of FF30 and NaHMP resulted in a system

that was still completely dispersed (similar value in luminosity at the end of the hour
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compared to the first reading) after the length of test. This would indicate that solid

liquid separation may prove difficult after flotation.

52 BATCH FLOTATION OF MERENSKY ORE

Batch flotation tests are a valuable tool used in determining the effect of reagent
changes on the flotation performance of an ore. The change in flotation behaviour,
due to reagent changes, can be easily determined in a controlled laboratory
environment without the disturbances usually obtained on a plant. The effect due to
the reagent can therefore be evaluated independently. However changes that are
observed in 3-litre batch floats are not necessarily correlated o those observed on
the plants, normally due to the difference in physical conditions such as the

difference in energy input and water quality.

The flotation performance of Merensky ore is represented by copper assays to
represent chalcopyrite and nickel assays to represent pentlandite, although there is
some non-sulphide nickel, this representation is adequate for this thesis. The
recovery and grade analysis was calculated based on concentrate and tail analyses

of copper and nickel.

The batch flotation tests were performed to determine whether differences in pulp
condition as demonstrated by the settling behaviour, led to variations in the flotation
performance in order to test the hypothesis that increased dispersion leads to
increased flotation performance. The focus of the testwork was on IMP4-NaHMP
mixtures and these tests were done at dosages of several levels and a few tests with

FF30 combined with NaHMP were also done.
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5.2.1 Procedure

The ore used for the batch flotation tests was Merensky ore obtained from Impala
Platinum Mines. The ore was split into approximately 1kg samples. The samples
were milled in the laboratory rod mill to obtain a size classification of 60% passing
75um and then floated immediately. Single tests were conducted at each condition.

See Chapter 3 for the mineralogy of Merensky ore.

The flotation was performed in a three-litre modified Leeds Cell (Bacus, 2000). The

machine had a variable speed drive and the pulp level was controlled by a constant

head device. A photograph of the equipment is shown below in Figure 5-7.

Figure 5-7 - Photograph of the modified 3-litre Leeds Cell

The milling was done with the 1kg of ore and 600ml of tap water. After milling the
pulp was transferred to the modified Leeds cell and made up to the necessary level
with tap water. The impeller was set to 1200rpm and the collector (sodium isobutyl
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xanthate) was added at 45g/ton. The pulp was then conditioned for 5 minutes before
the CuSO, was added at 30g/ton. Two minutes later the depressant and or the
inorganic dispersant was added. A further minute later the frother Dow200 was

added and a minute thereafter the air was switched on at 6l/min.

The concentrates were collected by scraping the froth every 15s. The first
concentrate was collected for the period 0 to 1 minute, the second from 1 to 4
minutes, the third from 4 to 13 minutes and the final concentrate from 13 to 25

minutes.

Water recovery was also measured for the same time periods. The water mass was
determined by weighing the total mass recovered and subtracting the solid’s mass as

well as the mass of the water that is added to wash the scraper.

The copper and nickel assaying was done by an acid digestion technique which is
detailed in Appendix 5. The recovery calculations were based on concentrate and

tails analysis.

5.2.2 Reproducibility Tests

The flotation tests were a preliminary investigation and only singular tests were
conducted to determine the effect of depressant and dispersant addition on the
performance. The reproducibility of the float tests was obtained from a parallel
investigation using similar ore (Bacus, 2000) and showed that for 8 tests the std
deviations were:

nickel recovery 1.94; nickel grade 0.61; copper recovery 4.6 and copper grade 0.36
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5.2.3 Resuits of Batch Flotation

A summary table of the conditions and performance is presented in the table below.

Table 5-1 — Summary Table for Batch Fiotation Tests

iMP4 FF30 NaHMP Final Cu Final Cu Final Ni Final Ni Mass Water
Addition Addition Addition Recovery | Grade Recovery | Grade Recovery | Recovery
{gfton) (glton) (g/ton) (%) (%) (%) (%) (%} {9)

0 40 0 86.0 0.64 66.4 1.14 10.9 4983

0 100 O 835 0.93 61.3 1.6 7.2 685

G O O 76.2 0.52 61.1 1.02 11.0 969
40 0 0 79.0 0.58 59.2 1.16 9.4 835
40 0 50 65.8 0.72 44.1 1.258 8.0 920
40 0 100 79.9 0.94 58.1 1.54 7.1 520
40 0 200 79.4 0.94 584 1.63 6.6 549
100 0 50 80.1 1.83 58.1 3.30 3.2 502
100 0 100 778 1.16 55.0 1.91 5.1 612
100 0 200 78.4 1.26 58.6 2.31 4.8 570
100 0 0 78.4 1.32 60.5 2.5 47 525

g ¢ 50 78.7 0.75 58.9 1.34 8.5 660

G 0 100 77.7 0.60 50.7 1.18 9.1 662

0 100 100 81.1 1.31 63.0 2.61 4.8 629

5.2.3.1 Water and Mass Recovery

The water recovery for all the flotation tests was shown in Figure 5-8 and the mass

recovery in Figure 5-9. The legend indicates the reagent type (I-IMP4, F-FF30 and

N-NaHMP) and the dosage in g/ton.
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Figure 5-8 - WatereRecovery as function of time for various conditions tested
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The greatest wacer recovery was obtained for the conditions with no or low

depressant and despersant. The rest of the tests were reasonably similar in water

recovery. There ie a greater variation with the mass recovered than with the water

recovery but the ltighest mass recovered was still with no polymer addition followed

by the low additiorp of depressant and dispersant addition.
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Figure 5-9 - Mass recovered as a function of time for conditions tested

This was expected in that greater water recovery implied a more stable froth which
should result in a greater mass carryover (Engelbrecht and Woodburn, 1975). Thus
more stable froth implies a lower separation efficiency in the froth and therefore lower
grades. There is an optimum froth stability such that further concentration of the

valuables occurs but that the froth is sufficiently stable to flow in a plant situation.

5.2.3.2 Single Reagent Addition

5.2.3.2.1 IMP4

The effect of IMP4 addition on the flotation performance is indicated byFigure 5-10
and Figure 5-11. The fiotation response was evaluated by grade recovery curves for

copper and nickel.
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Figure 5«11~ The effect of IMP4 addition on the flotation performance analysed by nickel

assays

It can be seen from the graphs that minimal effect on flotation performance was

noticed at the low depressant addition (40g/ton) but at a 100gfton a significant
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improvement in the final grade was obtained at similar recoveries. This would
indicate that at 40g/ton IMP4 is ineffective as a depressant. In Figure 5-10 the effect
of IMP4 addition on the flotation performance (analysed via copper assaying) was
shown. Increasing the dosage to a 100g/ton improved the final grade significantly
without a loss in recovery. This is borne out by the mass recovery where the IMP4 at
40g/ton had a similar mass pull to the blank test. It should alsc be noted that at
40g/ton the IMP4 coagulated the pulp whilstat 100g/ton the pulp was more dispersed
than the blank as indicated by the settling tests in section 5.1. This effect, may also

contribute to the poor flotation performance obtained at 40g/ton.

The effect of IMP4 on the nickel flotation performance was shown in Figure 5-11.
The trend was similar to that observed with the copper analysis in terms of the similar
performance observed with IMP4 at 40g/ton and the blank and the marked
improvement in grade when the IMP4 addition was increased to 100g/ton though the
recovery was similar. The froth limiting nature at the initial stage of the float can be
seen (for the 100g/ton) in that the cumulative grade of nickel improved for the second
concentrate than for the first one. The high grade of copper recovered in the first
concentrate limited the flotation of the nickel and once the majority of the copper was
floated then the nickel followed. The additional feature of the 100g/ton IMP4 addition
was the low initial recoveries of both copper and nickel which can be ascribed to the

low mass pull, but the final recovery was similar for all tests.

5.2.3.22 FF30

The effect of FF30 on the flotation performance was shown in Figure 5-12 and

Figure 5-13. For the copper analysis, FF30 increased both recovery and grade at
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both 40 and 100g/ton. However the grade obtained with the FF30 at 100g/ton was

less than that achieved with the IMP4 at the same dosage.

The copper analysis indicated that at both FF30 dosages there was a marked
increase in the recovery but that the final grade was only slightly improved when
compared to the blank test. For this depressant increasing the dosage above 40g/ton
did not significantly improve the copper flotation response. It was however noted that
the mass pull and grade with the FF30 at 40g/ton was similar to that achieved with no
depressant. This indicated that at this addition the FF30 was not effectively acting as
a depressant though it improved flotation performance in terms of sulphide recovery,
and could therefore to be seen to aid collector efficiency. This could be due to the
dispersing effect as well as the surface cleaning effect of the FF30 which had allowed
sulphides which had agglomerated to the gangue to be recovered. Wellham et al
(1992) also reported that CMC acted as a nickel activator rather than a magnesia
depressor. When the FF30 dosage was increased to 100g/ton there was a decrease
in the mass pull and an increase in initial copper grade and decrease in final
recovery. It would thus appear for FF30 to act as a depressant a dosage greater than
40g/ton was required. However this does not imply that 100g/ton would be the

optimum dosage for this ore.
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Figure 5-12- The effect of FF30 addition on the flotation performance analysed by copper
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Figure 5-13 - The effect of FF30 addition on the flotation performance analysed by nickel
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The nickel analysis indicated a similar frend to that observed with the copper analysis
in that there was an increase in both final grade and recovery with 40g/ton FF30.
However as with the copper analysis although the recoveries were highest the
improvement in grade was not as marked as with the 100g/ton IMP4 addition. The
difference in performance may be due to the nature of the pulp as the FF30 resulted

in & more dispersed pulp than that obtained with the IMP4.

5.2.3.2.3 NaHMP

The effect of NaHMP addition on the flotation performance of Merensky ore is shown
in Figure 5-14 and Figure 5-15. From the copper analysis there was virtually no
improvement in the flotation performance with NaHMP addition. There was a slight
increase in recovery possibly due to the dispersing function probably preventing
valuable minerals from being entrapped with gangue minerals, a form of slime
cleaning. This indicated that the dispersion obtained with the NaHMP as shown in the
settling tests did not resuit in improved flotation performance. Dispersion without

depression did not markedly improve flotation performance compared fo the blank.

The nickel analysis indicated minimal influence of the NaHMP on the flotation
performance in that final grade and recovery were not significantly different to that
achieved with the blank There was however a slight increase in the initial nickel

grade with the NaHMP addition which may be due to slime cleaning.
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Figure 5-14 - The effect of NaHMP addition on the flotation performance analysed by copper
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Figure 5-15 - The effect of NaHMP addition on the flotation performance analysed by nickel

assays
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5.2.3.3 IMP4 and NaHMP added together

The addition of IMP4 and NaHMP together was evaluated at 2 dosages of IMP4
(40,100 gfton) and 4 dosages of NaHMP (0,50,100,200 g/ton). At the low IMP4
(40g/ton) addition there was an increased final copper grade obtained with NaHMP at
100 and 200g/ton when compared to the singular IMP4 addition at 40g/ton as
indicated by Figure 5-16. There was no significant difference in the final recovery
~ though there was a slight increase with the NaHMP additions. However at the low
addition of NaHMP of 50g/ton the recovery was significantly reduced when compared
to the IMP4 on its own. The grade with the fower NaHMP addition was also increased
when compared to the IMP4 singular addition. The mechanism for improved flotation
performance could be due to slime cleaning in that at this addition of IMP4
coagulation was favoured and that the addition of NaHMP removed gangue from the
valuable mineral surface. The detrimental impact of the lower NaHMP addition could
be ascribed to the change in the setiling behaviour as described in Chapter 6. With
the 50g/ton NaHMP with guar at 40g/ton addition the system was more dispersed
than 50g/fton NaHMP addition on its own. This implied that the guar was acting as a

dispersant at this dosage.

The initial copper grades were also significantly improved with NaHMP addition at all
additions though the recovery was lower. This indicated that less mass was floated in
the initial stages which indicated that NaHMP could be acting as a depressant when
used in conjunction with IMP4. However the dispersing function of the NaHMP could
be leading to the cleaning of the sulphide surfaces thereby reducing gangue

carryover which could be the mechanism for the higher grades.
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Figure 5-16 - The effect of NaHMP addition on the flotation performance with IMP4 at 40g/ton

analysed by copper assays
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For the nickel analysis, Figure 5-17, a similar trend was observed in that the 100 and
200g/ton improved the final grade when compared to the single IMP4 addition. In this
instance the recovery was reduced though this was not marked. The lower addition
of 50g/ton NaHMP decreased nickel recovery noticeably at similar final grade to the
singular IMP4 addition. This would indicate that without sufficient depressant

increasing the dispersion of the pulp had a deleterious effect on the flotation

performance.
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Figure 5-18 — A comparison of water and mass recoveries for depressant addition of 40g/fton

with NaHMP varying fo defermine froth nature.

From Figure 5-18 it can be seen that at comparable water recoveries the mixture of
IMP4 at 40g/ton with NaHMP at 50g/ton resulted in the lowest mass recoveries than
the other conditions indicated. This would imply less gangue flotation, as the ore is
predominantly (approximately 80%) gangue and thus at similar entrainment values
lower gangue mass was floated. This would imply that for the tests shown that the
iMP4 and NaHMP at 50g/ton was the best depressant. it can also be seen that at this

dosage of depressant (and test conditions) that IMP4 was the better depressant than
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FF30 as lower mass was recovered with the IMP4 than the FF30 at the same water
recoveries. It can be concluded that at 40g/ton FF30 did not act as a depressant as

its performance is similar to the blank.
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Figure 5-19 - The effect of NaHMP addition on the flotation performance with IMP4 at 100g/ton

analysed by copper assays

The initial nickel grades were also improved significantly as was observed with the
copper analysis. This probably indicated the effect of slime cleaning in that the
sulphide surfaces are cleaned of fine gangue particles which improved the grade
initially. However as the availability of the sulphides decreased, it appeared the

gangue flotation increased due to the insufficient depression.

91



Chapter 5 — Settling Tests and Flotation Tests with Merensky Ore

7.5

80 +—

>
tn

i ;—n-»noo }
s B 1100NSO |
3 |- -~ 1100N100
5 I~ g - 1100NZO0 |

w
=]

1.5 S —

00

0.0 200 40.0 60.0 80.0

Recovery in %

Figure 5-20 - The effect of NaHMP addition on the fiotation performance with IMP4 at 100g/ton

analysed by nickel assays

The effect of adding NaHMP to IMP4 at 100g/ton (Figure 5-19 and Figure 5-20)
appeared to benefit both copper and nickel flotation at low dosage (50g/ton). The
copper flotation was only changed at the low NaHMP addition in which there was a
marked increase in both final grade and recovery. The higher NaHMP dosages (100
and 200g/ton) had no effect on the final grade and recovery though the initial grade
was improved with 100g/ton and lowered with 200g/ton. At this dosage of IMP4 the
effect of the NaHMP is not as marked and seemed reversed when compared to the
40g/ton where benefit was seen at the higher dosages rather than 50g/ton.

For the nickel flotation performance there was a decrease in recovery when NaHMP
was added at all dosages though this was compensated for by a higher final grade at
50g/ton addition. The initial increase in grade could be ascribed to the high copper

content depressing the flotation of the nickel
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Figure 5-21 - A comparison of water and mass recoveries for depressant addition of 100g/ton

with NaHMP varying to defermine froth nature

Figure 5-21 indicated that the lowest mass recovered at comparable water recoveries
was achieved with the IMP4 (at 100g/ton) and NaHMP (at 50g/ton). This implied that
the froth nature was less stable with the IMP4 (100g/ton) and NaHMP (50g/ton)
mixture and thus less gangue would be entrained with the float. This concurred with
the assaying in which the highest grade was achieved with this mixiure. This
substantiates the perception that IMP4 is a better depressant than FF30 as the mass
recovered with IMP4 was less than that achieved with FF30 at comparable water

recoveries and thus similar entrainment performance.

5.2.3.4 FF30 and NaHMP added together

This mixture was not the focus of the investigation and only one mixture was

investigated.
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Figure 5-22 - The effect of NaHMP addition on the flotation performance with FF30 at 100g/ton

analysed by copper assays

The results of one test of the combined effect of FF30 and NaHMP on the copper
flotation performance was shown in Figure 5-22. The addition of the NaHMP
improved the final grade of the concentrate at a slightly reduced recovery. This
indicated that even in dispersed systems (FF30 at 100g/ton was dispersed) that the
addition of the dispersant appeared to affect the flotation response. The initial grade
was increased though the difference in recovery for the first concentrate was
significant with over 60% of the copper being recovered without the NaHMP

compared to below 21% with the NaHMP,

The nickel flotation performance (Figure 5-23) was improved with the addition of
NaHMP in terms of both final grade and recovery. The increase in grade with the
second concentrate was marked. The initial grades (for first concentrate) were similar

but the recovery was slightly lower with the NaHMP addition.
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Figure 5-23 - The effect of NaHMP addition on the flotation performance with FF30 at 100g/ton

analysed by nickel assays

For the copper flotation there was an increase in final grade and a decrease in the
recovery. The initial grade is also significantly improved though the recovery is lower.
This probably indicated the slime cleaning effect of the NaHMP in that less gangue is

being associated with the valuabie sulphides.

For the nickel analysis there was an improvement in final grade and slightly in
recovery. The initial grades were similar but then with the NaHMP the grade

increased initially whereas with the FF30 only there was a decrease.

5.2.3.5 Relative Rates of flotation of Copper and Nickel

Figure 5-24 below indicates the ratio of copper to nickel in the concentrates when

IMP4 at 40g/ton was used as the depressant and varying amounts of NaHMP as the
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dispérsant. It can be seen that even without any depressant or dispersant, that is the
blank, there was a promotion of the copper flotation relative to the nickel flotation.
However when combinations of IMP4 and NaHMP the promotion of the copper
relative to the nickel was further enhanced. This was indicative of the froth limiting
conditions that were obtained with the NaHMP addition as copper recovery was not
enhanced but maintained whilst nickel recovery was reduced. This would indicate
that chalcopyrite (predominant source pf copper) floated to such an extent that the
pentlandite was depressed. The varying additions of NaHMP did not appear to affect
the copper nickel ratio in the first concentrate. However when the copper was
recovered the nickel recovery increased such that similar final ratios were obtained

for all the tests.

4,00

3.00
Z
o
= e 140
o e [40-NED
B 200 - = 140-N400
% R e +{40-N200
14 e bl =T
&
b~
g
]

15 20 25 30

Time in minutes

Figure 5-24 —The ratio of copper to nickel in the concentrates during the flotation of Merensky

ore using IMP4 at 40g/ton (140) with varying additions of NaHMP (N).

The effect of NaHMP addition on the copper nickel ratio with a 100g/ton IMP4
addition was shown in Figure 5-25. A similar trend was observed though the

100g/ton IMP4 singular addition also had a significant effect on the increased copper
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to nickel ratio. It should be noted that at this dosage of IMP4 that 50 and 100g/t
NaHMP increased the ratio while 200gfton reduced it to below the IMP4 addition.
When compared to the 40g/ton IMP4 addition the greatest increase was observed
with the 100g/ton NaHMP addition while the 50 and 200g/ton had similar effects. This
would tend to indicate that the optimum dosage of NaHMP, in terms of increasing the
initial copper to nickel ratio, was between 50 to 100g/ton. This was in the same
region as the crossover observed in the settling tests (Chapter 6) which indicated that
the settling behaviour did effect the flotation performance. Though the limited
additions tested indicated that more dosages would have to be tested before

conclusive findings can be determined.
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Figure 5-25 ~ The ratio of copper to nickel in the concentrates during the flotation of Merensky

ore using IMP4 at 100g/ton (1100) and varying additions of NaHMP (N).

It can be surmised that lower NaHMP addition, that is 50g/ton, the adsorption is
enhanced in the presence of IMP4 such that the dispersion of the slurry was

increased when compared to the NaHMP on its own. However as the dosage was
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increased the dispersion was greater with NaHMP on its own than in the presence of

IMP4.

53 CONCLUDING REMARKS

The setlling tests indicated that in general the polymer addition increased the
' dispersity of the slurry except the singular addition of IMP4 at 40g/ton. IMP4 has a
low charge density and was expected to coagulate the slurry especially at low
additions. The CMC and NaHMP both dispersed the slurry at all dosages tested
which was expected due to their high charge density and therefore its ability to

stabilise the ore.

The 100g/ton IMP4 dosage reduced the coagulation of the slurry relative fo the
40gfton IMP4 addition and this was ascribed to steric stabilisation. However the
settling nature was similar to the blank which indicated that steric stabilisation is a

weak disperser.

It was also interesting to note that when the IMP4 was mixed with NaHMP at 50g/ton
greater dispersion was achieved than with the NaHMP on its own. It would appear
that the addition of the IMP4 enhanced the adsorption of the NaHMP and this led to
greater dispersion at this dosage. With increasing NaHMP addition the expected
trend was observed in that greater dispersion was observed with the singular NaHMP
addition rather than the corresponding addition with IMP4. The enhanced adsorption
at the lower NaHMP addition could be due that the IMP4 increased the co-adsorption
of the NaHMP. This would increase the charge within the electrical double layer and

increase the dispersion.
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The combined addition of the dispersing reagents, NaHMP and FF30, led to a siurry
with greater dispersity than the individual additions. This indicated that both the
polysaccharide and the inorganic dispersant affected particle surface and increased

the charge or sterically stabilised the pulp.

There was a benefit to flotation performance with the introduction of NaHMP in
combination with the polysaccharide depressant. The addition of 50g/fton NaHMP
with a 100g/ton IMP4 resulted in the highest grades of both copper and nickel. It
would therefore appear that separating the dispersion and depression reagents had
potential benefits for flotation performance. However the performance of the FF30 at
100g/ton combined with a 100g/ton NaHMP was also significantly improved but from
the settling tests solid-liquid separation may prove to be the stumbling block for such

a reagent system.

The initial copper grades were improved significantly when the NaHMP was
combined with one of the polysaccharides and this can mainly be attributed to the
decreased mass pull, as the mass of copper in the first concentrate was reasonably
constant. However the initial grade of nickel was lowered probably due to the high
grade of copper suppressing the flotation of the pentlandite. As the float time
increased, the nickel grade improved as the copper was depleted. This could be an
indication that with these reagent additions, froth limiting conditions were

experienced.

It was also noted that anomalous behaviour was noticed in the settling tests in that at
an addition of 50g/ton NaHMP greater dispersity was observed with the IMP4 than no
NaHMP addition also manifested itself in the flotation behaviour. At 40g/ton IMP4
addition the flotation performance was improved with 100 and 200g/ton NaHMP
additions but at 50g/ton NaHMP the flotation performance was significantly reduced

99



Chapter 5 — Settling Tests and Flotation Tests with Merensky Ore

in both recovery and grade. However the trend was reversed at 100g/ton where the
benefit was only observed at 50g/ton NaHMP whereas no change was noted at the

100 and 200g/ton additions.

The IMP4 single additions indicated that the low IMP4 dosage of 40g/ton was not
sufficient for depression as no change could be noticed between that test and one
containing no depressant or dispersant. This could be due to the increased
coagulative nature of the pulp as shown in the setlling test. This could imply that
while the IMP4 may adsorb onto the talc and render it hydrophilic that it may coat
onto the valuable sulphides and may be recovered in this way. However the
introduction of NaHMP at this IMP4 addition did not improve the grade significantly
though there was an improvement at the 100 and 200g/ton NaHMP additions. This
improvement could be atiributed to increased dispersion, as the NaHMP did not
indicate any depressing ability on its own. Increasing the IMP4 addition to 100g/ton
improved the flotation performance significantly and it should be noted that not only
was the depression action improved (by adding more depressant) but also the
dispersion was improved when compared to the 40g/ton addition. It could be
surmised that the optimum dosage of IMP4 might not solely be governed by the
amount required for depression but that the dosage also requires reduced

coagulation.

The results obtained with single FF30 additions indicated that it might not be as
efficient a depressant as the IMP4 in that the grades obtained with the IMP4 at
100g/ton was the highest. The marked improvement with FF30 addition was with
recovery of both copper kand nickel rather than improvement of grade. This would
indicate that the FF30 aided sulphide recovery rather than a depressant for gangue.
This could be due to increased dispersion which reduce coagulation of the valuable
minerals to the gangue and probably led to the recovery of the valuables which may
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have been locked within gangue with the FF30. It would appear that this would be an
important effect for this type of depressant though the underlying function of a

depressant should be increased grade.

The results with only NaHMP addition indicated that this reagent did not act as a
depressant at the dosages tested and the settling tests indicated that higher dosages
may not be feasible due to possible downstream solid-liquid separation difficulties.
This could have been predicted considering that the NaHMP did not adsorb onto the

talc face but rather the edge and the face is the hydrophobic surface.

it can therefore be concluded that the mixture of polysaccharide (especially guar) and
NaHMP improved the flofation performance by improving the grade of the
concentrate. This could be ascribed to differences in dispersion of the ore as the

NaHMP did not act as a depressant when added alone.
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Chapter 6  CONCLUSIONS AND
RECOMMENDATIONS

6.1 CONCLUSIONS

Zeta potential tests indicated that the polymers and the NaHMP adsorbed onto the

talc surface when added both singularly and in combination.

The changes in zeta potential with reagent mixture addition indicated that co-
adsorption of the polymers and NaHMP occurred on the talc surface though the

mechanism cannot be deduced.

Maximum change in the zeta potential occurred at the lower reagent additions with
the magnitude of the change decreasing with increased addition indicating that

optimum performance may be obtained with lower dosages.

At low additions of polymer there was a correlation between zeta potential
measurements and settling behaviour with a zeta potential of approximately -30mV
required to achieve a dispersive pulp. At higher additions steric effects were
dominant thereby affect setiling behaviour, and reducing correlation between

techniques.

The setlling tests with Merensky ore showed that NaHMP was capable of affecting

the settling nature of the pulp even in the presence of polymeric depressants.

102



Chapter 8 — Conclusions and Recommendations

The settiing and flotation tests conducted on the Merensky ore indicated that
dispersants could be used to improve flotation performance but had to be used with a

polymeric depressant.

At the addition levels tested the NaHMP on its own had no effect on the flotation
performance. For single depressants best results were obtained with IMP4 (improved

grades).

Improved flotation performance was achieved using a depressant (IMP4 at 100g/ton)
and a dispersant (NaHMP) at 50gfton. Increasing the NaHMP addition had a

negative effect on the flotation performance.

The major improvement in flotation performance with the combined used of IMP4

with NaHMP was a higher final grade of both copper and nickel.

It can therefore be concluded that the addition of NaHMP in conjunction with IMP4
benefits the flotation performance by increasing grades of both copper and nickel. It
has been shown that dispersion of the pulp was an important parameter in optimising
flotation performance though complete dispersion is not desirable due to potential

downstream difficulties.

6.2 RECOMMENDATIONS

The mechanism of the co-adsorption of the NaHMP and a polysaccharide should be
elucidated to determine whether both reagents adsorb onto the falc surface. This
may require adsorption tests to determine whether IMP4 adsorption is reduced in the

presence of the NaHMP.
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A more comprehensive set of batch flotation tests is required to confirm the effect of
dispersion / coagulation on flotation and determine whether the optimum
depressant/dispersant mixture can be obtained for a batch flotation system. The
effect of ions need to be investigated as plant water also contains high
concentrations of ions. The analysis of the batch tests also need to be expanded to
include the behaviour of talc. Currently no reliable method exists to determine talc

content in an ore and mineralogical examination may be required.

In this batch flotation tests copper and nickel assays were used {o assess flotation

performance and this proéramme should be extended to include PGM assays.

The suitability of adding dispersants prior to flotation also need o be evaluated on

downstream processing and thus filtration tests after a float step may be required.

Other dispersants and depressant combinations should be evaluated fo optimise the

synergistic effect between depressant and dispersant in flotation.
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Talc for Settling Tests
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Talc for Zeta Potential Tests



APPENDIX 2 - BET’s and Size Data of Talc and

Merensky Ore
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Result: Analysis Table

RunNo: 7 Measured: 1381998 12233
Rec. No. 118 Arnadysed: 13/8/1998 1233
* . Source: Analysed |
Beanr 240 mm Sampler: MB17 Obg: 30.1 %!
Anatysis: Polydispeiss Rusidual: 0.588 %
Cone. = 0.0283 %Vol Dacsity = 3.200 glom*3 S.5A= 0.2843 mralg
_ Distribution: Volume D4, F= 13.54um Di3. 2= 8.37um
Oy, 0.1} = 296 um Ofv, 0.5)= 982 um D{v, 0.8Y= 28.52um |
Uniformily = 8.380E01 ;
TTSEE | veume | SEs | Vousne || S@e | Vo |
| {em) n% ! {um) ] m% |1 {um) mne% |
ot 0.00 i .15 r8.5e o.00 |
0.57 7.2 88.91
o078 0.18 $.00 6.38 103.58 0.00 B
o8t 0.26 10:48 6.47 12067 0.00
1.06 037 g 8.42 g 0.00
. 12.21 140,58
0.5 8.27 Qo8 |
1.24 14,22 163.77 !
0.71 6.08 0.00
1.44 16.57 180.80 |
168 0.97 5,87 000 |
. 19.31 22,28
1.28 5.16 0.00
1.85 2248 256,95
1.68 4.55 0.00
2.28 26.20 301.58
218 . 387 0.00
265 3083 351.46
208 272 25.56 314 1| oo s 0.00
3 3.32 " 241 | - 0.0y !
60 41.43 477,01
398 1,72 0.00
4.18 48.27 88571
X 483 T . 4.00
4.88 56,23 647.41
568 525 | Lol 0.81 754.23 0.00
: 577 2, | 0.2 y 0.00
663 | 76.3% | 878.67
] Volume (%)
40 ; 100
_80
‘ 80
30 ,
| 70
L 60
20 , 80
{ _40
. 30
g
o 20
L _10
L ‘ o
001 0.1 10 ) ) 16.0 T00.0 T000.0
« Particle Diameter (um.)
ern instruments LI, Mastersizer S long bed Ver, 215
e, UK Serial Number: 33268-44 13 Aug 98 12230

i ] (0YV16RG-207456 Fax - +idd] ()1 6B4-A827TRO



UET Chemical Engineering
YEAR 2000 YIE.L01 B
SAMFLE DIRECTORY /MUMBER: (MINF
EMELE ID: ~3EB FGES
SUBMITTER: Ma DALVEY
GFERATOR: & RAMPFLIN
JNIT NUMBER: 1
SALYSIS GRS Nitrogen

[Gummary REFORT |

ARES

SURFaCE AREA:

p——
g gy
ponck sl

TINGLE POINT SURFACE aAREs AT FP/Po O.19%98:

M CUMULATIVE ADSORFPTION SURFACE AREA OF FORES

SETHEEN 170000 AND OO0, 0000 & DIAMETER:

2 CUMULATIVE DESORFTION SURFACE AREA OF PORES

SETWEEN 170000 AND SO00.0G00 A DIAMETER:
TOROFORE ARES:

VOLUME

VOLUME OF FORES LESS THAN

0.7%11:

SINGLE FOINT TOTAL PORE
21BF.79I5 A DIAMETER AT P/Fo

CERIH CUMULATIVE ADSORFTION PORE VOLUME OF PORES
S EETWEEN 17 .0000 AND JOO0.O000 A DIAMETER:

%'IH CUMULATIVE DESORFPTION PORE VOLUME OF PORES
. DETWEEN 17.0000 AND TOO0.0000 & DIAMETER:

CAICROPORE VOILUME :

PORE SIZIE

WWERAGE FORE DIAMETER (4V/A BY BET):

IH ADSORFTION AVERAGE FORE DIAMETER (4V/4):

+JH DESORFTION AVERAGE FORE DIAMETER (4%/&):

FaBE
ETART 10:21:173 0&519
COMRFL 1T7:156:05% 0&6/19
REPET 13:29:21 0&/717/7
SarPLE WT: O.978%
FREE SFACE:  40.7%44
EQUTL INTRVL: 10
S.528% B .
TLI04As =X
4.4867 B .
4.8%79 S .
-~ . 8224 B .
LD1EBIE coisg
Q.OLEF7L co/g
Q.RLILTE colg
-3, 000N4E0 co/g
LTS, 5834 &
LA 5852 =1
107 .54348 4

14

/93
/98

78



Merensky Material for Batch Flotation and Settling

Tests



UCT Chemical Enginesryring
ASAP 2000 V3.01 B

SAMPLE DIRECTORY/NUMBER: CAT #3285
SAMPLE ID: PGM Test 14 Feed .
SUBMITTER: Magkool Dalvxe T
OPERATOR: Helen
UNIT NUMBER: 1
AMNALYSIS GAS: Nitrogen

TBUMMARY - ﬂEPORT

AREA
EET SURFACE AREA: |
SINGLE POINT SURFACE AREA AT P/Po 0.1993:
3JH CUMULATIVE ADSORPTION SURFACE AREA OF PORESA

BETWEEN 17.0000 AND  3000.0000 A DIAMETER:

BJH CUMULATIVE DESORPTION SURFACE AREA OF PORES

BETWEEN 17.0000 AND  3000.0000 A DIAMETER:
VOLUME

SINGLE POINT TOTAL PORE VOLUME OF PORES LESS THAN

1308.8731 A DIAMETER AT P/Po 0.8850:

BJH CUMULATIVE ADSORPTION PORE VOLUME OF PORES

BETWEEN 17.0000 AND 3000.0000 A DIAMETER:
BJH CUMULATIVE DESCRPTION PORE VOLUME OF PCRES
BETWEEN 17.000C AND 3000.0000 A DIAMETER:
PORE SIZE

AVERAGE PORE DIAMETER (4V/A BY BET):
BJH ADSCORPTION AVERAGE PORE DIAMETER (4V/A):
HBJH DESORPTION AVERAGE PORE DIAMETER (4V/A):

BAGE 10

START l~.2 29 04,

REPRT 16:08-48 04/
SAMPLE WT: 7.64
FREE SPACE: 31.¢2
HQUIL INTRVL: 1
1.5861 sq.
1.5478 aq.
1.56814 sq.

1.7428 aqg.

0.004100 cc

Ty ah QU}

- COMPL 16:08:49 04,/04/00

04,/00"
52 g |
8% cc
0 sec

m/g "’

m/g -
m/g ¢

/8

$.004652 co/g

C.004772 co/8

102.5608 A
119.1824 A
109.5310 A



APPENDIX 4 - Macro used for Optimas and Example of

Raw Data for Settling Tests






DEepPRESSANT RESEARCH FAciLITY
- MineraL Processing ReEsearcH UniT
UniversiTy oF Care TowNn

Methods for Depressant
Characterisation

April, 2000

Prepared by Meron Lewis, Dr Lesley Parolis
& Prof Peter Harris

Depressant Research Facility



Moisture

Weigh 3 to Sg of the “as received” sample into a2 100mL beaker. Dry overnight in an oven at
105°C. Remove from the oven and place in a dessicator for 30 minutes until cool. Weigh.

Calculate:
Moisture == w
A

A =mass of “as received” sample
B = mass of dry sample

Purity

Weigh 4g of the “as received” sample into a 400mL beaker. Add 150mL of 80% ethanol that has
been heated to 60-65°C and then immerse the beaker into a water bath that is at 60-65°C. Cover
with a foil lid as much as possible and stir for 10 minutes with an overhead stirrer. Stop stirring
and allow the solid to settle. Decant the supernatant liquid through a fritted glass filtering
crucible. Add another 150mL of 80% ethanol at 60-65°C and repeat the procedure.

Transfer the solid into the filtering crucible using 80% ethanol that is at 60-65°C. Be careful to
scrape all solid from the beaker and the stirrer. Usually about 250mL of 80% ethanol is required
to complete the transfer and to wash the solid in the crucible. Wash the residue in the crucible
with 50mL of 95% ethanol then dry the solid as much as possible using the suction. Place the
crucible in an oven at 105°C and dry overnight.

Remove crucible and place in a dessicator for 30 minutes until cool. Weigh.

Purity = (Ax10000)
(Bx(100 - C))

A = mass of purified sample
B = mass of “as received” sample
C = moisture of sample



»

Degree of Substitution

Weigh approximately 0.5g of purified sample into a metal crucible. Ignite the sample over a
bunsen burner flame until the sample becomes charred. Place in an oven at 650°C for 45 minutes.
The remaining ash should be greyish white. Grind the ash with a pestle until no lumps remain.
Dissolve the ash in a small amount of water, add methyl red indicator and titrate using 0.1N
H,50,. Calculate:

_ (0.162xB)
(1-0.080xB)

B=0.1x % = milliequivalents Na/g of pure CMC

b = consumption of 0.1N H;SO,, mL
G = weight of pure CMC, g

NB: Guar depressants are not characterized for degree of substitution

pH

Make up a 1% solution of the guar or CMC in deionised water. Measure the pH using a pH meter.

Viscosity

Make up a solution of a concentration equal to that of the highest concentration required using
deionised water. Dilute this solution to give the other concentrations required, using deionised
water. Add 16mL of each solution to be tested into the Brookfield heat jacketed vessel. Attach it
to the viscometer and turn the motor on. Allow to temperature equilibrate for about 10 minutes.
Record all of the readings.

% Insoluble Material

Weigh approximately 1g of sample and dissolve it in approximately 100mL of deionised water.
Stir for two hours. Centrifuge the sample for 10 minutes. Decant the clear liquid off and add
more water to the centrifuge tube, breaking up the gel. Centrifuge again for 10 minutes. Repeat.
Decant the clear liquid off and wash the remaining solid onto a pre-weighed filter paper (Whatman
No.1). Filter under gravity until excess water is filtered off and then dry the filter paper in an oven
at 105°C. Weigh the filter paper and calculate.

NB: Very viscous samples may require extra washing and centrifuging.



Selnsol Material = .@_éél x100

A = mass of filter paper and insoluble material (corrected for loss of water from filter paper)
B = mass of filter paper
C =mass of dry sample

Size exclusion chromatography

Sample preparation .- Add 60 mg purified polymer slowly to 20 mL 0.01 M NaNQs in a beaker
and stir until dissolved (1.5 -2 h). Centrifuge at 5000 rpm for 20 min. Decant supematant, filter
(0.45 pm) and inject ~2 mL into chromatograph and start recording file. Sample loop is 100 uL
and should be overfilled at least 5 times. NaNOs eluent must be filtered (0.45 um filter) and
degassed before use.

Chromatographic system - Waters Ultrahydrogel Linear column (0.78 x 30 cm) and guard
column. Waters 510 solvent delivery system, eluent 0.2 M NaNO; at a flow rate of 0.6 mL/min,
column temperature 45 °C. Waters R401 detector (35 °C), attenuation x 4. Rheodyne injector with
100 uLL sample loop. Data capture using A/D data logger with REFLOG3 program (EW Randall,
UCT). One point per second recorded and every 2 points averaged to give one data point per 2
seconds. Data from file is transferred to MS Excel and analysed on a template spreadsheet
containing sample information, the linear regression equation from the calibration curve, and
calculations of Mw, Mn and DP.

Calibration curve - Record the chromatograms for the 7 polyethylene oxide standards. Plot a
graph of the elution volume at the peak vs log of the molecular weight (given by manufacturer).
Calculate the equation of the linear regression line (a straight line with y = mx +c}. To obtain the
molecular weight of an unknown polymer, multiply the measured elution volume by the slope and
add the intercept and then take the antilog.

Calculation of molecular weight averages .-
Weight average molecular weight (Mw) is calculated as follows:

Mw = Z (detector response; x Mw;)
2 (detector responser)

Number average molecular weight (Mn) is calculated as follows:

Mn = Z (detector response;)
Z (detector response; / Mw;)

Polydispersity (PD) is defined as Mw/Mn



APPENDIX 4 - Macro used for Optimas and Example of

Raw Data for Settling Tests



// Startvof Running Macro to Control Camera and
// Measure rate of settling in a Measuring

// Flask. |

// Written by Greg Dickascn, Chem Eng Dept

// University of Cape Town.

// March 1697,

// First set up the system parameters. 100 Length vector for Line Luminance.
// Set Black and white camera on Channel 3.

// Calibrate system for Magbcol’s unigue geometry.

LineCNVFactors[0..8] = 0.0 ¢« 1.0 ¢ -1.0 : 180.0 : 0.0 : 3.0;
SetlolorMode (0 : 1 : 8 ¢ 1 ¢« 1 ¢+ 3 3;

SelectInputlhannel ( 3 }:

OpenConfiguration ("C:\\OPTIMASS\\CONFIG\\ANDREWD.CFG");
Calibrate (};

Calibprate (AndrewD);

CleoseWindow ("Spatial Calibration®);
Aczuire () ;
Freeze();

// ** Show("Please draw the line you want to be measured. Press OK when done.™};

SelectFullScreen (3);
SetExport {mLnPoints, 1,True);
MultipleExtract {(True);

Al = mLnPoints;

// Overall Timer for running the show.

> »




Long TimeV =

(Z:4:6:8:10:15:;20:22:20:35:40:45:50:55:60:70:80:90:100:120:220:150:180:210:240:2

70:300:230:360:380:420:450:480:510:540:570:600:0060:720:780:840:900:560:1020:1080

:1140:1200:1440:1680:1800:2100:2400:2700:32000:3300:3600};

Integer PhotoNum = Vectorlengtn{ TimeV } + 1I;

: Show ({"Press CK to start timer."):

Long TimeQ = Destime(};

TimeV + TimeC;

il

Leng Times

Integer Limit = 200;
é ActivateMeasurementSet ("AndrewD®) ;
// End of Setup; Loops to run the rest:
Loopcount = 2;
LeooC = 1;

for { Counter = 1; counter < Photonum ; ++counter )

// ** Createline { Al );

Createline ( 14.86:24.70:14.86:2.14,,);

SetExport (mLnLuminance, 1, True);

MultipleExtract (True};

Integer Stepvector = mLnluminance - Limit;

Integer leveldesc = Vectcrlength{ Stepvector[ Stepvector > 0]}

*,‘



“Chansgheetl = DDEInitiate ("Excel™, "Sheetl”™);

DDEPoke (hChanSheetl, "r" : ToText{LocpCount}, leveldesc };
GetDateTime (};

ODEPoke {(hChanSheetl, "r" : ToText{LoopCount++) : "c3", DateTime);
DDETerminate (hChanSheetl); o

DataCollection (1);

hChansheet? = DDEInitlate ("Excel”, "SheetZ®);

DDEPoke (nChanSheext?, "rlc” : totext (Counter), DateTime);

DPETerminate (nChanSheet2);

LinkMeasurementSet (L, "landrew.xls]Sheet2”, 3, Counter, TRUE} ;
ExportMeasurementSet {];

loseWindow {"Data Collection™);

//lapel waiter

//if { times[LoopC] > dostime(] ) goto walter;

DelayMS({ (times[loopC]l-times[locpC~-1]1)*1000);

LoopC++;

}

Integer Stepvector = mlnLuminance - Limit;

Integer leveldesc = Vectorlength{ Stepvector[ Stepvector > 0]);
nChansheetl = DDEInitiate ("Excel”™, "Sheetl®}:;

DDEPoke (hChanSheetl, ®r® : ToText (Looplount++), leveldesc };
CDETerminate (hChanSheetl);

Show { "Macro Complete.");
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APPENDIX 5 - Sample Calculation and Raw Data of

Flotation Tests and the Acid Digestion Technique



DIGESTION METHOD (ex Karbochem R & D Lab)

Principle

The finely milled ore sample is dissolved in aqua regia with the addition
of hydrofluoric acid and perchloric acid. The sample is made up to a
known volume, filtered and read on the AA spectrophotometer.

Reagents '

Hydrofluoric acid CP approx. 40%
Nitric Acid Cp approx. 60%
Perchloric acid Ccp concentrated
Hydrochloric acid CPp approx. 30%

For use: Mix 4 parts HCl to | part HF per volume.

Sample preparation:
Samples should be finely ground.

Method:
1.Sample is weighed out according to the type, into a 250ml wide-
mouthed Erlenmeyer flask as follows:

Concentrates 0.1g
Tails and feed (head)  0.5g

2. Digest:

Add 10 ml of the HCI/HF mixture to sample and heat to boiling.

Add 10ml HNO3 to flask and boil until sample volume is approx. 2ml.
Add 5ml HCIO4 to flask and boil until sample volume is approx. 2ml
(A white cloud will form which will rise once reaction has taken place)

3. Make up to volume and filter:

Transfer the sample quantitatively to a 100ml volumetric flask and make
up to 100 with distilled H2O. Filter through Whatman Nol into sample
bottle. Filtrate to be read on AA. Store in fridge if delay in reading.

4. Read on AA.
5.Calculation:

eg %Cu in sample = R (inppm)
100 x a (sample mass)




Test No 3
IMP4 add Ojglion
FF30 add 40\ glton
MNaHMP add 0jgfton
Mass Calcs

Tray Mass | TotTray Mass | Dry Paper | Corr paper | Papervsample Sample Mass | Acc Mass Time % Acc Mass Water

g g | g g g g g g
Feed ‘ 3.08 3 3 g 0.0 0 0.00
Conc 4 378.1 4860.5 3.02 2.94 20.57 17.63 17.6 1 1.85 64.82
Conc 2 3839 555.0 3.1 3.02 27.34 24.32 42.0 4 4.64 166.76
Conc 3 370.2 736.5 34 3.32 34,42 311 731 i3 8.08 335.16
Conc 4 369.8 811.6 34 3.32 28.43 2511 98.2 25 10.87 416.68
Blank 3.39 -0.08 3.31 3.39
Tall 7.44 7.36 §12.47 805,11
903.27 [ s34 |
Analysls
i Assays Mass Cum Recovery{F+C) Cum Recovery{T+() Cumuiative Grade
8 Cu il 8 Cu NI 8 Cu Ll Cu NI L] Cu Ll
Y% % % g g g % % e % % % % %

Feed 0.687 (.08 0.18 8.21 0.70 1.62 0.69
Cone 1 20.3 2.54 2.64 3.58 0.47 0.47 57.67 86.67 28.70 654.18 27.60 20.30 2.64 2.64
Cone 2 §.29 0.40 173 1.53 0.10 0.42 82.32 80,75 54.64 77.75 52.85 12.18 1.34 241
Conc 3 1.44 .13 0.52 0.45 0.04 0.16 849.54 86.58 64.69 83,368 62.21 7.61 0.83 1.43
Conc 4 0.64 2.08 0.28 0,16 0.02 0.07 92.13 B9.35 8§9.02 86.03 66,38 5,82 0.64 1.14
Tall 0.01 0.07 0.10 0.57 .




Test No 5
IMP4 add Oigfon
FF30 add 100 gfton
NaHMP add Qi glton
Mass Cales

Tray Mass | Tolt Tray Mass | Dry Paper | Corrpaper | Papertsample | Sample Mass | Acc Mass Time % Acc Mass | Water

g g 8. g g 8 & g g
Feed 3.33 325 3 ~0.25 0.0 0 0.00
Cong 1 3667 423.2 3.38 3.3 12.67 9.37 9.4 1 1,16 47,114
Conc 2 383.9 5018 317 3.08 13.4 10.31 18.7 4 2.43 127.42
Cone 3 3689 576.8 3.22 314 19.48 16.34 36.0 13 4.45 190.38
Conc 4 378.9 72186 3.25 3.18 25.58 224 58.4 25 7.22 320.24
Blank 337 -0.08 3.29 337
Tall 7.13 7.05 757.95 7509
) #08.32 ] 685.2
Analysls
i Assays Mass Recovery(F+0) Recovery(T+C) Cumulative Grade
Lu Mi 8 Cu Ni 5 Cu Ni Cu Ni 3 Cu Ni
% % % g g g % % % % % % % %

Fead 0.853 0.07 0.17 §.28 0.57 1.38 0.65
Cone 1 35.15 4.31 4.23 328 .40 .40 62.32 71.28 28.81 81.81 25,80 35.15 4.31 4.23
Conc 2 10.45 0.86 3.03 1.08 0.08 0.31 82,71 86.94 §1.51 75.38 46.13 22.21 2.50 360
Conc 3 2.708 6.2 0.82 0.44 0.03 0.18 £81.07 82.70 652.44 80.38 55.92 13.36 1.46 2.38
Conc 4 - 1.085 0.09 0.37 0.24 0.02 0.08 95.67 86.26 58.46 863.47 §1.31 8.856 (.93 1.61
Tall 0.01 0.08 0.11 0.59




Test No 13
1MP4 add 40 gfton
FF30 add Ojgfton
NaHMP add Olglten
Mass Cales

Tray Mass | TotTray Mass | Dry Paper | Corr paper Paper+sample Sample Mass | Acc Mass Time % Acc Mass Water

g g g g g g g g g
Feed 3.38 3.37 3 -0.37 0.0 U 0.00
Conc 1 378.1 4416 3.39 34 12.45 8.05 9.1 1 1.07 54,5
Conc 2 363.9 510.9 3.37 3.38 23.29 19.91 28.0 4 3.44 127141
Conc 3 369.8 68945 3.12 313 30.8 27 67 56.6 13 6.73 206.89
Conc 4 369.8 748.0 3.18 3.18 25.33 22.14 78.8 25 9.38 356.12
Blank 3.18 0.01 317 3.16
Tall 7 7.01 770.23 783.22
841.89 [ 834.7
Analysis
Aszsays Mass Recovery(F+C) Recovery(T+C} Cumulative Grade
Cu Ni Gu i 8 Cu Nl Cu Ll Cu i
% % Y g 1] % % % b Yo % % %

Feed (.4756 0.08 0.2 4.00 .87 1.68 .48
Cone 1 20.85 3.38 3.42 1.89 0.30 0.31 47.13 45.14 18.38 52.18 20.11 20.85 1.36 3.42
Conc 2 5.93 0.49 1.84 i.18 (.10 0.37 76.62 59.63 40.13 68.92 43.92 10.59 $.39 2.33
Conc 3 1.58 .14 0.6 0.43 0.04 0.17 87.33 65.38 49.99 78.57 54.71 8,17 0.78 1.49
Conc 4 0.6945 .08 0.31 0.15 0.02 0.07 g91.147 68.34 54.07 78.98 59.17 4,863 0.58 1.16
Tall 0.02 0.08 0.12 .63 >




Test No 8
{MP4 add Olgiton
FF30 add Ojgiton
NaHMP add Ojgfton
Mass Calcs

Tray Mass | Tot Tray Mass | Dry Paper | Corrpaper | Paper+tsample | Sample Mass | Acc Mass Tima % Ace Mass Water

g g g 4 g g g g g
Feed 321 3.2 3 -0.2 0.0 0 0.00
Conc 1 3781 4526 317 3.16 18.06 14.9 14.9 1 1.84 58.57
Conc 2 363.89 518.7 3.2 3.18 24.8 21.81 36.5 4 4.02 133.2
Conc 3 369.8 719.2 3.08 3.07 36.18 33,11 69.6 13 7.67 316.24
Conc 4 369.8 859.5 3.14 3.13 3285 29.82 994 25 10.96 460.01
Blank - 3.15 -0.01 3.14 3.18
Tall 7.13 7.42 814.85 BO7.73
807.17 [ 968.0
Analysls
i Assays iMass Recovery{F+() Recovery(T+C) Cumulative Grade
8 Cu Ni Cu Ni 8 Cu Ni Cu NI 8 GCu bl
% % % g g % % % % % % % %

Feed 0.4955 0.08 0.18 4.50 0.73 1.83 0.50
Cone 1 13.5 253 2.2 2.0 0.38 0.33 4475 51.04 20.07 55.64 18.74 13.50 263 2.20
Conc 2 5.25 0.32 1.71 1.13 0.07 0.37 89.99 61.47 42.70 65.84 41.99 8.62 1.22 1.914
Conc 3 1.82 0.13 0.67 0.60 0.04 0.22 83.38 67.40 56.29 72.20 5535 5.38 0.70 1.32
Cone 4 0.7585 0.09 0.32 0.23 .03 0.10 88.43 7110 62,13 76.16 81.09 4.00 0.52 1.02
Tafl 0.02 0.08 0.16 (.65




Test No 17
NP4 add 40iglion
FF30 add OlgHon
NaHMP add G0{giton
Mass Calcs

Tray Mass | Vot Tray Mass | Dry Paper | Corr paper | Paper+sample Sample Mass | Adc Mass Timea % Acc Mass Water

g ] g g g ] g g -
Fesad 3.98 3.97 3 .97 0.0 g 0.00
Conc § 378.1 434.0 3.93 3.92 11.52 1.6 78 i 0.77 48.28
Cone 2 175.0 380.2 3 .87 3.86 2043 16.57 24.2 4 243 168.61
Conc 3 369.9 7654 388 3.87 38.15 34.28 58.5 13 588 361.28
Conc4 azag 7416 3.76 3.75 24.75 21 79.5 25 8.00 341.62
Blank 3.38 -0.01 3.37 338
Taii 7.83 7.62 921.54 913.92
93.37 [s108 |
Analysils
i Assays Mass Recovery(F+C) Recovery(T+() Cumulative Grade
8 Cu NI Cu Ni 8 Cu Ni Cu NI Cu Ml
Y% %o % g g % % % % % % % %

Feed 0.378 0.07 017 3.75 0.70 1.89 0.38
Congc 1 18.7 5.13 378 1.42 0.39 0.28 37.85 56,07 17.01 44,78 12.73 18.70 5.13 3.78
fonc 7.08 0.865 2.44 1.17 0.1 0.40 £§9.00 71.56 40.95 57.12 30.65 10.72 2.08 2.868
Conc 3 1.805 0.18 0.7 0.62 0.05 (.24 85.48 78.45 55.16 83.42 41.29 5.49 .95 1.58
Conc 4 0.626 0.1 0.3 0,13 0.02 0.06 58.98 82,47 58.89 65.83 44.08 4.21 Q.72 1.28
Tall 0.03 .14 0.30 1.26 >




Test No 15
IMP4 add 40{glton
FF30 add Olglton
NaHMP add 1001 glton
Mass Cales

Tray Mass | TotTray Mass | Dry Paper | Corr paper | Papertsample | Sample Mass | Acc Mass Time % Acc Mass | Water

4 g 8 g g g ] ] g
Feod 4.13 4.12 3 -1.12 0.0 0 0.00
Cone { 370.8 413.0 4,09 4.08 7.64 3.56 3.6 1 041 38.98
Cone 2 383.9 451.9 3.95 3.94 17.09 13.18 16.7 4 1.81 74.86
Conc 3 370.2 535.9 3.87 3.86 24.34 20.48 37.2 13 4,25 145.19
Conc 4 369.8 855.8 3.86 3.85 2882 24.77 §2.0 25 7.08 261.37
Blank 3.81 -0.01 3.8 3.91
Tall 7.57 7.56 820.75 813.19
B75.18 i 5204
Analysls
Assays ffass Recovery{F+C) Recovery[T+C) Cumulative Grade
8 Cu Ni 8 Cu NI 8 Cu i Cu i S Cu NE
% Y % g g g % % % % Y% Y % %

Fead 0.382 0.08 0.17 3.34 0.70 1.49 0.38
Conc | 20.2 6.35 3.687 0.72 0.23 0.13 24.54 32.20 878 31.04 7.94 20.20 835 367
Cong 2 10.6 1.9¢ 34 1.39 0.28 0.45 63,21 69.67 36.83 66.88 35.11 12.65 2,92 346 -
Cone 3 3.525 0.28 1.28 0.72 0.06 .26 84.80 77.82 56.45 74.81 51.05 7.82 1.46 2.28
Conc 4 1.27 0.18 .47 0.31 0.04 p.12 94.21 83.13 64.28 79.92 §8.12 5.08 0.84 1.54
Tail 0.02 .08 0.18 (.69 .




Test No 20
IMP4 add 40 gfton
FF30 add glton
NaHMP add 200]giton
Mass Caics

: Tray Mass | Tol Tray Mass | Dry Paper | Corr paper Papertsample Sampls Mass | Acc Mass Time % Acc Mass Water

g g g 9 g g g g g
Feed 4.43 4.14 3 -1.14 C.0 0 0.00
Conc 4 3705 407.2 4.16 4.17 8.15 3.98 4.0 1 0.42 32.7
Cong 2 3683.9 470.9 4.2 4.21 18.35 14.14 18.1 4 1.93 92.89
Conc 3 arn.2 547.6 4.21 4.22 24.91 20.68 38.8 13 4.13 156.72
Conc 4 J69.8 860.1 4.08 4.1 27.27 2317 82.0 25 6.60 267,12
Hiank 4.07 0.01 4.08 4.07
Tali 6.87 §.88 B84.48 B877.8
939.58 5494
Analysis
i Assays Mass Recovery(F+C} Recovery{T+C) Cumulative Grade
8 Cu i 5 Cu Wi 8 Cu Ml Cu Nl s Cu Ni
% % Y g g g % % % % % % % %

Feed (1.3885 0.09 0.18 3.65 .85 1.69 0.39
Conc 1 214 6.5 4.81 0.85 0.26 0.18 23.33 30.59 10.85 35,38 10.64 2140 6.50 4.61
Cong 2 9.885 1.64 342 1.39 0.23 0.48 61.55 5802 38.44 67.11 38.89 12.40 2.71 3.68
Cone 3 3.29 0.28 1.13 0.68 0.08 0.23 80.19 85.11 53.27 75.31 52.25 7.54 1.42 2.32
Conc 4 1.245 0.13 (.46 0.29 0.03 0.11 B8.10 88,67 59.57 79.43 58.43 5.19 0.94 1.63
Tall 0.02 0.08 ) 0.15 0.72 *




Test No 21
IMP4 add 100 gfton
FF30 add U giton
NaHMP add 50| glton
Mass Cales

Tray Mass | Tot Tray Mass | Dry Paper | Corr paper | Papertsample | Sample Mazs | Acc Mass Time % Acc Mass | Waler

] g g g g g 8 g B
Feed 3.24 3.26 3 -0.26 0.0 0 0.00
Cone 1 370.5 4016 3.23 3.25 4.7 1.45 1.5 1 0.18 20.68
Conc 2 383.9 439.3 3.24 3.28 §.08 5.79 7.2 4 0.81 89.65
Conc 3 369.9 534.0 3.24 328 13.06 8,79 17.0 13 1.80 154,29
Conc 4 369.8 8285 4.21 4.23 16.06 11.83 288 25 3.23 247 .9
Blank 4.19 0.02 4.21 4.18
Tali 6.94 5.96 872.63 866.67
§84.53 l 501.5
Analysls
i Assays Masas Recovery{F+(} Recovery({T+C) Cumuiztive Grade
5 Lu Ni C] Cu i B Cu i Cu Ml 8 Cu Ni
% % % g g g % % ¥ % % % % %

Feed 0.3985 0.08 0.17 3.56 0.72 1.82 0.40
Cone 1 339 13.78 528 0.48 0.20 (.08 13.79 £7.92 5.03 28.79 4.86 33.80 13.78 528
Conc 2 26.8 4.5 7.88 1.54 0.28 0.48 §6.99 64 33 35.46 66.32 32.84 28.08 §.36 745
Conc 3 8.275 0.66 3.18 0.81 0.08 0.31 82.47 73.38 55.99 75.63 §1.86 17.26 a.08 _5.00
Conc 4 2,495 (.26 (.86 0.30 .03 0.10 80.75 77.66 62.68 80.08 §8.06 11.21 1.93 330
Talt 0.02 0.08 0.14 (.68 *




Tast No 22
IMP4 add 1001 gfton
FF30 add Olglton
NaHMP add 100 gltors
Mass Cales

Tray Mass | Tot Tray Mass | Dry Paper | Corrpaper | Papertgsample | Sample Mass | Acc Mass Time % Ace Mass Water

g g g g 4 a g g g
Fead 3.28 3.28 3 (.28 0.0 [ 0.00
Cone 1 3ra. 415.5 3.32 3.32 4.08 0.78 0.8 1 (.08 368
Conc 2 363.9 472.9 3.41 341 14.25 10.84 11.8 4 1.23 898,14
Conc 3 aro.2 557.2 3.38 338 17.63 14.24 25.8 13 2.75 172.7
Conc 4 3788 7058.5 3.34 3.34 2564 223 48.1 25 5.12 304.27
Blank 3.31 0 3.31 3.31
Tail 7 7 898.58 891.58
; 938.72 ER
Analysis
Assays Masgs Recovery(F+C) Recovery(T+C) Curnulative Grade
8 Lu Ni Cu Nl s Cu Ni Cu Ni 8 Cu Ni
% % Y g g % % Y% % % % % %

Feed .3518 .08 0.17 3.30 0.75 1.80 0.35
Cone 1 33.2 14.33 4.6 0.25 0.11 0.03 7.64 14.49 2.18 15.07 2.00 33.20 14.33 4.60
Conc 2 16.25 3.36 522 1.76 0.36 0.57 60.97 62.94 37.81 65.47 35.87 47.38 4,08 5.18
Conc 3 4.42 0.38 1.4 0.63 0.05 0.20 80.02 70.13 $0.09 72.98 47.377 10.23 2,04 3.10
Conc 4 1.37 0.15 0.54 0.31 0.03 0.12 88.27 74.58 §7.83 77.59 54.96 8.13 1.18 1.81
Tall 0,02 0.08 0.18

0.75




Test No 23
1MP4 add 100 glton
FF30 add Olgiton
NaHMP add 200]glton
Mass Calcs

Tray Mass | Tot Tray Mass | Dry Paper | Corr paper | Papert+sample | Sample Mass | Acc Mass Time % Acc Mass Water

g g g g g ] g 4 L
Feed 3.44 344 3 -0.44 0.0 g 0.60
Conc 1 378.1 433.5 3.27 3.27 5.04 277 2.8 1 0,32 52,67
Gong 2 175.0 271.4 3.36 3.36 11.514 8.15 10.9 4 1.25 88,27
Conc 3 370.2 550.2 3.15 3.15 14.58 11.43 22.4 13 2.55 168.54
Conc 4 369.8 646.4 3.22 3.22 22.5 19.28 41.8 25 4.75 260.38
Blank 3.28 0 3.28 3.28
Tali 6.6 8.6 B40.8 834
Br5.83 | 568.9
Analysls
Assays Mass Recovery{F+C} Recovery(T+G}) Curnulative Grade
S Gu Ml Cu Ml S Cu Mi Cu Ni Cu Nl
% % Yo g g % b % % % % % %

Feed 0.3485 0.09 0.18 3.08 0.79 1.58 0.35
Conc 1 29.7 §.93 §.22 0.82 0.28 017 26.98 34.90 10.83 41.08 10.49 29.70 9.93 8.22
Conc 2 - 148 2.11 5.69 1.18 .17 Q.48 §5.95 568.72 40.35 66.77 38.74 18.43 4.08 5.82
Conc 3 5.105 .41 1.8 (.58 0.08 0.21 85.07 82.67 53.41 73.77 51.27 11.82 2.21 3.77
Conc 4 1.67 0.1 0.62 0.32 0,03 0.12 95.63 66,59 60.99 78.38 58.55 7.01 1.28 2.31
Tall 0.02 0.08 0.14 0.68 »




Tesi No 24
IMP4 add 100 glton
FF30 add U giton
NaHMP add Olgiton
Mass Calecs

Tray Mass | Tof Tray Mass | Diry Paper | Cors paper | Papertsampls Sample Mass | Acc Mass Time % Acc Mass Water

g g g g g g g g g
Feed 3.57 3.56 3 -(.56 0.0 2] 0.00
Congc 1 3res A07.9 3.48 3.47 5.28 1.81 1.8 1 0.20 35.50
Cone 2 3839 470.4 3.53 3.52 14.12 106 12.4 4 1.40 95.89
Conc 3 370.2 535.5 3.32 3.3 17.3 13.99 26.4 13 2.98 151.24
Conc 4 369.8 827.5 3.35 3.34 18.53 15.19 418 25 4,69 242 .48
Blank 3.36 -0,01 3.35 3.36
Tali B.75 6.74 851,94 8452
886.79 [ 5252 |
Analysis
i Assays Mass Recovery({F+C) Recovery(T+C) Cumulative Grade
S Gu NI g Cu Ni [ Cu Ml Cu i s Cu Ni
% Y% % g g g Y % % % Y % Y% %

Feed . 0.369 0.08 0.19 327 0.71 1.68 0.37
Gone 1 34 11.78 524 0.57 0.21 0.09 17.37 30.08 5.63 30.54 5.64 3140 11.78 5.24
Conc 2 15.2 2.46 5.64 1.61 0.26 0.60 66.61 56.81 41.11 B57.89 41.16 17.56 3.82 558
Conc 3 4.845 0.34 1.69 0.68 0.05 0.24 87.32 73.52 55,14 74.70 58,21 10.82 1.98 3.52
Conc 4 1.505 0.17 0.58 0.24 0.03 (.09 84,72 77.16 60.37 78,40 80.45 745 1.32 2.45
Tall 0.02 0.08 0.15 0.67 >




Test No 25
IMP4 add 0Ojgfton
FF30 add Olg/ton
NaHMP add 50 glton
Mass Calcs

Tray Mass | Tof Tray Mass | Dry Paper | Corr paper | Papertsample | Sample Mass | Acc Mass Time % Acc Mass Watler

] g g g g 2l 8 ] g
Feed 3.88 3.83 3 -00.83 0.0 0 0.00
Cone 1 3705 4218 3.48 343 11.84 8.51 8.5 1 0.92 42.75
Conec 2 363.9 506.4 3.41 3.36 20,84 17.58 26.1 4 2.83 124.937
Cone 3 370.2 588.8 343 3.38 31.63 28.25 54,3 13 5.89 200.08
Conc 4 378.9 605.2 3.46 3.41 27.56 24.18 78.5 25 8.50 292.14
Blank 3.5 -0.05 3458 i85
Tail 7.38 7.31 B851.88 844.55
923.04 [ 659.9
Analysis
i Assays Wass Recovery(F+C) Recovery(T+C) Cumulative Grade
] G Ni g Cu ] 5 Cu Nl Cu Ni Cu bl
Yo Y % g ] ] % Y% % Y% Y% % % %

Feed 0.375 0.08 0.18 3.48 0.74 1.75 (.38
Cone 1 13.85 4.44 3.03 1.18 (.38 (.26 34.05 §51.17 14.70 50.684 14.73 13.85 4.44 3.03
Conc 2 5.68 0,69 2.34 1.00 0,12 0.41 52.80 87.60 38.16 66.90 38.23 8.33 1.91 2.57
Cone 3 28 0,21 1 0.79 0.08 0.28 8565 7583 54.27 74.85 §4.37 5.48 1.03 1.75
Conc 4 1.135 0.12 0.4 .27 0.03 0.10 93.57 79.55 59.78 78.74 59.89 4.13 0.75 1.34
Tall 0.02 0.08 0,16 0.70




Test Mo 26
iMP4 add Olgfton
FF30 add Ojgiton
NaHMP add 100 giton
Mass Cales

Tray Mass | TotTray Maas | Dry Paper | Corr paper | Paper+sample | Sample Mass | Acc Mass Time % Acc Mass Water

g g g g g g ] g g
Feed 3.6 3.47 3 -0.47 0.0 0 0.00
Cone 1 araq 468.1 3.53 34 175 14.1 14.1 1 1.56 73.84
Cone 2 176.0 308.1 arn 3.58 2241 18.83 32.9 4 3.65 114.33
Conc 3 3699 . 551.8 3.28 315 245 21.35 54,3 13 5.01 160.57
Cone 4 385.8 7116 3.35 3.22 31.44 28.22 82.5 25 .14 313.48
Blank 3.37 -0.13 3.24 3.37
Tail 8.73 8.8 826.87 820.27
802.77 ] 8823
Analysis
Assays Mass Recovery(F+C) Recovery(T+C}) Curmulative Grade
8 Cu i 8 Cu Wi 5 Cu Ni Cu i Cu Ni
% % % g g Yo Y % Y % % % %

Feed 0.401 0.07 0,16 3.62 0.63 1.44 - 0.40
Cone 1 11.95 2.55 2.8 1.68 0.38 0.37 48,54 56.90 25.38 58.28 22.56 11.85 2.55 2.60
Cong 2 4.18 0.34 1.64 0.78 .06 0.31 68.18 67.03 46.78 66.28 41.57 7.50 1.28 2.05
Conc 3 2175 0.17 077 0.48 0.04 0.18 81.01 72.77 58.14 71.88 5168 540 0.85 1.55
Conc 4 1.18 0.13 0.46 0.32 0.04 0.13 89.97 78.58 67.13 71.70 58.67 3.95 0.80 1.18
Tail 0.02 0.08 0.14 0.66




Test No 27
INP4 add Olgiton
FFI0 add 100 | glton
NaHMP add 100ig/on
Mass Calcs

Tray Mass | TotTray Mass | Dry Paper | Corr paper | Papertsample | Sample Mass | Acc Mass Time % Acc Mass Water

g -8 8 g g g .- g ]
Feed 3.28 3.28 3 -0.26 0.0 0 0.00
Conc 1 370.5 411.9 33 3.28 4,98 1.7 1.7 1 0.18 38.74
Gonc 2 363.8 470.8 3.27 3.25 13.08 9.83 11.5 4 1.26 97.11
Cone 3 370.2 562.9 in 328 17.39 14.1 2556 13 2.79 178.55
Conc 4 378.9 714.0 3.23 321 218 18.38 44.0 25 4.80 313.68
Blank 3.23 -0.02 3.21 3.23
Tall 7.14 712 880.28 873.14
817.16 [ 629.1
Analysis
Assays Mass Recovery(F+G) Recovery(T+C) Cumulative Grade
£ Gu Ni Cu Ni ) Cu Ni Cu NI 8 Cy Ni
% % % a g g % % % % % % Ye b

Feed 0.86 0.08 0.18 §.07 0.73 1.74 0.66
Cone 1 41.3 8.47 4.4 0.7¢ 0.14 0.07 14.67 19.62 4.29 20.29 4.1 41.30 8.47 4.40
Conc 2 3584 3.29 6.02 3.48 0.32 0.59 68.93 6§3.70 38.25 65.87 36.60 38.27 4.05 5.78
Conc 3 1014 (.56 2.69 1.42 0.08 0.38 92.40 74.46 60,02 76.89 57.42 21.87 2.13 4.08
Conc 4 1.9 0.18 0.55 0.35 0.03 0.10 98.16 78.47 65.82 81.14 62.98 13.53 1.31 2.51
Tall 0.02 0.08 0.13 0.67 *




Sample Calculation for Batch Flotation Testwork

Data obtained from test:

Mass of all concentrates and tail {Meonc and Meai))

Water recovery for all concentrates
From Chemical Analysis of concentrates and tails the copper (Cu) and nickel (Ni)

content was obtained. (See Acid digestion technique in this Appendix for further

explanation).

Recovery Calculation was based on the concentrate and feed analysis.
Mteeg ™ Meoncs + Mhait

Cureeq = CUgM cone *+ Cllgi

Recovery in % = Clcsne Meone/ {Cltsed Mieeq) 100

For cumulative recovery the cumulative grade of concentrates was calculated and
multiplied by the cumulative mass of the concentrate to obtain the cumulative copper

racovered.
For example the formula for the cumulative grade (g) of Cu for the entire concentrate:

9CUconc1-4=(GCUconer ™ Miconct +gCUcgncz Meoncz G CUconea  Meonca+GCUcones Meones )/ total mass



APPENDIX 6 - Raw Data for Zeta Potential Tests



0 mgil

pH Zeta Potential| Std Dev | Reading 1| Reading 2| Reading 3 | Reading 4 | Reading 5
mv mv mv mv mv mv mV
9.04 -28.0 0.61 -29.5 -28.0 -29.4 -29.3 -28.9
7.28 -29.1 0.88 -29.5 -28.5 -30.1 -28.5 -2 f.8
6.88 -31.8 1.12 -32.3 -30.8 | -304 -33.1 -32.2
5.65 -30.1 (.94 -30.9 -29.1 ~30.4 -30.8 -28.0
4.39 -25.8 0.75 -25.2 -25.9 -25.6 -24.7 -26.7
3.1 -6.5 1.08 -6.3 -8.2 -8.7 -5.4 -5.8
2.93 -6.1 0.30 -8.6 -8.0 -5.9 -5.9 -5.9
1 mg/l
pH Zeta Potential| Std Dev | Reading 1 | Reading 2| Reading 3! Reading 4| Reading 5
my my mv my mV mV my
10.52 -20.8 0.37 -20.4 -20.3 -21.0 -21.0 -20.3
8.97 -25.4 0.31 -24.9 -25.4 -25.7 -25.4 -25.8
7.01 -24.8 0.98 -26.3 -24.8 -24.9 -24.2 -23.7
£.35 -25.0 0.81 -26.0 -23.9 -24.5 -25.3 -25.3
592 -25.8 0.56 -258.3 -25.8 -26.2 -26.5 -25.2
4.86 -23.4 0.90 -23.0 -22.8 -24.1 -24.8 -22.5
3.14 -7.1 0.26 ~7.0 -7.1 -7.0 -7.0 -7.8
2.87 -5.7 0.53 -5.6 -4.8 6.1 -8.0 -5.9
3 mgll
pH Zeta Potential] Std Dev | Reading 1 | Reading 2| Reading 3 | Reading 4 | Reading 8
mv mv mv my my my my
10.58 -29.8 0.57 -28.7 -31.0 -30.5 -28.6 -28.2
9.06 -22.8 0.75 -22.5 -22.3 -23.5 -22.0 -23.7
5.63 -22.2 0.30 -22.3 -22.5 -219 -22.3 -21.8
6.41 -22.0 0.32 -21.8 -21.9 -22.1 -22.5 -21.7
585 -20.6 0.22 -20.7 -20.7 -20.6 -20.7 -20.2
448 -19.2 0.63 -19.5 -20.0 -18.1 -18.0 -18.3
3.03 -5.8 0.43 -5.8 -8.3 -5.4 6.2 -5.4
2.88 -5.1 0.48 -5.4 -5.2 -4.3 -5.5 -8.0
5 mgfl ;
ph Zeta Potential; Std Dev | Reading 1| Reading 2| Reading 3| Reading 4 | Reading 5
my mvV mv my my my my
10.53 -268.7 0.35 -26.5 -28.7 -27.3 -26.4 -28.7
8.83 ~25.6 0.38 ~25.2 -26.2 -258.7 -25.4 -25.6
8.03 ~22.3 0.42 -23.0 -22.3 -22.0 -22.1 -22.0
6.85 -21.7 0.73 -22.8 -21.2 -21.1 -21.5 -21.9
5,99 -20.2 0.37 -20.3 -20.3 ~20.0 -19.7 -20.7
4.68 -13.4 0.85 -12.3 -14.4 -13.7 -12.7 -13.7
3.33 -7.0 0.18 -7.0 -6.8 -7.2 -7.1 -6.8
2.88 -5.2 0.30 -5.5 -5.8 -5.1 -4.9 -4.9

IMP4 raw data



10 mg/l

piH Zeta Potential| Std Dev | Reading 1 | Reading 2| Reading 3 | Reading 4| Reading §
my mV my my mv my mV
10.71 -25.6 0.46 -25.7 -24.8 -25.9 -25.8 -25.7
8.84 -20.3 0.84 -21.1 -19.2 -20.3 -21.1 -18.7
7.29 -21.5 0.87 214 -22.2 -22.4 -20.2 -21.3
6.72 -19.6 0.42 -20.1 -183 1 -1848 -18.4 -18.1
588 -18.5 0.51 -18.0 -18.3 -19.0 -18.6 -17.8
4.68 -15.2 0.44 -18.2 -14.9 =155 -14.7 -15.8
3.1 -5.7 0.60 6.4 -6.1 5.1 -5.1 -6.0
2.81 4.4 .87 -3.9 -4.1 4,3 -5.8 4.3
30 mgil
pH Zeta Potential| 5td Dev | Reading 1| Reading 2| Reading 3 | Reading 4| Reading 5
my mV my mv my mV mV
10.46 -18.68 0.42 -18.8 -18.1 -18.1 -18.8 -18.3
8.84 -19.8 0.70 ~20.1 -20.7 -20.2 -18.8 -18.8
7.35 -15.9 0.46 -15.4 -168.3 -15.7 -16.4 -15.5
§.63 -14.5 0.43 ~14.9 -14.0 -14.9 -14.6 -14.1
588 -13.1 0.29 -13.4 -13.1 -12.8 -13.3 -12.7
4.80 -10.4 0.31 -10.0 -10.5 -10.1 -10.7 -10.8
3.20 -0.8 0.29 -0.6 -(3.9 -1.3 -0.6 -0.8
2.87 -2.6 g.18 -2.5 -2.7 -2.7 -2.3 -2.7
50 magli
ph Zeta Potential| Std Dev | Heading 1 | Reading 2| Reading 3| Reading 4| Reading 5
mV my my mVy my my mv
10.71 -16.5 0.70 -17.3 -16.8 -16.3 -16.8 -15.4
9.08 -13.4 0.23 -13.6 -13.5 -13.2 -13.7 -13.2
714 -12.5 0.50 -13.0 -11.7 -12.7 -12.3 -12.7
6.78 -10.2 0.54 -10.8 -10.4 -10.4 -8.7 -8.5
5.56 -10.5 0.47 -10.7 -10.2 -8.9 -11.0 -10.9
4.78 7.5 0.78 -8.4 -7.1 -7.5 -8.2 ~6.5
3.47 -3.0 0.18 -2.8 -2.7 -3.0 -3.2 -3.0
2.886 -2.2 0.15 -2.4 -2.0 -2.3 -2.2 -2.2
100 magfi
pH Zeta Potential| Std Dev | Reading 1 | Reading 2| Reading 3 | Reading 4 | Reading §
mYy my my my mv my my
10.71
8.87 -8.4 0.41 -8.9 -§.1 -8.0 -8.1 8.7
7.27 -5.3 0.72 -8.3 -4.4 -5.6 -5.0 -5.0
6.80 -6.5 0.52 7.1 -8.0 -5.9 -6.6 -6.8
5.60 -5.7 0.38 -5.4 -5.2 -6.0 -5.7 -6.0
4.70 -5.3 0.65 -4.9 -5.4 -8.3 -5.1 -4 .6
3.38 -2.B 0.18 -2.5 -2,7 -2.5 -2.8 -2.3
2.92 -2.1 0.14 -2.2 -2.2 -2.0 -1.8 -2.2

IMP4 raw data




200 mafl

pH Zeta Potential| Std Dev | Reading 1| Reading 2| Reading 3| Reading 4 | Reading §
mvV mv mv T mV mV mv mv |
10.79 -13.2 0.76 -14.2 -13.1 -12.8 -12.2 -13.8
§.82 -8.5 0.42 -8.4 -8.3 -8.2 -8.5 -8.1
7.31 -8.1 0.22 -8.1 -8.0 -8.0 -8.4 -7.8
8.76 -7.3 0.42 -7.4 -8.7 . -7.4 -7.8 -7.0
5.68 -7.3 0.64 -7.0 6.6 -7.1 -8.3 -7.4
4.37 -5.3 0.34 5.8 -5.1 5.5 -5.1 -5.0
3.48 =31 0.13 -3.0 -2.9 -3.2 -3.2 ~3.1
292 -2.7 0.15 -2.9 -2.5 -2.7 -2.8 -2.7
500 mgfl
pH Zeta Potential| Std Dev | Reading 1| Reading 2| Reading 3| Reading 4 | Reading 5
mv mv my my my mvy my
10.83 -10.4 0.48 -10.8 -11.0 -10.0 -10.3 -8.9
8.89 -8.8 0.60 -5.9 -6.8 -7.0 -6.5 -7.5
7.30 -8.3 0.46 -8.0 -5.9 5.6 -6.9 -5.9
6.84 -5.8 1.30 -8.0 -5.7 -4.9 ~4.8 -54
5.85 -5.0 0.47 -4.3 -5.0 -5.0 -5.2 -5.6
4.45 -4.2 0.28 -4.5 -4.0 -4.0 -4.5 ~4.1
3.36 -2.7 0.38 -2.5 -2.3 2.7 -3.3 -2.8
2.87 -2.3 0.17 -2.4 -2.4 -2.0 -2.3 -2.2

IMP4 raw data



1 mg/l

pH Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3 | Reading 4 | Reading 5
T omv my my my mv my my
10.69 -42.7 1.27 -44 6 ~42.7 -43.1 -41.7 -41.4
9.86 -42.3 1.11 -43.3 -43.4 -42.3 -41.8 -40.8
8.12 -36.6 0.71 -37.8 -36.8 -35.7 -36.8 -36.2
6.60 -40.5 0.47 -40 2 -41.1 -40.0 -40.9 -40.3
4,79 -38.9 1.00 -38.5 -39.1 -40.6 -38.1 -38.4
3.47 -32.6 042 -32.8 -32.7 -32.4 -32.0 -33.1
3.08 -23.5 0.85 -24.3 -23.8 -23.4 -22.7 -23.0
2.74 -18.2 0.50 -18.9 -18.8 77 -17.9 -18.1
3 magfl
jels Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3 | Reading 4 | Reading 5
mV my my my my mv mv
10.90 -48.3 1.11 -47.9 -46.0 -46,5 -46.1 -44 8
10.28 -44 6 0.79 -44 .9 -45.7 ~44.7 -44.2 -43.6
8.81 420 0.86 -42.8 -41.9 ~41.1 -43.0 -41.3
6.72 -40.6 0.93 ~41.1 -41.9 -40.1 -40.3 -38.5
5.06 -37.2 0.88 -38.7 -37.0 -36.8 -37.0 -36.4
3.80 -35.3 (.46 -358.7 -35.7 -35.1 -34.6 -35.2
3.07 -28.5 (.64 -27.3 -26.4 -25.8 ~27.0 -26.0
2.70 -18.5 0.30 -18.6 -18.0 -18.5 -18.2 -18.4
. 5 mgyl
pH Zeota Potential | Std Dev | Reading 1 | Reading 2 | Reading 3| Reading 4 | Reading 5
my mv mVy mVy mv mv my
10.86 -43.5 .94 ~44.0 -44 6 -43.2 -43.6 -42 .9
| 10.22 -40.0 0.70 -40.7 -39.3 -40.0 -40.7 -38.3
8.96 -40.9 1.14 -42.0 -41.9 -40.6 -40.7 -39.2
6.78 -38.5 0.69 -30.3 -38.7 -37.8 -39.0 -37.8
5.57 -38.5 0.41 -39.3 -40.1 -38.0 -38.5 -38.6
3.57 -33.8 0.49 -33.4 -34.4 -33.9 -33.8 -33.5
3.08 -25.9 0.58 -26.3 -268.6 -25.9 -256 -25.14
2.78 -16.3 0.52 -18.2 -16.7 -16.8 -15.5 -18.5
14 mgh
pH Zota Potential | Std Dev | Reading 1 { Reading 2 | Reading 3| Reading 4 | Reading 5
my my my my my mV mV
10.64 -42.8 0.72 -43.3 -42.8 -42.0 -42.2 -43.7
10.22 44 2 1.29 -48.2 -43.8 -42.5 -45.8 -43.9
8.45 -43.1 0.50 -43.9 -43.1 -43.0 -42.5 -43.2
6.80 -40.8 0.55 -41.1 -40.9 -40.2 -41.5 -40.3
4.84 -38.6 0.47 -38.7 -39.2 -37.8 -38.6 -38.4
3.44 -25.8 0.51 -26.3 -25.0 -26.0 -26.0 -258.5
344 -21.8 0.61 -22.5 -21.8 -21.5 -20.8 -21.8
2.85 -17.4 0.42 -17.4 -17.5 -18.0 174 -16.8

FF30 Raw data




30 mgfl

pH Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3 | Reading 4 | Reading 5
mV mv mv mv mv mV mv
10.72 -38.7 0.52 -39.0 -39.1 -38.2 -39.0 -38.0
8.97 -44.2 0.58 -44.3 -44.0 -45.2 -44.0 -43.7
7.85 -44 6 1.18 -46.0 -44 6 -45.3 -44.0 -42.9
£.69 -42.9 0.38 ~43.1 -43.3 -42.9 -42.3 -42 .8
562 ~40.4 0.74 -41.6 -40.5 -38.8 -40.0 -39.8
377 -31.7 0.39 -31.9 -31.4 -32.0 -31.1 -31.8
3.22 -24.5 0.48 -24.9 -24.0 -24.9 -23.9 -24.8
2.85 -18.0 0.36 -18.0 -18.5 -18.1 -17.8 -17.5
50 mgfl
pH Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3 | Reading 4 | Reading 5
mV mv mv my my mvy my
10.77 -48.0 0.70 -48.5 -46.3 -46.6 -45.2 -45.2
8,97 -37.7 (.38 -37.7 -38.2 -38.0 -37.5 -37.3
8.85 -46.2 0.60 -46.7 -45.8 -46.2 -45.8 -45.5
6.78 -44.7 0.28 -44 6 -45.1 -44 8 -44.3 -44.7
5.22 -41.5 1.14 -43.4 412 -40.8 -41.6 -40.5
4.00 -36.4 0.45 ~-36.8 -38.8 -36.4 ~-36.4 -35.7
3.08 -21.0 0.49 -20.8 -20.8 -21.2 -21.7 -20.5
2.83 -15.4 0.67 -15.0 -15.8 -16.3 -15.0 -14.7
. 100 mgil
pH Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3 | Reading 4 | Reading 5
mV mV my my my my my
10.60 -48.7 0.85 -49.6 -48.9 -48.1 -48.0 -48.8
8.07 -47.5 0.83 -46.2 -47.9 -48 .4 -47.8 -47.3
7.91 -47.2 0.78 -47.8 -47.5 -47.7 ~47 .0 -45.8
6.70 -47.1 0.44 -47 .4 -48.5 -46.9 -47.6 -46.9
5.85 -43.7 0.46 -44 .2 -43.8 -44.0 -43.7 ~43.0
4.50 -36.9 0.38 -37.8 -37.1 -36.7 -36.9 -36.5
3.42 -28.0 0.58 -28.8 -27.9 -27 .4 -28.3 -27.5
2.83 -14.2 0.30 -14.1 -14.5 -14.3 -14.3 -13.7
200 mgll
pH Zeta Potential | 5td Dev | Reading 1 | Reading 2 | Reading 3 | Reading 4 | Reading 5
mv Y my my my my mV
10.41 -50.5 0.46 -50.8 -50.8 -50.6 -50.6 -48.7
9.32 -51.8 0.36 -51.8 -51.8 -51.3 -51.6 -52.3
7.84 -50.8 0.38 -50.5 -50.8 -50.8 -51.2 -51.2
£.68 -50.7 0.81 -50.9 -51.7 -50.2 -50.3 -50.5
5.98 -48.0 0.18 -48.9 -48 .0 -48.9 -48.8 ~49.3
4.34 -36.9 G.31 -37.1 -37.3 -36.5 -36.8 -36.8
3.35 -25.2 0.29 <254 -25.0 -285.8 -25.2 -24.9
2.84 -13.8 0.40 -13.8 -13.8 -14.5 -13.7 -13.4

FF30 Raw data




500 mgft

pH Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3| Reading 4 | Reading 5

my my mv my mvy mv Comy
10.77 -52.3 0.33 -52.8 -52.6 -51.8 -52.4 -52.3
8.02 -83.3 0.23 -53.4 -53.1 -53.5 -53.5 -53.0
7.88 -52.9 0.18 -52.7 -52.8 -52.9 -53.1 -53.1
6.73 -51.8 0.35 -82.3 -82.3 -51.6 -51.8 -51.6
6.08 -50.0 0.19 -48.9 -50.1 -50.3 -49 8 -50.1
4.68 -42.1 0.72 ~41.9 ~41.1 -42.1 -42.6 -43.0
343 -24.1 1.06 -25.2 -24.2 -22.5 -23.8 -24.9
2.84 ~-13.4 0.36 -13.0 -13.7 -13.2 -13.8 -13.1

FF30 Raw data



1 mghl

pH Zeta Potential | 8td Dev | Reading 1 | Reading 2 | Reading 3| Reading 4! Reading &
my my mv my my my my
10.24 -56.5 1.18 -57.3 -55.5 -57.2 -57.5 -54.9
8.98 -85.8 1.08 -57.0 -55.3 -56.1 -58.3 -54.1
7.22 -51.8 0.55 -52.7 -51.3 -51.5 -52.1 -51.7
6.58 -49.2 0.76 -49.2 ~-50.1 -48.3 ~49 8 -48.6
578 -41.8 1.07 -42.8 -43.0 -40.9 -41.5 -40.7
3.79 -35.2 0.62 -35.4 <345 -35.7
2.87 -25.8 1.51 -26.0 -27.5 -26.4 -25.5 -23.4
3 mgfl
pH Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3| Reading 4 | Reading §
mY my my my mv my myv
10.78 -55 4 0.80 -56.2 -85.9 -54.3 -55.9 -54 .9
8.06 -52.5 0.70 -53.0 -52.8 -52.2 -53.0 -51.4
8.39 -48.9 0.47 ~49.1 -48.3 -48.5 -49.1 -48.6
§.49 -50.1 1.62 -51.8 -48.7 -48.8 -48.7 -51.7
548 -44 .5 0.36 -44 6 -44.1 -44.8 -44.9 -44.2
3.63 -34.3 0.93 -35.7 -33.5 -33.4 -34 .4 «34 4
3.34 -33.9 0.94 -34.3 -34.9 -34.5 -32.6 -33.3
2.87 -30.8 1.39 -32.8 -31.6 -30.3 -29.3 -30.0
5 mafl
ey Zeta Polential | Std Dev | Reading 1| Reading 2 | Reading 3| Reading 4 | Reading 5
mV mv mv | mV mv mv mvV |
10.24 -58.0 0.58 -58.7 -57.4 -58.0 -58.5 -57.5
8.89 -54.8 1.58 -56.8 -55.6 -54.7 -54 4 -52.5
8.23 -52.4 1.31 -52.1 -51.7 -54.7 -52.2 -51.4
£.53 ~48.7 1.21 -49.8 -50.2 -47.5 -48.0 -48.0
576 -44.8 0.53 -45.0 -44 5 -45.3 -45.3 -44 1
4.16 -34.1 0.96 -35.8 -34.5 -34.0 -33.2 -33.4
3.68 -33.2 0.71 -33.4 -34.2 -32.3 -33.3 -32.8
2.88 -26.2 0.80 -26.4 -27.6 -25.6 -25.3 -28.0
10 mgll
pH Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3| Reading 4 | Reading 5
my my my mv mYy my my
10.44 -56.9 1.57 -57.9 -58.9 -54.9 -56.0 -56.8
8.76 -58.2 (.98 -57.4 -57.8 -57.8 -58.9 -58.3
8.45 -53.9 1.06 -54.7 -585.0 ~54.1 -52.4 -533
8.70 -47.1 0.49 -47.1 -46.8 -47.8 -46.5 -47 2
5.88 -44 9 0.44 -44 8 -44.9 -45.7 -44.7 -44 8
4,19 -37.1 1.24 -38.8 -37.8 -36.8 -36.0 -35.8
347 -30.6 0.94 ~32.1 -31.0 -29.8 -28.8 -30.4
2.85 -23.7 0.53 -23.4 -24.1 -23.7 -24.2 -22.9

*

NaHMP Raw Data



30 magil

pH Zeta Potential | Std Dev | Reading 1 | Reading 2 | Reading 3| Reading 4| Reading 5
my mv my my my my my
10.75 -59.0 1.93 -81.5 -60.6 -57.5 -58.5 -57.1
9.35 -58.4 1.03 -50.5 -58.8. .1 -80.2 -58.4 -58.3
8.52 -58.7 1.37 -61.3 -58.8 ~57.8 -50.4 -59.6
7.0% -57.9 0.70 -59.1 -87.7 -57.6 -57.7 -57.3
5.85 -55.2 0.78 -56.3 -55.3 -55.4 -54.6 -54 .4
4.23 -41.2 117 -39.8 -41.5 -42.9 -41.3 -40.5
3.52 -33.8 0.85 -35.2 -32.8 -33.7 -32.9 -33.3
2.85 -24.8 0.33 -25.0 -25.4 -24.9 -24.8 -24 .5
50 mghl
pH Zeta Potential | Std Dev | Reading 1! Reading 2 | Reading 3| Reading 4| Reading 5
mV my mV mV mv mv my
10.63 -58.2 0.86 -58.2 -58.2 -57.9 -58.3 -57 4
8.65 -60.2 1.18 -82.2 -59.7 -60.3 -58.9 -58.1
9.14 -52.1 1.67 -63.9 -83.7 -§1.2 -60.1 -61.4
7.158 -80.2 1.78 -62.8 -80.9 -57.7 -59.8 -60.1
6.14 -54.0 0.95 -54.8 -54.7 -54.5 -53.5 -52.8
3.75 -42.8 1.64 -44.5 -44.2 -43.1 -40.9 -41.3
3.41 -37.8 0.45 -38.2 -37.8 -37.8 -38.2 -37.1
2.84 -30.8 1.82 -33.1 -30.4 -28.9 -30.2 -28.7
100 mgli
pH Zeta Potential | Std Dev | Reading 1| Reading 2 | Reading 3| Reading 4 | Reading 5
mV mVY mV mV mV my mv |
10.62 -62.8 0.94 -62.9 -62.6 -B2.7 -84.3 -§1.7
9.45 -66.4 1.74 -67.6 -68.6 -66.4 -84.9 -64.5
8.01 -83.9 2.1 -66.7 -65.1 -62.9 ~61.2 -63.4
7.48 -60.8 1.33 -60.0 -82.2 -61.9 -58.4 -58.6
6.10 -60.3 1.19 -§1.8 -51.3 -59.5 -58.4 -58.3
3.85 -58.0 1.29 -61.0 -58.0 -58.1 -58.7 -57.4
3.48 -50.1 2.04 -52.0 -48.8 -52.5 -47.8 -489.5
2.83 -23.3 0.59 -23.3 -24.2 -23.4 -22.6 -23.0
200 mgft
pH Zeta Potential | Std Dev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 5
my mVy mY my my my my
10.43 -64.1 1.05 -65.1 -64.8 -84 .6 -63.1 -62.8
8.50 -65.4 1.58 -67.9 - -B4.9 -65.8 -64.9 -83.6
7.72 -82.8 1.74 -83.9 -82.0 847 -81.7 -50.4
7.25 -85.1 1.12 -64.3 -86.2 -83.8 -85.9 -65.6
573 -58.6 0.82 -59.3 -58.5 -57.5 -58.2 -58.6
4.1 -61.0 (.98 -651.7 -60.6 -62.3 -60.7 -58.8
3.51 -52.8 1.07 -53.6 -53.8 -52.1 -53.2 -51.3
2.83 -38.1 0.81 ~38.9 -38.9 -38.7 -40.0 -38.1

*

NaHMP Raw Data




500 mg/l

pH Zeta Potential | Std Dev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 5

mV mvV mv mv mV mV mvV |
10.48 -66.5 1.46 -66.7 -68.2 -67.4 -64.6 -65.4
8.28 -56.5 0.80 -G7.1 -65.9 -67.3 -66.6 -85.4
7.83 -66.8 0.75 -57.8 -66.9 -66.2 -86.0 -67.3
7.23 -G5.8 0.54 -65.6 -68.7 ~-65.8 -85.1 -66.8
583 -63.2 0.71 -64.1 -62.8 -83.0 ~63.8 -62.4
407 -60.7 1.84 -61.6 -83.3 -60.9 -5B.5 -58.1
3.58 -53.8 1.33 -53.3 -52.7 -53.6 -53.3 -56.1
2.85 -42.7 1.83 -41.8 -43.3 -45.6 -41.4 -41.4

%

NzHMP Raw Dzta



iMP4 1mghl FF30 Tmygll
pH Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
mv mv mv mv mv mv mV
8.00 -28.3 0.6 -25.4 -25.8 ~25.5 ~24.3 -25.6
6.98 -31.3 0.8 -30.3 -31.2 -32.4 -31.5 -31.2
7.55 -29.8 0.8 -29.6 -28.8 -29.5 -30.6 -30.6
7.89 -32.2 0.6 -32.8 -32.8 -31.5 -31.9 -31.7
9.33 -31.9 1.3 -33.3 -31.8 -32.4 -29.8 -32.0
IMP4 1mgfl FF3o 50mg/l
pH Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3 | Reading 4, Reading 8
mv my mv my my mv mV
561 -32.0 0.3 -31.7 -32.3 -32.4 -31.7 -31.8
7.08 -34.2 0.8 -34.8 -334 ~-34.3 -34.7 -33.7
7.34 -37.9 0.4 -38.5 -37.5 -38.1 -37.9 -37.5
7.93 -38.3 0.7 -39.5 ~-38.2 -38.2 -37.8 -37.8
9.02 -38.8 0.5 -38.9 -39.7 -38.5 -38.6 -38.5
1MP4 imgfi FF30 100mgll
pi Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
mv my mv mv mV mv my
5.41 -37.86 0.2 -37.6 -37.9 -37.7 -37 4 -37.3
7.04 -40.8 0.2 -41.1 -40.5 -40.6 -40.7 -40.9
7.34 -41.9 0.8 -42.5 -41.9 -42.6 -41.3 -4 4
8.28 -40.8 0.4 -41.0 -40.1 -40.7 -41.0 -41.0
9.26 ~41.3 0.7 -42.0 -41.7 -41.3 -40.2 -41.1
IMiP4 50mgi FF30 Tmgli
pH Zeta Potential |  stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
mv mV mv mv my my mV
4.46 -12.2 0.8 -11.3 -13.2 -12.8 -12.1 -11.8
6.45 -16.2 0.5 ~16.1 -15.9 -17.2 -16.0 -16.0
7.28 -17.4 0.3 -17.8 -16.9 -17.6 -17.2 -17.4
8.40 -18.6 0.5 -18.7 -18.0 ~18.1 -17.9 ~18.2
3.28 -18.7 0.5 -18.2 -18.5 -18.6 -18.0 -18.0
MP4 50mght FF3D 50mglt
pi Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
mv mv my mv mv my mv
4.99 -15.4 0.6 -18.0 -18.5 -18.4 -15.7 ~-14.4
6.59 -18.6 0.4 -19.3 -20.2 -18.6 -18.3 -19.8
7.02 -20.5 0.7 -21.3 -20.8 -20.5 -20.5 -18.3
B.45 -21.5 0.4 -21.8 -21.9 -21.2 -21.4 -21.0
8.20 -23.2 0.3 -23.3 -23.7 -23.2 -23.1 -22.8

*

IMP4 and FF30 combination Raw Data -




P4 S0mgll FF30 100mght
ph Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
mv mv my mv mV mvV mv
5.01 -16.1 0.9 -16.8 -16.9 -16.4 -14.7 -15.8
5.86 -21.3 0.3 -21.0 -21.3 -21.9 -21.2 -21.2
7.89 -23.0 0.5 -23.1 -22.4 -22.6 -23.5 -23.6
8.48 -24.2 0.4 -24.4 -24.7 -23.8 -23.8 -24 4
8.23 -25.4 0.5 -28.1 -25.8 -24.6 -25.2 -25.4
IMP4 100mgh FF30 tmgli
pH Zeta Potential| stdev |Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
my mv mV my my mv mv
4.64 -11.0 0.8 -11.5 -10.5 -11.7 -10.5 -11.0
£.51 -12.9 0.8 -13.0 -12.8 -12.3 -13.8 -12.6
7.07 -14.9 0.7 -15.2 -14.8 -14.4 -14.3 <16.0
8.45 -14.6 0.2 -15.0 -14.3 -14 .8 -14.6 -14.6
8.25 -14.8 0.7 -14.7 -18.7 -15.6 -14.4 -14.2
IMP4 100mgft FF30 50magfi
pH Zeta Potential | - stdev | Reading 1| Reading 2 | Reading 3 | Reading 4, Reading 5
mv mv mv mv mv mv my
4.89 -8.8 1.3 -11.5 -9.3 -8.7 -10.1 -8.2
7.04 -16.4 0.6 -17.3 -18.5 -18.1 -18.1 -15.8
7.80 -17.4 0.2 -17.2 -17.5 -17.5 -17.4 -17.2
8.52 -19.7 0.5 -18.9 -20.0 -18.7 -20.3 -18.7
9.13 -20.0 0.4 -20.7 -20.0 -20.0 -18.6 -19.8
iMP4 180mgll FF30 100mgh
ph Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
my mv mv mv mv my my
555 -13.5 0.9 -15.0 -13.1 -12.7 -13.1 -13.8
7.07 -18.7 0.6 -18.86 -17.9 -18.1 -19.4 -18.6
7.47 -18.2 0.4 -18.4 -19.7 -19.1 -18.5 -19.2
8.13 -18.7 0.4 ~20.0 -18.7 -18.4 -20.3 -18.2
B.75 -20.7 0.5 -20.7 -21.4 -20.8 -20.3 -20.2

N *®

IMP4 and FF30 combination Raw Data




FF30 1mgil NaHmp imght
pH Zeta Potential | stdev ! Reading 1| Reading 2 | Reading 3 | Reading 4! Reading 5
my mv my mv mv my mv
4.77 -32.9 1.3 -34.3 -31.0 . -33.1 -32.4 -33.8
5.81 -43.5 1.2 45 4 ~43.0 -42.9 432 .4 -44.0
6.79 -48.2 0.9 -47.3 -48.3 -48.9 -45.5 ~45.1
7.28 -44.5 0.7 -44. 4 ~&d 4 -45,2 -43.4 -45.0
8.01 -47.8 1.4 -48.3 -438.2 -48.1 -48.0 -47 .1
FF30 1mgli NaHMP S0mgll
pH Zeta Potential| stdev | Reading 1] Reading 2 | Reading 3| Reading 4| Reading §
mv mv mv mv mV mV my
4,92 -50.4 0.4 -50.7 -50.8 -50.3 -50.3 -49.9
7.25 -52.8 0.4 -52.8 -52.5 -53.4 -52.8 -52.6
7.44 -52.5 1.0 -53.4 -53.5 -52.4 -51.8 -51.2
8.54 -58.8 1.4 -58.7 -56.9 -60.2 -58.5 -57.2
8.1 -56.5 1.2 -58.7 -55.7 -586.1 -56.0 -55.9
FF30 1mgf MNaHMP 100mgit
pH Zeta Potential| stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5|
mv mv my my mv my my
472 -54.9 0.9 -55.6 -55.5 -55.2 -54.8 -53.3
6.72 -60:4 2.7 -81.7 -60.4 -58.4 -57.4 -64.2
7.54 -82.4 1.3 -64.4 -61.0 -81.9 -83.0 -61.6
8.48 -61.4 0.7 -62.5 -60.9 -61.1 -680.7 -61.6
8.00 -80.7 2.3 -58.6 -58.4 -83.8 -62.0 -60.8
FF30 50mg/fi NakiMp Tmgf
pH Zela Potential|  stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
mv my mv mV mv mvV mv
5.10 -39.9 0.3 ~39.7 -39.8 -39.6 ~43.3 ~40.1
6.83 -47 .9 0.7 -48.3 -48.6 -47 1 -47.1 -48,2
7.38 -48 .8 0.3 -48.6 -48.0 -48.8 -49.1 -48.5
8.54 -47.3 0.4 -47 .1 -47.0 -48.9 -47 4 -47.9
923 -49.5 0.3 -48.8 -48.2 -49.8 -48.5 -48.2
FF30 50magll NaHMP S0maog/l L
pH Zeta Potential]  stdev | Reading 1| Reading 2| Reading 3 | Reading 4| Reading 5
mV my my mV my mVy mV
513 -50.7 0.6 -51.1 -81.5 -50.0 -50.2 -50.5
6.892 -54.1 0.7 -55.2 -53.9 -54.3 -53.4 -53.8
7.45 -54.2 0.6 -53.4 -54.9 -54.8 -83.7 -54 4
8.02 -54.4 0.8 -53.9 -55.0 -55.4 -54.3 -53.5
8.35 -54.2 0.3 -53.7 -84.4 -54.2 -54.3 -54.6

*

FF30 and NaHMP Raw Data




FF30 50magfl NaHMP 100mgfl
pH Zeta Potential| stdev | Reading 1| Reading 2 | Reading 3 | Reading 4| Reading 5
mv mv mvV mv mv mvV mv_
507 -54.4 0.8 -858.7 -54.5 -53.9 -53.5 -54.3
6.91 -55.7 0.9 -56.8 -56.3 -B5.4 -55.6 -54 .4
7.58 -55.0 0.3 -55.2 -552. 1 <551 -54.6 -54.7
7.96 -56.1 0.9 -56.0 -57 4 -56.3 -55.6 -55.0
9.00 -55.9 0.5 -56.6 -56.0 -56.0 -55.4 -55.4
FF30 100mg/ NaHMP 4mgll
pH Zeta Potential | stdev | Reading 1| Reading 2| Reading 3 | Reading 4| Reading 5
my my mv my mv my my
4.31 -33.8 0.4 -34.7 -33.8 -33.6 -33.7 -33.8
5.18 -49 .4 0.8 -50.3 -48.0 -48.7 -48.9 -49.3
7.04 -51.6 0.7 -51.5 -50.8 -52.8 -51.7 -51.3
7.96 -52.0 0.3 -51.7 -52.3 -51.8 -52.4 -51.8
9.55 -52.3 0.5 527 -52.8 -52.2 -52.1 -B18
FF30 100mag/l NaHMP 50mgft
pH Zeta Potential, stdev | Reading 1| Reading 2! Reading 3 | Reading 4| Reading 5
mv my mv mv mv mv mv
4.85 -47.6 0.7 -47 .8 -48.8 -47 .1 -47.5 -48.7
6.38 -53.8 0.7 -53.8 -53.0 -53.8 -54.9 -54.2
7.38 -54.1 0.4 -83.7 -54 5 -54 1 -53.9 -54.5
8.25 -52.9 0.2 -52.8 -52.9 -53.0 -83.1 -52.8
9.73 -53.8 0.3 -53.6 -53.7 -53.9 -54.4 -53.8
FF30 100mgfi NaHMP 100mg/l
pH Zeta Potential| stdev | Reading 1! Reading 2| Reading 3 | Reading 4| Reading 5
my my my my mv mv mV
4,61 -48.0 0.6 -48.7 -48.1 47 .6 ~47.3 ~48.4
6.62 -53.1 0.3 -83.2 -53.1 -52.5 -53.3 -83.3
7.49 -53.8 0.4 -54 .0 -53.2 -54 .1 -83:7 -54.0
7.94 -54.0 0.7 -54 .2 -54 9 -54.3 -53.1 -53.6
9.55 -54.2 0.9 -53.1 -55.4 -54 1 -53.8 -54.5

FF30 and NaHMP Raw Data



P4 1mgfl NaHMP 1mg/
ph Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 5
mv mv mv mv my my mv
2.91 -13.8 0.5 -13.4 -13.5 -13.8 -14.6 -13.8
3.29 -18.8 0.3 -18.4 -19.2 -18.6 -18.9 -18.8
3.58 -20.4 0.3 -20.8 -20.2 .1 -20.8 -20.1 -20.3
4,50 -29.9 1.0 -28.0 -30.8 ~-30.4 -30.8 -28.7
7.04 -34.8 0.4 -35.5 -34.6 34,5 -34.8 -34.5
B.77 -35.9 0.3 -36.3 -35.9 -36.1 =357 -35.5
10.32 -36.2 D4 -36.9 -36.2 -36.1 -36.0 -35.9
10.84 -36.2 0.7 -36.8 -36.3 -36.0 -38.7 -35.0
IMP4 1mall NaHMP 50mg/l
ph Zeta Potential |  stdev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 8
mv my mv mv mv my mv
2.79 -21.0 0.7 -22.1 -20.8 -20.5 -271.1 -20.5
3.47 -28.3 1.0 -28.7 -28.5 -28.7 -27.7 -27.0
3.97 -34.4 1.5 -34.3 -36.8 -34.5 -33.3 -33.2
6.27 -40.7 0.7 -40.7 4.7 -41.8 ~40.3 -38.8
7.08 -41.6 1.1 -41.3 -41.1 ~43.0 ~-42.4 -403.3
8.03 -41.7 0.9 -42.4 -41.3 -42.0 -40.4 -42.4
9.14 -42 .4 1.5 -43.2 -42.3 -44 1 ~42.1 -40.1
10.72 -44.3 0.7 -485.2 -43.7 -43.5 -44.3 -44.6
_ IMP4 1mg/l NatiMP 100mg/t
pH Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 5
mv mv mv mv_ | mV mv mV
5.08 -47.8 0.7 -47 .4 -48.6 -48.3 -47.2 -47.6
8.57 -48.9 0.8 -47.5 -49.8 -49.6 -49.2 ~48 .4
7.43 -48.3 0.8 -47.8 -48.8 -49.1 -48.0 -47.8
8.05 -47.7 0.9 -47.9 -48.1 -47.2 -48.7 -47.6
9.08 -49.5 TR -49.6 -49.6 -50.9 -48.7 -48.6
IMP4 50mghi MaHMP 1mg/l
nH Zeta Potential |  stdev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 5
my mv mv my mv my my
4.73 -11.0 0.3 -11.3 -11.2 -11.1 -10.6 -11.0
6.33 -18.6 0.5 -18.6 -18.5 -18.5 -18.2 -18.4
7.01 -21.1 0.7 -20.8 -20.8 -20.8 -21.3 -22.3
8.58 -24.8 0.8 -25.5 ~24.8 -24.7 -23.4 -24.7
9.18 -22.8 0.4 -22.8 -22.5 -23.8 -22.6 -22.7

{MP4 and NaHMP Raw Datg




P4 50mgli NaHMP 50mg/l
pH Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 5
V my mV mV mv mv mV my
4.68 -21.7 0.9 -23.0 -21.1 -22.3 -21.4 -20.7
§.51 -27.2 1.6 -26.3 -25.7 -26.6 -27.7 ~29.7
7.17 -27.8 1.0 -26.3 -28.8 -27.1 “27.4 -28.2
8.00 -28.8 0.7 -27.7 <288 | -2B0 -28.3 -29.2
8.08 -27.9 0.5 -27.5 -28.0 -28.7 ~27.8 -27.8
IMP4 50mgll NaHMP 100mg/t
ph Zeia Potential stdevy | Reading 1| Heading 2 | Reading 3| Reading 4| Reading 5
mvV mv mv._ mv mV mv mv
4.36 -22.8 0.7 -22.1 -23.8 -22.7 -22.3 -23.1
7.00 -25.4 0.7 -24.9 -26.1 -24.5 -253 -26.1
7.38 -26.5 1.7 -24.8 -28.1 - -27.0 285 ~26.1
8.30 -27.5 0.8 ~27.2 -28.5 -27 .1 -27.4 ~27 .4
9.30 -28.9 0.8 -28.7 -29.3 -30.0 -28.0 -28.4
IMiP4 100mgfl NaHMP 1mg/t
pH Zeta Potential | stdev | Reading 1 | Reading 2 | Reading 3| Reading 4| Reading 5
my mV mv mV mv my mv
2.83 -2.8 0.3 -2.3 -2.8 -3.0 -2.8 -2.8
3.35 -3.8 0.2 -4.2 -3.8 -3.8 -3.8 -3.8
3.68 -5.1 0.2 -4.9 -4.9 -5.3 -5.1 -5.3
5.29 -11.0 1.2 -12.2 -10.2 -8.4 -11.9 -11.2
7.02 -13.3 0.9 -13.6 -14.0 -13.5 -11.8 -13.7
8.91 -14.5 0.4 -14.6 ~-14.4 -14.9 -13.8 -14.8
10.12 -14.3 0.6 -14.9 -13.8 -14.5 -13.5 -14.8
10.75 -18.1 0.5 -18.2 -18.7 -17.8 -18.5 -17.5
IMP4 100magll NaHMP 50mgli
pH Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 5
mv mv my my my my my
2.73 -4.7 0.3 -5.0 -4.5 4.5 -4 4 ~5.1
3.39 -7.5 0.5 -7.4 -7.3 -7.1 -8.4 -7.4
4,085 ~11.1 0.7 -10.8 -11.7 -11.7 -11.1 -10.1
6.08 -18.5 1.0 -18.8 -18.2 -17.7 -17.7 ~20.1
7.05 -18.9 0.8 -18.9 -18.3 -20.0 -18.8 -18.7
8.14 -18.3 0.5 -18.1 -19.3 -18.7 -19.8 -18.8
9.22 -18.7 0.6 -20.8 -19.6 -18.3 -19.4 -18.3
10.73 -23.0 0.7 -23.3 -23.8 -22.5 -233 -222

*

IMP4 and NaHMP Raw Data




IMP4 100magil NaHMP 100mg/l

pH Zeta Potential | stdev | Reading 1| Reading 2 | Reading 3| Reading 4| Reading 5

mv mV my mv my mv my
4.41 -18.0 0.0 -19.0 -19.0 -18.0 -18.0 -19.1
6.72 -10.9 1.2 -21.5 -20.6 .| -18.5 -19.4 -18.3
7.28 -22.3 0.8 -21.5 -22.0 -23.8 -22.1 -22.1
8.13 -20.9 0.8 -20.8 -22.0 -19.8 -21.0 -20.8
9.08 -22.9 0.7 -22.0 -22.6 -22.5 -23.9 -23.3

*

IMP4 and NaHMP Raw Data






