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Introduction 1

1 Introduction

For over one hundred years, flotation has been an important process for recovering
valuable minerals from ores. Flotation is a complex process that is dependent on both
the mineral constituents of the feed material as well as the physical and chemical
environment in which it takes place. The main challenge of flotation is to recover the
maximum amount of valuable material out of ore, which occurs in small quantities
(from a few percent to a few parts per million), whilst recovering the minimum amount

of gangue which constitutes the remainder of the ore deposit.

Talc is a magnesium rich phyllosilicate mineral that occurs as a gangue component of
many base metal sulfide ore deposits around the world, such as the Bushvelt Complex
in South Africa and Birchtree ore body in Canada (Shcousstra and Kinloch 2000;
Muinonien 2006) among others. These ores are generally beneficiated by means of the
flotation process. Due to its natural floatability, talc readily enters the flotation

concentrate, reducing the grade.

Furthermore, the geological formation of talc within the ore body is often such that it
forms by means of mineral alteration of other siliceous gangue minerals such as
pyroxene. This alteration process causes the formation of extensive talc rims around the
non tloatable gangue components, which renders them floatable by association (Becker

et al. 2006).

In order to render talc and other associated gangue minerals non-floatable, polymeric
depressants such as guar gum and carboxymethyl cellulose (CMC) are commonly
utilised, particularly in the flotation of platinum group metals. Various studies have
shown that the structural and chemical differences between guars and CMCs play
significant roles in their effectiveness as depressants under different conditions.

However, despite these differences, these polymers are often used interchangeably in
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industrial situations. A number of studies have been dedicated to the investigation of the
mechanism of adsorption of these polymers onto talc (as well as other minerals), in

order to increase the efficiency of their use in the flotation process.

Previous research has shown that one of the kcy factors in determining the adsorption
characteristics of polymers onto minerals is the chemical composition of the water
which forms the basis of flotation pulps. The quality of processed water is becoming a

major issue for minerals processing operations around the world.

Water scarcity in arid and semi arid regions such as South Africa and Australia has
forced mining operations to drastically cut down on the amount of fresh water
consumed in their processes (Marr and Petric 2002), which naturally leads to an
increase in the recycle rate of process water. Regions with abundance of water are
forced with stricter environmental constraints regarding their tailings discharge, and are
similarly forced to reduce their water usage. As a result of both of these effects, the
water used in the flotation processes contains a much higher concentration of inorganic

metal salts, such as calcium, sodium and potassium.

The presence of these ions in flotation systems has been shown to have a strong effect
on both the surface properties of minerals in flotation systems (such as hydrophbocity)
and the interactions between minerals and flotation reagents (such as polymeric
depressants). This thesis addresses the interactions between minerals such as talc,
polymeric depressants and metal cations in solution, which is schematically represented

in Figure 1.1.

1.1 OVERALL OBJECTIVE

To investigate the surface properties and structure of talc, and its effect on the
adsorption mechanisms of different types of polymeric depressants in the presence of

selected metal cations in solution in the context of mineral flotation.
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Figuve 1.1 - Schematic representadion of the thesis

1.2 SCOPE AND BOUNDARIES

The study locuses on the behaviour of New Yaork tale. which was selected for its very
low degree of impurities and well defined sheet-like morphology. This well defined
marphology allows the study of both the basal planes and edgzes of tale particles. Other
lale minerals with less well delined morpholozy such as South Adlvican Scotia tale have

not been tncluded.
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Two lypes of polyimeric depressants have been selected lor thrs study, non-onie guar
gum and amonic carboxyimethyl cellulose (CMC),  Both of these polvimers arc
commonly used 1n ndustnal sivations 10 depress ale out of the flotation concentrate.
Other depressant tyvpes, such as svathenc ormerganic depressants, woere not included in
the study. The effect of polymer degree of substitution and molecuiar weight were not

mvestigated

Divalent caleiom 1ons and monovalent polassium ons were chosen to study the ctfect of
tons on both the surface properties of 1ale 25 well as mechanisms of polymer adsorption.
Calcium ions are commonby abundant i mdustrial recyeled water (Xu and Wilsan
2000). The effect of other 1on types as well as the effect of organic constituents of

recycled wallr were not considered.

Various technigues were cimployed to obtain information as to the nature of the
interaction between the three abovementioned factors, both surface and bulk solution.
Titration and zeta potential measurements {noting their constraints) arc used to estimate
the distribution of surface potential of New York tale under various solution conditions.
Elcctron microprobe analysis is used 1o estimate the chomical composidion of the wle

samples, allowing one to determane its orystalline structure,

Rheological measurements arc used 10 sludy the inter-particle inferactions within ale
suspensions. Fhese measurements, i comunction with titration and  clectrophoretic
mcasurements arc then wsed o exdracl mlbrmation regarding the surface potenbal of
talc particles. Rheological measurements are also used to examine the etfect of
polymerc depressants on tale mter-particle forces m order o determine the mterachons

between tale particles and the polymer moiccules,

ToF-51M5 analysis 15 used to measure the adsorprion of inorganic ions as well as
anmionic polymers direetly on the surtace of tale, as a function ot fale particle

morphology (Le. basal plancs vs. edges).
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1.3 STRUCTURE OF THE THESIS

The following chapter (Chapter 2) contains the summary of the relevant literature
available on the subject matter. The available information is critically discussed and the
main hypotheses which this thesis sets out to test are outlined. Chapter 3 contains the

descriptions of the materials and methods used in this work.

The results of the study are presented and discussed in three separate chapters. The first
results chapter (Chapter 4) deals with the surface characteristics and surface charge
distribution of New York talc in the absence of both polymers and variation in the
concentration and type of metal cations. The surface properties of talc are inferred

using titration, rheological and electron microprobe techniques.

The second results chapter (Chapter 5) builds onto the information gained in the first
chapter regarding the surface charge distribution of talc minerals in order to evaluate the
effect that this distribution has on the adsorption characteristics of both non-ionic and
anionic polymeric depressants. This s done by means of analysing the rheological
behaviour of talc suspensions in the presence of polymers as well as rheological

measurements of the polymer behaviour in solution.

The third results chapter (Chapter 6) combines the information obtained in the previous
two chapters in order to study the effect that metal cations have on the surface charge
distribution of New York talc and the consequent effect on the adsorption
characteristics of anionic CMC. It then examines the solution interactions between the
anionic polymer and metal cations. This is achieved by means of surface specific ToF-

SIMS analysis.

Finally the summarised discussion of all the results is presented in Chapter 7, where the

final conclusions and recommendations of this thesis are also presented.
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2 Literature Review

The aim of this chapter is to present a summary of the relevant literature available on
the subject matter of this thesis, as well as to place the work done in an appropriate

context.

The fundamentals of the rheology of mineral suspensions are presented and discussed in
relation to the surface properties of various minerals, both isotropic and anisotropic,
with specific reference to mineral flotation. The structure and surface properties of
anisotropic talc are also discussed, with specific reference to its surface charge
distribution. The adsorption characteristics ot metal cations onto minerals such as talc
and quartz are discussed, as well as their effect on the surface properties of these
minerals. The different adsorption mechanisms of polymeric depressants, both anionic
and non-ionic are presented and discussed, with specific reference to their behaviour as

a function of the presence of metal cations both in solution and on the mineral surfaces.

Finally, a critical review of the relevant literature is presented. The appropriate

hypotheses are then put forward on the basis of the literature review.

2.1 RHEOLOGY OF MINERAL SUSPENSIONS

Rheological measurements are rapidly finding applications in the mineral processing
industry. Rheological properties of slurrics affect a host of different mineral processing
operations (Boger 1999). Milling efficiency in certain mill types is largely controlled by
the throughput of slurry through the mill, which strongly depends on the rheological

properties of the slurry (Shi et al. 1999). Dewatering operations depend on both the
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settling rate of particles as well as the compressibility of the concentrated slurry. These
are necessary in order to ensure fast slurry settling times as well as adequate water

recovery from industrial processes such as flotation.

Rheology of suspensions is strongly affected by a large number of factors, such as
particle size and properties as well as the chemistry of the suspension medium. For
many disperse systems rheological research methods offer a unique possibility of

studying the surface properties of the suspended solid particles.

2.1.1 Rheology fundamentals

Rheology is a study of flow and deformation of matter. The rheological properties of
fluids are normally represented in the form of flow curves or rheograms, where the fluid
shear stress is plotted vs. the shearing rate as shown Figure 2.1. Some of the more
common fluid properties that can be used to describe suspension behaviour are its

viscosity and yield stress.

Viscosity is defined as the resistance to deformation by a fluid, and is generally given as
the ratio between the shear stress and shear rate, at constant temperature. In the case of a
Newtonian fluid, the viscosity is constant throughout the entire shear rate range.
However, as can be seen from Figure 2.1, in case of non-Newtonian fluids (pseudo
plastic, dilatant) this value changes as a function of shear rate. Therefore the viscosity of

a non-Newtonian fluid at any point is referred to as “apparent viscosity”.

The yield stress of a suspension is the minimum force required for deformation to take
place and is a characteristic property of pseudo-plastic fluids. Most mineral suspensions
exhibit pseudo-plastic behaviour (Boger 1999). Yield stress is a difficult property to
measure directly, as it requires the measurement of the shear stress of the fluid at shear
rates approaching zero. A direct measurement method has been developed by Nguyen
and Boger (Nguyen and Boger 1983; Nguyen and Boger 1985), which makes use of a

vane rotating within a fluid at a constant shear rate << 1 s,



Chapter 2 9
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Fismire 2.1 — Rheograms of various tvpes of fluids

This method has been successfully applied to concentrated mineral suspensions of ultra
fine particles.  However. when dealing with particle suspensions of a size range
common in flofation systems. this meiliod becomes less appropriate due to the lack of
sensitivity inomost faboratory instruments 1o detcet shear sircsses ot such low shear
rates. Insuch cases, a rheological inodel is applicd tw the fluid rheograms, and the yield

sfress value mathematically exirapolated.

The rheological behaviour of pseudo plastic suspensions of single phase mineral
particles s highly dependent on the surfisee chatge of the suspended particles. Solid
particles i aqueous cnvironments are usualky cleetrically charged. According to classic
DLVO theory { Derjaguin and Landau 19471; Verwey and Overbeek 1948), the degree of
coagulation of a suspension depends on the relative magmitudes of the repulsive
clectrostatic forees and the attractive van de Waals forces {in the absence of other

attractive forces such as the hydrophohic force).

At high levels of surface potenbal, the repulsive forces are much stronzer than the
attractive forces. so the energy barmier between particles forees the suspension inlo a
dispersed state, As the surface potential of the particles decreases, the redoced

electrostatic repulsive forees can no longer counteract the attractive forees and the
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system starts coagulating, When the overall surface charge of the particles is zemo.
clectrostatic repulsion 15 absent and fast congulation prevails, At this poinl, a continuous
network of particles is formed throughoul the suspension, which is manifested by high

vicld stress values. This phenomenon s graphically illustrated in Figure 2.2,

The force balance between the attractive and repulsive parlicle forces 13 shown in

Equation (2.1)

Virom — Vi + V4 i2.1)

Ve — Repulsive energy Vi — Attractive energy

Hligh -#— Surface Charge — Zem

Wl Wirakly Fxtanavely
Lispersed Aggregated  Aggregaled
AT :':. - "h B

wr TpnT i
R B “ ]
" : (] " ¥ G
S " b !‘

Foor #—— Stability —m Goodd
Low  sf——— Y.ocosity — High
MNone A Yield Siress — High

Figure 2.2 — Sehematic representation of the rheclogivad belavionr of isotropic

minevels as a function of serface charge (Atlas et el 1935)
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2.1.2 Isotropic minerals

As was discussed in the previous section, the surface charge of mineral particles plays
an important role in the conseguent rheclogical behaviour of particle suspensions.
Isotropic particles are a peod example of such behaviour. The deliming property of
isotropic minerals is that all surfaces of such particles are created by breaking the same
bionds and the resultimge mineral surfaces are homaogenous and do not vary as a function
of position on the surface of a particle. Examples of such minerals are zircan and quart..
Zircon consists of unitorm, tetragonal zirconium silicate crystals with a homogenous

surface charge distribution (Subbanna ct al. 1998

Fioure 2.3 — Fetraponad siructuve of an Sotrapie ziveon particle (Barlow 2002)

The surface charge of sotropic oxide minerals such as zircon changes as a function of
the concentration of potential determining ions in selution, In most cases, the potential
detertnining ions are H and OH jons, therctore the surface charpe changes as a
function of pH. As the suspension pH shifts from one cxtreme to another, the surface
charge of these minerals undergoes a change from positive to negative, with the pomt
where the overall charge s cqual © zcro 18 known as the pomnt-ol-zcro charge. The
cqurvalent pownl when measured <¢la potential plotted vs, pH (s cqual to zero, is reforred

to as the isoelectiic point

As discussed i the previcus section, the yeld stress of suspensions merecases with the
deercasing electrastatic repulsion between particles. Thercfore, the yield stresses of
suspensicns of isotropic particles arc low al the pH values where the surface charge of

the mincral particles 1s high and graduslly tereases as charge approaches zero. The
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yicld stress reaches 118 maximumm al the isoclecttic point of the suspensions of isotropic

mingrals (Jehnson et al. 1999)
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Figure 2.4 — Zeta potential of zircon suspensions showing the suspeasion soelectric

point along with the yield stress of zivcon suspensions showing the poiat of macimum

cegidation (Subbanna ot al, J995)

ligare 2.4 shows the vield stess measared for concenirated saspension of jsotrapic

zirconia a5 a function of pH. 'The yield stress peak appears at pll = 6, which comresponds

to the isoelectrje point of this mineral.
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213 Anisotropic minerals

The process of aggregation of particles in a suspension becomes more complex when
the surface charge of the particles is anisotropic. In the case of anisotropic particles the
surface charge varies as a function of the position on the particle surface. An example of
such a mineral is kaolinite. Kaolinite 1s a 1:1 layered silicate mineral, the structure of

which is shown in Figure 2.5.

B oo o

" Hydrogen Bonds © OH
2. 0 @ @ o e o o?
™ Tl el g

e A"

BASAL PLANE

Figure 2.5 — Crystallochemical structure of kaolinite (Flegmann and George 1975)

Unlike symmetric 2:1 sheet minerals such as montmorillonite and talc, kaolinite has
two types of basal planes, the tetrahedral Si — O layer and the octahedral Al — OH layer
(Carty 1999). The tetrahedral basal plane of kaolinite was originally considered
completely neutral, however was later shown to carry a permanent negative charge due
to isomorphic substitution of Si™* ions with Al™ ions in the silicon-oxygen tetrahedra.
The presence of Al ions causes a proton deficiency and therefore results in an overall
negative charge on the tetrahedral basal planes of kaolinite (Van Olphen 1951;
Kitchener 1969; Swartzen-Allen and Matijevic 1974). The octahedral basal plane layer
of kaolinite, as well as its edges carry a charge that depends on solution pH. The charge
arises from the presence of amphotheric OH groups on the mineral surface, exposed to

the aqueous medium and therefore amenable to H /OH™ transfer (Carty 1999; Tombacz

and Szekeres 2006).

The surface charge distribution of kaolinite particles is shown in Figure 2.6. The figure
shows that the surface charge on the edges of kaolinite particles shifts from negative to

positive as the suspension medium becomes more acidic, while the charge on the
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tetrahedral particle faces remains negative throughout the pH range. At the point where
the charge on the particle edges becomes positive, the electrostatic force between faces

and edges of particles changes from repulsive to attractive.

20
0
=
E 0
LN
~40f
~6U $ 1 [l 1 1 s P

pH

Figure 2.6 — & potential of kaolinite faces and edges as a function of pH (Johnson et
al. 1998)

This implies that the point of maximum coagulation of suspensions of anisotropic
particles occurs not at the apparent point of zero charge, but at the point where the
attractive electrostatic force between oppositely charged particle planes and edges is at

its maximum. This kind of coagulation process is referred to as “heterocoagulation™.

The relationship between the zeta potential measurements of kaolinite and the yicld
stress of kaolinite suspensions is shown in Figure 2.7. The isoelectric point of kaolinite
obtained by zeta potential measurement lies at a pH ~ 3.5, while the point of maximum

coagulation of kaolinite lies at pH = 5.5 (Johnson ez al. 1998).
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Figire 2.7 Zeta pofential of kavlinite suspensions showing the suspenston isnelectric
point alesg with the vield stress of Ziveon suspensions shawing the point of maximum

codgnlation, at different solids concentrations (Johason et af. T908)

The reason for the isoetectne pomt and the yield stress peak no longer converging on
the same value 18 that the state of maximum aggregation of the suspension occurs nol at
the isoelectric potnt. but at the pomt where the atlractive lorce between the positively
charged edgcs and nepatively charged fuces is at 1ts maximum. causing the suspension

to heterocoagutale,
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Another reason lfor the disparily between isoclectnie point and the yicld stress potnl of
kaolinte lies in the vse of electrophoretic measurements to study the charge distribution
of anisotropic, non-sphenical parlicles {cg kaolinile). Electrophoretic meassuremenls
make use ol Smulochowki’s cquation (Dukhin and Derjaguin 1976} o converl
electrophoretic mobility to zeta potential. However, Smulochowki’s equation has been
derived for sphencal. or near-sphorical. 1solropic partweles. There s currently no
mathcmatical model that allows caleulation of the reta potential value from the
measured electrophoretic mmobility Tor the plate-like amsotropie minerals. This s doe Lo

both complex hydrodyvnamics and charge hetcrogeneity of such particles.

Since kaolinile particles are both plate-like and anisolropic, zeta potenlial measurements

of kaolinite must be treared as apparent and comparative only {Lyklema 1993),

2.2 PROPERTIES OF ANISOTROPIC TALC

Az mentioned i the intreduction, @Ble acears as a gangue mineral o the Motation of
basc metal sullide ore deposits around the world (Shoousstra and Kimloch 2000
Muinonicn 2006). Although tale {onns only o mimer part of the gangue components of
these ores (less than 1094, il 1ends 1o have a disproportionately large eficet on the

cllicicney of the flotation process (Stegnberg and Harmis 19%4: Fuerstenan et al. 1988).

o | Crystallochemistry of talce

Tale 1s a layered silicate mineral that consists of octahedral magnesium hydroxide
structures sandwiched between sheets of silicon-oxyoen etrahedra, The layered tale
sheets are held tosether by weak van de Waals forees (Flegmann and George [975),
Tale is an anisotropic mincral ang the particles exhibit distimet edges and basal plancs,
Figure 2 K shows the layered structure of tale, pointing out the chemical structure of the

basal plancs and edges.
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Ficure 2.8 Crypsted chemical stracture of talc (Flegmorm and Gearge 1975

Tale crvslals can also be represented geometrically, showing the tetrahedral structure of
the top-mosi silicon oxvgen layer and the octahedral structure of the mner brucile laver
as shown in Figure 2.9, In some cases, small amounts of titanium ot alumininm can
substitute  for silicon 1 the tetabedral layer. while calcium may  substitute for

magnesinm i the ectahedial brocite layer (Deer el al. 1997

Figre 29— Gepmetric representafion of tale tetvahedral and octahedral favers

The lavered nature of tale 1s further evident when observed under a scanning electron
microscope {SEM). which shows the smooth basal planes of talc along the strutified

cdges. Such onages are shown in Pigure 2,14,
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(A} (B}

Figure 21 — SEM images of (4 ) basal plosie of a New York tde particle {B) edee of
a New York tale particle iphrotographs by Peter ven Blokiand, Akzo Nobel)

222 Surface charge distribution of tale

The basal planes of tale are hydrophobic. with @ contaet angle of 8 = 607 Because of
this tale particles exhibit a high degree of floatability. The edges of tale were found to
have a low contact angle of § = 107, however the non-zero conlact ahsle was atiributed

to the impurities an the cdge surface. (Fuerstenau and Huang 2003).

[t is commonly stated in many publications (Steenberg and arris 1984 Fuerstenau et
al. 1988, Morris et al, 2002 [ucrstenau and | luang 2003) that the (ctrahedral lavers are
fully charge compensated. thus rendenng the basal planes of tale free of electrical
charge, On the olher hand, tale cdges are considered o possess a negative charge as a

tesult of the cleavage of lonic and co-valenl bonds in the bructle layer,

Based on electrokinetic measurcments, the soelectric point of tale was estimated to be
at pH = 2.5, Table 2.1 shows the (socleetric points of tale which have been obtamned by a
number of diferent researchers hased on various sources ol wle, which illustrates the

close sgreement between the isocicetric points of tale scross different sources.
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Table 2.1 — Isoelectric points of tale from various sources

Researcher Talc Source Le.p Value
Steenberg & Harris, 1984 Barberton, South Africa ~2.5
Morris et al., 2002 Poole, England =2
Fuerstenau & Huang, 2003 New York Talc =25
Wang & Somasundaran, 2005 Unspecified =25
Bremmel & Addai-Mensah, 2005 Australia ~3

A typical zeta potential curve for talc is shown in Figure 2.11, which corresponds to
New York talc, same talc as was used in this study. The figure illustrates the position of

the apparent isoelectric point at a low pH value.
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Figure 2.11 — Typical curve of zeta potential vs. pH for New York talc (Fuerstenau and
Huang 2003)

Figure 2.11 also shows that the zeta potential — pH curves for talc are comparable to
those of quartz (Brien and Kar 1968), where the electrical charge arises from highly
charged silicon-oxygen tetrahedral structures. If it is assumed that the electrical charge
of talc arises from the bond breakage in the brucite layer, it becomes impossible to

explain the position of the isoelectric point of talc at pH = 2.5.
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This discrepancy can once again be explained by the inappropriate use of zeta potential
measurements with regards to plate like minerals. For plate-like particles such as talc,
the Smoluchowski’s equation (which was derived for spherical or near-spherical
particles) cannot be used to calculate the zeta potential values from the experimental
electrophoretic mobility values. Therefore, in the case of talc and other plate like
minerals such as kaolinite, zeta potential measurements should not be treated as

absolute values, but rather as apparent ones with no specific physical meaning.

Nalaskowski ef al. performed a study of talc surface charge distribution by measuring
the zeta potential on the basal planes and edges respectively using streaming potential
technique (Nalaskowski et al. 2006). The cell employed in this study comprises several
parallel rectangular capillary channels formed by firmly pressing the test surface against
a grooved spacer which forms the second side of the capillaries. The streaming potential
phenomena in such asymmetric capillaries must pose all the theoretical problems
similar to those in the movement of the anisotropic particle in a fluid within an electric

field (electrophoresis).

The study showed that the zeta potential of both basal planes as well as edges of talc
was similar to that obtained using conventional clectrophoretic measurements, where
the i1soelectric point was detected at pH 3. However, the theoretical electrokinetic
problems involved with the screaming potential cell when applied to anisotropic
minerals are similar to those involved in zeta potential measurements. That, as well as
the drawbacks of the sample preparation procedure employed puts the reliability of

these results into question.

The surface charge distribution of talc was also estimated from the floatability of talc as
a function of pH. The findings of theses studies vary. Some studies showed that the
recovery of talc by flotation was completely independent of pH (Rath et al. 1997;
Morris et al. 2002). However, Fuerstenau and Huang (2003) found that the floatability
of talc decreased with increasing pH. However, nonc of the studies observed a
floatability peak at the electrophoretic isoclectric point, which raises further questions
regarding the validity of the electrophoretic measurements with regards to plate like

minerals.
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A study by Okuda er a/ (Okuda et al. 1969) examined the possibility that the basal
planes of talc carry a negative charge. They employed a technique where the talc
particles were contacted with a positively charged Agl colloid which could then be
detected under an clectron microscope. They found that the positively charged colloidal
particles adhered to the basal planes of talc at both acidic and alkaline pH. It was
therefore concluded that the basal planes of talc carry a negative charge in a wide pH

range.

2.3 EFFECT OF METAL CATIONS ON TALC

The effect of ion type on the surfaces of various minerals has been widely studied
(James and Healy 1972; James and Healy 1972; James 1981; Fuerstenau er al. 1988;
Johnson ef al. 1998; Johnson et al. 1999; Bremmell and Addai-Mensah 2005; Ma and
Pawlik 2005). In order to examine the effect of ion types on the surface, the ions can be

looked at in terms of their structure making / structure breaking properties.

The structure making/structure breaking attributes of ions affect the mobility of water
molecules in solution. Water molecules are in a constant state of Brownian motion. The
time that a water molecule spends in equilibrium position with respect to another
molecule is defined as the average retention time (t). If ions are present in solution,
their interaction with water molecules is different from that between the water
molecules themselves. This causes a shift in the equilibrium, resulting in a different
retention time (t;) (Samoilov 1965; Laskowski 1994). The hydration energy (AE) of an
1on in solution can be expressed as a function of the ratio of the two retention times

(Samoilov 1965), as shown in Equation (2.2).

[ AED ,
a5 2.2
4 _ o AT (2-2)

T

Ions with small ionic radii (such as Li and Na ) as well as polyvalent ions, exhibit

structure making properties, where t; > 1. These ions are referred to as kosmotropes.
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Large monovalent ions with low levels of hydration, (such as Cs") exhibit structure

breaking properties, where 1; < 1. These ions are known chaotropes.

2.3.1 Monovalent cations

Monovalent cations such as potassium and sodium do not form charged hydroxide
complexes and arc common constituents of indifferent electrolytes. The major
adsorption mechanisms of monovalent metal cations onto mineral surfaces is by means
of ionic bonding onto a negatively charged mineral surface (Aplan and Fuersteanau
1962). However, the adsorption of these ions is complicated by their water structure

making/structure breaking properties.

Alkali metal cations are generally arranged in a sequence that lists these ions from least
hydrated and hence structure breaking to most hydrated and hence structure making,
called the Hoffmeister series, (Cs” > K~ >Na” > Li"). Potassium ions have a relatively
large ionic radius 1.33 Angstrom (Aplan and Fuersteanau 1962). This places potassium

into a structure breaking category.

The effect of structure making/structure breaking properties of alkali metal cations on
the surface potential of quartz was studied by Ma and Pawlik (2004, 2006) using zeta
potential measurements. It was found that at the same level of ionic strength, the surface
potential of quartz was reduced to a much greater extent in the presence of structure
breaking K™ and Cs' ions than that in the presence of structure making Na' and Li~ ions.
This finding indicates that the structure breaking ions are able to adsorb more onto the

surface of quartz, reducing its surface potential.

2.3.2 Polyvalent cations

Unlike monovalent ions, divalent ions such as calcium tend to be structure makers or
kosmotropes (Samoilov 1965). Calcium ions have a relatively small ionic radius 197 pm
and an even smaller hydration radius of 114 pm and have a high energy of hydration

(Tissandier et al. 1998).
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The effcel of divalent ions (Ca ™ and Mgiz’: on guar gum adsorption oo quarty wits
studied by Ma and Pawlik (2006). The adsorption density of guar gum was measured
hoth n disulled water as well as in the presence of both Ca™® and Mg'™“ ions. The
cxperiments were performed at pH 5.2 to ensure that o metal hydroxy complexes were
formed. It was found that the presence of divalent cations in solution had no cffcet on
the adsorption density of cuar gum onto quarle, wdicating that these lons did not adsorb

onto the mineral and therelore had npo effect on ity surface propertics.

Unlike monovalent tons, polyvalent 1ons are able to hydrolyse when placed in aqueous
solution.  Polvvalent 1ons  are theretore able to undergo specilic chemical adsorption
onto a mineral surface (Fuerstenau er of  1988; Koopal 1992). The adsomtion of
hvdrolysable polyvalent canons is highly dependent on pll as the adsorption of 10n3
mmereases with the inereasing amount of hvdrolysed 1o speeies (c.g. CaOH species
formed instead of ©Ca'’ species). (Ahmed and Van Cleave 1965; James and Healy

1972 James 1981,

In the gase of divalent calcium ions, the adsogption takes place between pH 8 and pH

11, wilh the sharp rise in the adsomption values oceurring a1 pH values above pH 1L

1

where the majority of hydrolvsed cations lorn, as shown in Figure 212,

The effeet of hydrolvsable polvvalent toms onto tale was studied by Fuerstenau er of
(1988). by meuns of zela polential and bawch (lotation measurements.  Metal cations
were found lo adsorb onto the mineral surtace in the pll range where they formed
hydraxyl connplexes. It was also found hat the adsorption ol mnetal cations such as re”
and Ai™ anto the surface of tale resulted in a significant increase in the zeta potential of
tale surfaces, rendering thern positive in the pHi rumge significantly above the apparemt
1socicetric pomnt of tale in the absence of metal cations 1 solution {pH = 2.5). However,
despite the cvidence ol ecation adsorption, the floaabdiny of tale was relatively
unaffected. This tact was vsed Lo deduce that metal hydroxide species do nor inleract

with the hasal planes of mie, but rather with the edges ol tale.
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Figure 2.12 — Distribution diagram of CaOQH ons in solution {obtained from

MINTIOAZ sofiware)

2.4 POLYMERIC DEPRESSANTS

2.4.1 Types of polymers

Polysaccharide compounds are commonly ulitized as polymene depressants, The two
polvsaccharides commonly used in the mineral processing industry as depressants arc

Cruar gum and Cathoxymethyl Cellulose {CMO),

CMCs are anionic polyssecharides, with molecular weighls ranging from 107 and 10

12alton. Figure 2.13 shows the basic molecular structure ot a typical CMO molecule.
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Figure 213 - Structure of a CMC molecile (Steenberg and Havvis 19844

On the other hand, guar gums dre non-onic nweromoleenles, derived trom a naturally
occtrring guar bean, with similarly large molecular weights. Figure 2,14 shows the

basic molecular structure ot o lypical guar gum maero molceule.

Figure 2.14 - Structure of a guar gum molecide (Steenberg and Harris 1984)
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2.4.2 Solution behaviour

Macromolecules in a solvent may show differenl degrees of confonnation, Irom fuliy
extended to fully colled The comformation of anionic macroinolecules has been found
Lo be highly dependent on fhe ionic strength of the medium (Huggms 1942). In the
absence of electralvie such polvmer macromolceules are fully exfended, As the wnic
strength of the solullon increases, the polymer macromwlecules begin to conl, at
sufficiently high tonic strength. the behaviour of the macromolecules may rescinble that

of particles. The schematic representation of CMC conformation is shown in Figure

Jik

i

The degree of cotling of polymers in salution can be inferred from viscosity
measurenenls, When polvmer macromolecules are fully extended. the viscosity of the
solution is generally high, due to the Mmetonal lorces between the long seranded
polymers. However, onee he imaleeules begin to coil. they start @ st mare and more
like patticles in a suspension, thereby decreasing the amount of intermolecular metion

and thus decreasing the solution viscosily.
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Fivire 2135 — Schematic representation of conformation of CMO moleciudes (4)
Distifled water, (B Difute electrofpte, (0 Concentrated elecrvalvte (Lan and Laskowsiki
2006}

Inirmsie viscosily 15 a measure of solution viscosity that 15 independent of the
congentration of polymer in solution {Huggins 1942), and therefore can be used 1o
determine the degree of cotlling of the polymet moleeules in solution under varving

conditions, such as change in jonie strength or pl ot the medium
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Puwlik e @ (20033 studied the conformational changes of CMCs as a function of the
jonic streneth of supporting clectrolyle 10 polash flotation systems, Tt was found that the
mirinsie viseosity of CMO solubions decreased with mercasing brine concentration,

which 1s indicative of the inerease in the degree of palvmer coiling,

Paralis measured the degree of colling of CMC molcenles as a tunction of ionic strength
as well as polyimer lype by measuring the intinsic viscosity as well a8 the radios of
gvralion of fhese polymers (Parobis et al. 2006 Tt was found that the presence of
calcium {a divalent cation) caused a greater degree of cailing of palvmer molecules than
that ol potassium {2 monovalent cation) for the same wnie strength, sce Figure 2016,
Furthermore, the curve of viscosily va. the mverse of the square raot of onic strength
(118" for K~ was found to be lincar, which is indicative of the interaction between
polymer molecules and potassivm ions o be purely clectrostatic. However, the same
curve in the presence of caleium 1ons was found o be non hinear, which indicates a

conformational change within the polymer (Fixman 1964
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Fiowre 2,16 — Inrinsic viseosify of CMC solution as a function of fonic strengih and

cating npe (Paredis eraf. 2006,
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2.43 Adsorption mechanisms onte tale

The mechanisims of adsomption of CMO s omo tafe as well as other nunerals has been
widely smidied with hydrophebic, hydrogen bonding considercd Lo be the primary
adsorption mechanisms (Steenbers and Harrs 19540 Morris of of. 2002; Fuerstenay and

Huang 2003; Wang and Somasundaran 2005: Wang and Somasundaran 20006 .

A mechanisim was also proposed (Liv and Laskowski 19897 Lig and Laskowsk: 19949;
Liv ¢t al. 2064 Liu and Laskosska 200065, m which adsorption ol polysaccharude
macramaolecules results from acid’base interactions between polysaccharide and mineral
surface. The presence of hasic metal hvdroxide sites on the acidic swtace {e.g. quarts)

wis shown to he essential for dextrm adsorption.
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Fiewre 2.1 7- Schematic ropresentation of an interaction between CMC molecules and

metal Fvdroxide species on the mineral surfice (i and Laskowsk 199Y)

Lau and Laskowskl {19897 studied the adsorption of dextrin onto the surlsce ol quanz,
They found that in the absence of basic metal hvdroxyl- species om the acidie surlace of

gquartz (both natural hvdrophtlic quartz as well as quarlz rendered hydrophohbic by
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methylation), no adsorption of dextrin took place on the surface of quartz particles.
However, when basic lead hydroxide (Pb-OH) species were present on the surface of
quartz, dextrin acidic molecules began to adsorb on the quartz surface. The
hydrophobicity of the quartz used in the tests played only secondary role, and this
revealed that the hydrophobic bonding is not a dominant mechanism of dextrin

adsorption onto quartz surfaces.

[t has been shown that in some cases the interaction of anionic polymer with metal
hydroxide sites acts in synergy with the hydrophobicity of the mineral surface. Rath et
al(1997) showed that the adsorption of dextrin onto talc (per unit surface area)
increased with decreasing particle size. The increase in particle size is indicative of the
increased basal plane/edge ratio of the talc particles. Since talc basal planes are
hydrophobic, with a contact angle of = 60° (Fuerstenau and Huang 2003), the increase
in dextrin adsorption with increasing particle size is indicative of the role of
hydrophobic surfaces in CMC adsorption. Similarly, such a synergy was also shown to
exist for the adsorption of dextrin onto hydrophilic and methylated hydrophobic quartz
(Liu and Laskowski 1989)

Researchers such as Fuerstenau & Huang (2003) and Wang er af. (2005, 2006).
considered hydrogen bonding to be a dominant mechanism in polymer adsorption.
Fuerstenau & Huang (2003) showed that the adsorption of dextrin onto the surface of
tale took place in acidic pH as well as alkaline pH and attributed this to a weak
hydrogen bonding between the polymer macromolecules and the talc surface. Wang et
al. (2006) came to a similar conclusion by showing that the adsorption of CMC onto

talc could be reduced by the addition of urea (a hydrogen bond breaker).

However, hydrogen bonding itself can be treated as an acid base interaction (Fowkes
1989). Most polymer macromolecules placed in solution possess acidic properties.
Mineral surfaces in solution show ecither prevailing basic or acidic properties (for
instance, while quartz is acidic, alumina is basic) Therefore, an interaction between an
acidic polymer and a basic mineral would be strong enough to be considered a chemical
bond. An interaction between a weakly acidic polymer and a weakly basic mineral
would take form of a weak interaction, commonly labelled as hydrogen bonding (Liu ez

al. 2000; Liu and Laskowski 2006).
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CMC is an anionic polymer; the possibility of the existence of electrostatic bonding
mechanisms onto the talc surface is also likely, and has therefore been widely
investigated. Several studies (Steenberg and Harris 1984; Morris et al. 2002) ruled out
this possibility on the basis that the adsorption of CMC onto talc failed to shift the
electrophoretic isoelectric point of talc particles. However, a recent study (Wang and
Somasundaran 2005) showed a change in the apparent isoelectric point of talc
suspensions as a function of CMC dosage and suggested a stronger presence of

electrostatic forces in the mechanism of CMC adsorption.

The adsorption of charged polymers has also been found to depend on the
conformational changes of polymer molecules in solution. A study by Morris (2002)
showed that the floatability of talc in the presence of CMC was constant in a pH range
from pH 5 - 9, and underwent a sharp decrease at pH 3, indicating an increase in CMC
adsorption. Similarly, the adsorption isotherms of CMC onto talc showed much higher
adsorption at pH 3.5 than at pH 9. A study by Parolis (2006) showed that the adsorption
density of CMC onto talc gradually increased with decreasing pH. In both of these
studies, this effect was attributed to the increased degree of coiling of CMC
macromolecules with decreasing pH. The increased amount of coiling is thought to
decrease the effective molecular radius of anionic macromolecules and therefore allows

for denser spatial adsorption.

Many studies have demonstrated the CMC adsorption density onto talc to be strongly
dependent on the ionic strength of the solution (Morris et al. 2002; Pawlik et al. 2003;
Khraisheh et al. 2005; Parolis er al. 2006; Pawlik and Laskowski 2006). This
phenomenon is chiefly attributed to two factors: the thinning of electrical double layers
around both the mineral surface and the¢ CMC macromolecules, thus reducing the
electrostatic repulsion, as well as the increased degree of coiling of a CMC

macromolecule in the presence of a high concentration of electrolyte.

The dependence of CMC adsorption on the type of ions present in solution was also
tested by Shortridge (2000). He has shown that the CMC’s adsorbs more densely onto
the surface of talc in the presence of hydrolysable Ca™* ions than K ions, for the same
solution ionic strength at a constant pH of 9. These findings were later confirmed by

Parolis (2004) who found similar trends, shown in Figure 2.18.
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Figure 218 — Advorption density of CMC onto rale as a function of ionie strength and
i fvpe (Parolis et gl 2004

Cruar gum 1s @ non-1onie pelymer. Nuwmerous studics have been performed to delermine
the mechanism of adsorption of this polyiner onto tale, The general consensus 1s that the
adsorption oecurs by means of hydrogen and hydrophobie bonding. primanly onto the
Faces of tale (Steenberz and Hareis 195840, The adsorplion of guar gum ontoe lale was
found 1o be largely independent of both pH and jonic strength of the suspension

medium (Rath er ¢f 1997 Wang et al. 2003).

The effect of the presence of difterent electrolytes on the adsorption of guar cum onto
quarty was stodied by Ma and Pawlik (2005, 2006). It was found that the adsorption
density of zuar gum onlo quartz was strongly alfccted by the presence ot some
motovalent cations such as K and Cs'. while being less affected by other monovalent
tons such as Na and Li*, as well as divalent jons such as (a'™ and Mg™. This was
attributed o the water structure aking/structure breaking charactensties of these 1ons,
whereby the presence ol struclure breakimg jons such as potassium on the mineral
surface was conducive to guar gum adsorption. The adsorption of guar sum onto quartz

in the presehice of hydrolysable cations (calcium and magmcsium) was ound o inerease

over an alkaline pH range. were these tons began to form hydroxide complexes. which
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sugaests that guar gum melecales may alse imteract with metallic sites on mineral

surfaces ina manner similar to that of dextrmn,

However, it is imporiant o note that the above sludy was carried out on quarte, a highly
actdic muneral that interacts weakly with a polymer such as gouar sum. It is unclear
whather a similar ellect of struclure makmg/structure breaking ions on Lhe adsorption of
guar gum plays a role in the adsorption on more basic mincral surfaces {Laskowski ¢l

al. 2006

2.5 CRITICAL REVIEW OF THE LITERATURE

251 Surface charge distribution of tale

There are still many questions regarding the distribution of the clectrical surlace charge
on the surface ol ale, The main source of information 15 zety potential mcasurciments,
and as alrcady digcossed, here 18 no @ model that can describe electrokinetic
phenomiena for plate [ike anisotropic particles Therelore, all the existing zeta potential

measurements for ale tuust be lrealed as only a very rough estimation.

The vast struclural simtlanby of tale to kaolinite ralses questions regarding the pereeived
lack of cleetrical charse an the basal planes of tale. The i jons in the tetrahedral
layess of tale are as amenable fo isomorphic substitution with AP jons as those on the
surface of kanlitite. Such suhstitntions have previously boen shown o take place mside

the tale erystal laftice (Deer f «f 1997,

The study that does proposed the presence of a negative charge on the basal planes of
talc (Olkuda ef aof 196%), aftribule the presence of this negative charge fo ionic
substitutions in the tetrahedral lavers ot fale, similar to those that take place on Lthe

surface of Kaolinite.

This leads to a hypothesis that such substitutions indeed take place, causing the prolon

deticiency on the basal plancs of lale, resulting i Lhem carrving a negative charge.
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Similarly, the edges of talc might undergo a change from positive to negative at a pH

substantially higher than 2.5.

On the basis of the available published data on the subject of talc surface charge, the
following general hypothesis has been put forward:

The basal planes of talc carry a negative charge resulting from natural substitution of
silicon ion with fons of a lesser valency on the talc basal planes, while the charge on the
edges of talc changes as a function of pH. As a result the surface charge distribution of

talc cannot be studied using electrophoretic measurements.

2.5.2 Effect of talc surface charge on polymer adsorption

The adsorption mechanisms of anionic polymeric depressants have been widely studied.
However, the derivation of these mechanisms largely rely on the assumption that the
basal planes of talc carry no negative charge. As has been shown in Section 2.5.1, this
assumption may not be valid. Therefore, the adsorption characteristics of polymeric
depressants need to be re-evaluated with regards to the possibility of the presence of
negative charge on the basal plancs of talc. Furthermore, the effect of pH on the
adsorption characteristics of anionic polymers is still questionable, as the evidence

relating to it is contradictory, and requires further investigation.

The majority of studies of polymer adsorption onto the surface of talc and other
minerals have been performed using bulk adsorption techniques. While these techniques
provide valuable information regarding the adsorption characteristics of polymers onto
the mineral surfaces, they cannot be used to evaluate the changes in surface charge of
mineral as a result of polymer adsorption. Such information can however be obtained
using rheological measurements since these measurements strongly reflect mineral
surface properties. From the available information, the following general hypothesis can

be put forward:

Rheological measurements of talc suspensions in the presence of polvmeric depressants
provide important information regarding the adsorption mechanism of these

depressants.  Rheological behaviour of talc suspensions in the presence of guar gum
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will be consistent with the adsorption of guar gum onto the basal planes of talc.
Rheological behaviour of talc suspensions in the presence of CMC will be consistent
with electrostatic attraction being a major adsorption mechanism of CMC onto talc,

with the adsorption taking place primarily on talc edges.
2,53 Effect of metal cations on the surface charge of talc and
polymer adsorption

The presence of metal cations in the water used in flotation processes has been found to
have a strong effect on the performance of industrial flotation systems. The presence of
metal cations in the aqueous phase of flotation pulps has been shown to have a strong
effect on the surface charge of mineral species (Fuerstenau ef a/. 1988), adsorption
characteristics of reagents (Morris et al. 2002; Parolis et al. 2004; Ma and Pawlik 2005;
Ma and Pawlik 2006; Parolis ef al. 2006) as well as an effect on the conformational
structure of polymeric depressants (Pawlik er a/. 2003; Parolis et al. 2006; Pawlik and
Laskowski 2006).

However, bulk adsorption tests do not provide direct measurements of the presence of
polymer on the mineral surface, but rather infer it form differences in polymer
concentration in solution. Emerging techniques such as ToF-SIMS are now able to
provide such information that is specific to selected particle planes (such as basal planes

and edges).

It is hypothesised that the adsorption of divalent calcium ions and monovalent
potassium ions on the surface of talc has an effect on the surface charge distribution of
talc particles and  affect the adsorption characteristics of CMC. The adsorption
characteristics of CMC are further complicated by the effect that metal cations have on

the conformation of CMC macromolecules.
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3 Experimental Details

3.l MATERIALS

3.1.1 New York Tale

New York tale, obtained from Wards Minerals. was used in the test work. The tale was
dry ground n a titaniun ring niil to vield a p30 of 23 pm with the top size ot
exceeding 100 pm. ‘Lhe cumulative sizc distribution plot s shown i Figure 3.1, The
composition of tale was determmed using electron microprobe analyvsis, with the details

shown in Tahle 3.1,

Yabie 3.1 - Detailed microprobe analysts of the New York walc sample

Compoul % Compaosition Standard Deviation

§i0, 61,83 1.915

iz} .16 (.06

Tith (.03 0016

Ca) 0.42 {.458
Al O, .36 (0.227

Mg 3127 1.370
Cry0; Q.02 0.010

FeO (.19 0153

Mnd) 0.25 027

Total 9453 0.823

The BET isotherin anabvsis shawed that the tale surface arca was 10,25 m'/g of tale.
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Fivure 3. — Cunulative size distiibution of the New York tade sample

31,2 Polymeric depressants

The CMC nsed n this study was DEP267, supplied by Akzo Nobel Industrial minerals.
The purily ol this pelytacr 15 = T, with the molecular we izht of = 320 000 Dalton and

the degree of substitution of 165,

The goar guni used in this sudy was CZ12 519, supplied by Chemzyme, The purity of

the polvmer is = 93'% . with the molecular weight of = 400 000 Dalton.

The detmled weight distnbution of these polviners was determincd by sive Cxclusion

chromatography and is shown in Appendix 12,
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3.1.3 Solution additives

. . ; i P o
In all tests, CaNChoand KNG solutions were vsed as a source of Ca™ and K jons
respectively. The pH modificalion was performed with the use of nitric acid and

potassiumdcaloum hydroside, depending on which salt was presenl in solution.

B ZETA POTENTIAL MEASUREMENTS

The zeta potential measurements were performed using the Malyern Zeta-sizer. Samples
wete prepared m 25 mif 1est lubes, using 6,530z of Lale and 20 ml of solotion, containing
varying concentrations of electrolyte. The samples were allowed to settle overnight.
The supermatant Muid was then withdrawn with 8 syninge and placed inside the analvsis
probe to perfonm the measurement. [t was asstined that the particles present n the
supernatant flukd were representative of the hulk sohds sample due to the high purity

and homogenetty of the New York tale samples.

The electrephoretic mobilities ef the tale particles were wsed 1o caleulate the zeta

potentials using Smcluchoyski™s equation {Dukhin and Derjaguim 1976).

a3 RHEOLOGICAL MEASUREMENTS

Tale suspensions of volumetric solids fraction (¢} of 042 were prepared in 24 i
aliquols at varying levels of Ca® and K' jon concentrations and pH levels, The
solutions were allowed to equilibrate for 1 hour before measurement. The solutions
were all prepared at room temperature, which was measured to be 23 £+ 0.5 °C. Fach

measurement point presented in the results in the tollowing chapters represents an

tndividually prepared and measored sample,
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Pivure 3.2 Sehematic represeriafion of the double gap vheclopical measuring system

Yield stress voeasurcinents were perlonned vsing o Paar Physiea MO 14+ rheometer, The
measuring seomctiy used was a double gap curette eylinder, with a gap size of 0.5 min,
as shown in Figure 3.2. The measurements were performied in a shear rate controlling
regime, with the shear rate ranging between 30 and 200 57 The resulling curves were
modelled using the Casson Vguation {3.1} tn order to calculate the Casson yield stress.

Figure 3.3 shows the typical rheograms and Casson models used in the caleulation,
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Figrre 3.3 - Typioal rheograms of tafc suspensions, fitted with the Cassen Mode!
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Ve =yfre +fne v 3.1)

r — Shear stress (Pa) re — Casson yleld stress (Pa)

¥ Shear rate ( s") ne - Casson viscosity (Puas)

3.4 POTENTIOMETRIC TITRATION

The appatent point of zero charge of tale muinerals was determined vsing the Roberts-
Mular titration method (Mular and Roberts 1966). In this method the pH of & suspension
15 measured at different jonmic streneths of the solution. Each measurement point
presented n the resubts in the following chapters represents an individually prepared

and racasured sample,
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Fioure 3.4 - Schematic repprasentation of tie Roborts-Mular potentiometric titration

merfird A for and Roberts 1966)
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The pH ol the selubions was (hen mcasired again 1o yicld a final pH The dillerence in
the initial and final {after increasing tonic strength) pll values is calculated and plotied
versus the final solution pH. The point where the Apl] value equals zero indicates the
pll of the apparent pomt of zero charge of the minegral. the schematic representation of

the measurcment principle is shiswn in Figore 3.4

€ I INTRINSIC VISCOSITY MEASUREMENTS

The intrinslc viscosity measurements wore pertortmed wsing a Lawda PVST capillary
viscometer, in conmuenction with a three wbe Ubbelohde capillary. The polymer
solulions were made al varying cencentrations, wilh 07 M KND: as supporting
clectrolvte. The pil of the solunons was adjusted drop-wise with nitric acid and

pretassium hydroside,

The reduced viscosity and imtrinsie viseosity values were caleulated using the | uggins

cguation {3.27 (Hoggins 1942,

Meed = [r|r|:1 -1 ]IC f'r .?)
Neea =[] + KINFC

i — Relative viscosily ' — Solution gongentration { g
i — Reduced viseosity (1) k- Huggins cocflicient {1g)

i —Intrinsic viscosity {1/g)

3.6 TOF-SIMS MEASUREMENTS

3.6.1 Sample preparation

Large tale flakes wore manvally picked out ol a +150 pm tale sample, which had been

ground i a litaniom ring mill, Solutions ol varving onic strengths, pH values and
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concentrations of 1JEP 267 were made up in 10 ml sealable plastic test tubes. 0.5 g of
tile purticles were placed nside cach test tube and allowed to cquilibrate For | hour,

Atfter an hour the particles were filtered out using a vacuum funnel and gently rinsed
with distilled waler adjusicd 16 pH 9. 1o prevent any bulk solution from adhering to the
mincral surface. The particles were dried i s convection oven at 307 C. Out ol the 0.5 ¢
sumple, six particles were randomily sclected and manuslly placed on an adhesive
surface {post nete) such that the oricntation of three of the particles was tace-up, while
the other three were edge-up. An example of the prepared samples is shown in Figure

ek

Figure 3.5 — Example of the New York tale particles preparved for Tob-5IMY analvsis

3.6.2 ToF — S5IMS analvsis

The measurements were poerformed on the JONTOF Secondary lon Mass Spectrometer,
provided by TASCON GMEBH, in Musnster, Oormany. The incasurement analysis was
performed by Kees van Leerdam (Akzo Nobel Functional Chemicals), The primary

excitation ton was Bi'. The spectra and images were taken in bunched mode { focus: 3-
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5 pim). with a mass resolution of S000-10000. Cyeling time ol the instrument was set o

200 ps, allowing the acquisitiom of spectra up to a mass to charge ratio of X0},

[n order to make the measurements obtained for the different samples comparable. the
wnie imtensities were nomaalised with respect 10 the imtensiey of the silicon mass

Sprecirung,

The detection of CMC was achiteved by detecting the maass specira of the charged
carboxvlic acid groups of CMC molecules (CiHiO- and CaHqO:) as shown in Figure

3.6

Mw = 73.03 - Mw = 66,02 8

Ficure 3.0 - Carbucylic aoid sronps wsed to deiect CMO imtensities by ToF-5IMS

AT MICROPROBE ANALYSIS

The chemical composition of tale was delermined by mincral analysis of polished thin
sections of New York tale with a Jeol Superprobe JIXARIOG. The probe power output
was set ab 15KV, 200A with 10s peak and 3s background counting time. The beam size
was approximately 5-10 mucrons. The analvsis was performed by Megan Becker

(Centre for Mineruls Research, UCT),

The exact chemical tormula of tale was determined by balancing the cationy present in
the sumple {as detected by the microprobe) with the oxyegen content of the oxide species
containing these cations. This procedure is described in detail by Deer, Howie and

Zussman, {Deer ef of, 1997,
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In order 1o determine the amount of crystalline water {OH ) contained within the tale
sanple, several 2,00 ¢ talc samples were dehydrated in a furnace at a temperature
exceeding 950 °C, over a period of 48 hours.  The smount of water was caleulsted the

differcnce in the mass of the tale samples betore and after roasting.

3.8 STATISTICAL TOOLS

The fallowing statistical 1ols were used in the analvsis ol the experimental data,

3.8.1 Standard deviation

The true standard devistion {o) epresenis the spread of the normal distnbution ol 4
sample population. This value can be estimated. as shown in Equation 3.3 (Napier-

Munn 1954

e Wnog
| & =
et ¥
i {x, - %) (3.3)
P W
5 - Esnmuated standard deviation
N — Number of observed values (data points)
X M observied value

— Average of all the observed values

=|

3.8.2 Standard error

The standard crror provides a confidence value of the mean of the datasct, as shown in

Equation 3.4 (Napicr-Munn 19943,
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5o — Standard crror
5 — Fstimated standard devialion
N — Number of ohserved valoes (data points)

J3.8.3 95% confidence limit

The 93% confidence hmit represents the probability of the guoted value lying within the
specilicd region (Namer-Monn 1994), For cxample, the true value p, will lic in the

TCLI00;

{.?—z-s,-:]lt';y{{i+z-sqj

Where:

It True value of the mean

T — Average of all the observed values

e — Standard Error

z — Proshability value (from statistical tables)

3.8.4 95% confidence limil on lincar regression parameters

The elliptical confidence intervals of regression lines represents the probahility that the
true regression [me les within the spectlied himits, as shown i Equation 3.5 {Weisherg

2005},

: [
=y 1 S AT

(005, W -2 ‘II

! I | b —J'f'j_ (3.5)
LA Sy

L Contidence homts
N — Number of data puintﬁ

Vo — Predicted value of y at the mtercept {x=(0}
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Xy < Value of x at the imntercopt {x—0)

T — Average of all the % values

Stx ~ Sum of the squares of Average ot all the x values
M5 - Mean square of residual emors

tipos v — Students 1 distribution at 95% confidence, with N-2 degrees of freedom
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4 Talc Surface Charge Distribution

4.1 INTRODUCTION

Surface charge 15 one of the key Gactors that influence the behaviour of the mineral
particles in suspension. Tale swface charge is therefore an important variable which
aflects the behaviour of tale in flotation sysiems. This chapter secks 1o infer the surlace
charge distribution of talc particles using a combination of various techniques such as
potentiomteric titrations, rheology, ToF-5IMS analysis as well as electron microprobe

analysis,

The majorty of mformation regarding the surlace charge distobution of fale has been
obtained by wmeans of electrophoretic zeta potential measurements, However,
electrophoretic measurements are ill suited for the determination of the surface charge
ol plate Like amsotropie mnerals due o the complications ansmge from the complex
hydrodynamics of such particles in aguecus suspensions {Dukhin and Derjaguin 1976;

Lyklema 19495),

The crystallochenucal structure of tale is similar to that of kaolinite, since they both
orgerimnate from the same family of sheet silicate minerals, The mam difference between
the two is thal kaolimile 15 a 1:1 sheet silicate composed ol a St - O 1ettahedral Layer and
an octahedral Al - OH laver. while tale is a 2:1 sheet silicate in which the octahedral

layer 15 sundwiched betwten two tetrahedral lavers.

Similarly to tale, the basal planes of kaolinite were once considered completely neutral,
however they have later been shown to carmy a negative charge duc to the 1somomphic

substitution of 8™ jons with AL jons in the tetrahedval lavers {Van Olphen 951

Swartzen-Allen and Muatjevie 19747 1t has recently been demonstrated (Carty 1999)
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thal kaolumte 15 an asymacttie 121 sheet silicate and that the previously drawn

conelusions apply to the tetrabedral plane only,

Tale particles have also been shown o contain randem impurttics ineluding Al tons
that exhibit similar substitutions with Si™ ions on the tetrahedral layvers of lale {Deer ef
al. 1978; Deer ef af 1992) However, despite this fact, the basal planes of tale are

confinually believad to be electrically neutral by a majority of rescarchers,

This chapter compares available tale electrophorelic data to the heologieal behaviour of
talc suspension. It alse examines the potenfiomitaric ttration measurements of these
suspensions m order o vahidale'ivahdate the use of zeta potentlal measurements in

studying tale surface charge distribubions,

This chapler also wvestigates the possibility of the presence of a negative charge on the
basal planes of tale due to the known substitulions of silicon 1omns m the teirahedral

lavers of tale with wons of 4 lesser charge.

4.1.1 Hypotheses

The basal planes of talc cariy o segetive chavee resilting from natural substituiion of
silrcon fon with rons of o fesser vifency on the tale basal planes, while the charge on the
cdpes of tale clianpes as o function of pH. As o resudt the surfoce charge distribution of

e camnold e stucdted waing electiophoretic Measuremons.
This hypothesis can be broken down into a number of more specitic hypothescs:

e The cumently accepled value of the socleetne pomnt of tale at pH = 2.5 does not

correspond to the poimi of zera charge of New York tale,

*  The basal plancs of New York wale carry a neeative charee in entire pH range dug
to the isomomhic substilution of 87 ons with AP jons in the tetrabedral laver of

tale, resulling in an overall proton deficicney on 1he tale basal plane surface,
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s The edges of Latc undergo a change from positive to negative at a pH signilicantly

higher than its clectrophoreticaly determined 1soctectne point of pH = 2.5,

4.2 TALC RHEOLOGICAL BEHAVIOUR

As mentioned in previeus chapters, vield stiess 15 a good indicator of the degree of
coagulation of a suspension, which is stongly related o the surface charge of the

mincral in susponsion,

It 15 important to note, that if the basal planes of tale do not carry a negative charge,
then the theological behaviowr of tale should be similar lo solropic muncrals when
placed in a solution. In that cuse, if the nocasured apparent isoclectric point of tale does
indeed represent a true socteetre point, then the yield swess paak und the 1soelectric

point should converge on the same value (pll= 2.5).

Rheological measureiments were perfurmed in o manner described in Chapter 3. where
the obtained rhenlogical curves were madelled using the Casson equation to obtain the

Casson yield siress values for these suspensions,

The repraducihility of the rhenlogical data was tested by performing replicate tests
under a linited set of conditions and determining the 95% confidence inlerval for these
measuremnents, The results of the reproducibility wwests are shown in Tahle 4.1, The

details of the analy#is are shown in Appendix O

Tubie 4.1 — Confidence fimits of the rheologieal data

Mi:n.tiuri:munf . G54 (_Tmlﬁrlunr:c.Inti:r\-'al

Casson Yickd S.-i_rt';_-is + A5 Py 5

pH N




50 Chapter 4

The results are show i Figure 4.1 (please nate that the line is drawn only to oude the
¢ve). The results show that the theological behaviour of talg 1s similar to that of other
minerals (such gs kKaolinte and zircon), where the suspension yicld siress changes s 4
function ol pH. with the muaximuom occurning at pH = 35, This frend s verilied by the
fact that the difference between the measurement points oxcced & (05 "o, which makes

thens significant on the 95'% confidence interval.

Casson Yicld Stress (Pa)
=
T RRER s, N 57 o e TS

Fosdnm aeanbacicdanii s s Ll

0

I3
i

4] b Lo
plE

Figuve 4.1 - Yield stress cvove of tofe suspensions as g frnction of pH

The rheological behavior of lale suspensions can now be comipared 1o other avalable
infomation, such as the zeta potential of fale as a function ot pH, to sec if the vield

stress peak of tale suspensions comcides with the clectrophoretic soclectrie point.

The results of the comparison are shown in Figure 4.2, which mdicates that the point of
maximum Casson yicld stiess of tale suspensions hics at a significantly higher ptl than

the isoelectric point of New York tale
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Figure 4.2 — Zeta potentiof af New York tadc suspensions showing the suspension
isoelectric point (Fuersienan and Huang 2003), aloag with the vield stress curve of talc

SUSPERSIons as a function of pH

At this stage, i Is lmportant to re-iterate that in the case of plate like minerals such as
tale and kaalinite, electropharetic zeta potential measorements do not provide adegualte
descriptions of minerals surface propertics. Electrophorctic mobility of these particles s
complexed by the hydrodynamics due to their irregolar shape. and  therefore

Smoluchowski’s equation cannot he used to caleulale the zeta patential value for such

cases, Smelochowski's cquation was derived for spherical or near-spherical particles
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with electrical charee evenly distributed over the surlusce of such particles, No model
currently exists (hat can describe the movement of plate like anisotropic particles 1n an

electrical field (Lyklema 1995),

4.3 POINT OF ZERO CHARGE OF TALC

Since electrophorete measaraments of plate like minegrals showdd not be relied on when
determining the charge dismibution of these minerals, another method must be
emploved i order to estimate the pownt of zero charge ol tale particles, so that it cun be

correlated with Lhe yield stress values Tor talc suspensions.

In this thesis the point ol zeto charge of tale hay been decrmined using the Roberts-
Mular titration, Sach tifration wethods have been successfully used to cslimate 1he
points of zero charge/isoelectric points of axide mimeral at the time when  zeta meters
wiere not yet connercially available (Mualar and Roberts 1966; Laskowskt and Sobeira)

19697

The B-M titration works on the principle of ion exchange in solution and is independent
of the shape of the mineral particles. This eliminates the problems ot the hvdrodynamics
of plate-like parnicles associated with clectrophoretic mobihty measarements. Tt s
theretore expected that in the case of plate like minerals, the peoint ol zero charge
measured by Utration will be different from the soelectric point as measared by

clectrophoresis.

In the specific case of tale, 1f the basal planes of tale do not carry an elecrrical charge
and are completely neutral, then the point of zero charge as measured by titration is
expected 1o converge on the point of maximum vield of tale suspension, The titration
results comparcd o both the ecta powental  measurements and  the  rhealogical

measurements are shown in Figure 4.3.

Tt is important to note that in the case of anisotropie mincrals, the overall poit ol wero

charge does not exist at any pil. it may only indicate the pll at which the charge of the
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posittvely charged sites is move o less identical to the charge of negative sites, Various
sitey of the crystal planes may still carry an clectrical charge (see Figure 2,13 as an
example).  Therefore. the pomt of zero charge as delennmed by ntmtion docs not
represenl the poing where the overall charge 15 zero, but mther the value where the net
charge 15 equal 1o zero. In other words, the net poiut of zero charge occurs al a ponl
where the magnitude of the positive charge on one of the particle planes is cqual to rhat

of a negative charge on a different partele planc.

The results show that the point of zera charge of rale (pH 7.7 E §45) docs not
cortespond to the electrophoretic soclectric point of tale (pil 2.5) This demonstrares
the disparits between ¢lectrophoretic and titration measuremenls. indicating that the
former is impaired by problems arising from the complex hydiodynamics of the plare-
like particles in solution. Therefore, the electrophoretic isoclectrie point should not be
used as an adequate representation of the point of zero charge of the ineral and nust be

reforred to as an “apparent” isoclectne porne.

Furthermore, the measured net pownt of zera charge (pil 7.7 + 0.45) docs nol converse
with the point of maximum Casson yield stress (pH 55 £ 0.1). The shift of the
maxirwm coagulation point away from the point of zero charse indicates that fale does

not behave in g manner consistent with an isotrople mineral,

The resulrs slosyn in Figure 4,3 indicare that there exasts an atlractive foree berween ale
particles other than the van de Waals foree, wiuch cavses the suspensions to coagulate
at a point where the charee of the particles is non-zero, This behaviour 15 consisienl
with the presence of an attractive electrostatic foree between mineral particles, which
causes the suspensions of tale to coagulale wa pH range where two oppositely charged
particle plaucs are present, 1.c. holerocoagulation 15 faking place.  These obscrvations

oantl looa strone poseihility that the basal planes of tale are ool neotral, bur carry a
r Rt K P b

negative charge.
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4.4 COMPARISON WITH OTHER MINERALS

In order to re-emphasise the findings of the previous sections, the behaviour of talc can
be compared to other minerals, both isotropic and anisotropic. Zircon and kaolinite were
chosen to represent isotropic and anisotropic minerals respectively; the results are

shown in Table 4.2.

The values presented in Table 4.2 show that for isotropic zircon, all three mineral
properties converge on a single valuc (Subbanna er al. 1998; Johnson et al. 1999;
Burdukova er al. 2006; Tombacz and Szekeres 2006), with slight variations depending

on the source of zircon.

Table 4.2 - Comparison between the characteristics of suspensions of tale, kaolinite and

zirconia, reflecting their surface properties

Mineral Properties Y- PH - PH -

Zircon Kaolinite Talc
Electrophoretic Isoelectric Point 6-7 35 2.5
Titration Point of Net Zero Charge 6.5 6.5 7.7
Yield Stress Peak 6 6 5.5

These values show that in the range between pH 6 and 7, zircon particles reach a point
of zero charge, as measured by both titration and electrophoresis. At this point the only
inter-particle forces present are the attractive van de Waals forces. This causes the

suspension to coagulate, resulting in a peak in the yield stress of the suspension.

On the other hand, in the case of anisotropic kaolinite, isoelectric point and yield stress
do not converge but diverge. The point of maximum coagulation does not occur at the
point where the electrophoretic mobility 1s zero, but rather at the point where the
attractive force between two oppositely charged particle planes occurs, causing the

suspension to heterocoagulate.
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Table 4.2 shows that the behaviour of talc closely resembles that of anisotropic
kaolinite, because its point of maximum coagulation and its isoelectric point diverge
from one another as opposed to converging as is the case with isotropic zirconia. This is
a further indication that the basal planes of talc could carry a negative charge. It follows
that the edges of talc serve as a source of positive charge that is responsible for the shift of
the point of maximum aggregation away from both the isoelectric point and the point of

zero charge.

4.5 PROPOSED TALC SURFACE CHARGE DISTRIBUTION

Based on the observations made in Section 4.4, it is proposed that the basal planes of
talc carry a negative charge in the majority of the pH range. It is also proposed that the
edges of talc undergo a change from positive to negative at a pH below 7.7 (point of net

zero charge).

Point of
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Figure 4.4 — Proposed charge distribution on the surface of talc

A schematic representation of the proposed surface charge distribution of talc is shown
in Figure 4.4. This analysis is similar to that applied to Kaolinite by Johnson et a/

(1999). It is important to note that no attempt has been made to quantify the magnitudes
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of the surface churge on cither basul planes or edges of tale. The diagram 15 merely a

representation of the possible charge configuration,

4.1 POSSIBLE SOURCES OF NEGATIVE CHARGE

If the basal planes of tale carry a negative charge as suggested 1 the previous scetions,
the most likely source of that charee is the substition of $i™ jons with Al ions in the
tetrahedral layver of tale. Such substitution occurs in the tetruhedral layers on the basal
plancs of kaolimie (VMan Olphen 19515 Swartzen-Allen and Matipevie 1974). Simmlar
substitutions have also been demonstrated for tale from various mineralogical seurces
{Deer ef af 1997

4.5.1 Distribution of aluminium on the surtace of tale

The microprobe analysis of New York tale {see section 3.1.1) showed that the analysed
samples contaned 0.03 % of aluminiam, 4 ToF-5IMS analysis of New York lale was
performed in erder to see whether or not this aluminium content formis part of the

erystal latnee of tale und 15 not g part of a cluster of contarninating particles,

ToF-SIMS analysis allows one to oblain a semi-quantitative indication of which 1onic
species are presentin the top monolaver of a mineral surface. Untortunately. i the case
of phyllosilicates the crystal lattice is looscly structured, with large gaps in the

tetrahedral layers. This structure is illustrated in Figure 4.5,

The large eaps in the tetrahedral layer allow the jomc species present m the deeper
layers of the mineral to escape the lattice and be detected by the ToF-5IMS mstrument.
This mcans that 11 s wnpossible to el whether the wnie spectrum scen on g ToF-5IMS
g corresponds o the 1ons mside of the tetrahedral layer, or to deeper octahedral

layers.
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Figure 4.5 — Top view of the crystaffographic stracture of a phvlosificate mineral,

showing laroe gaps in the topmose tetrahedral Tayver (Nesse 20001

Furthermore, ToP-SIMS detection of A" lans is particularly difticult in case of
minerals contaimng large amount of MeH  1onic species (as 15 the case with tale). These
1oms have a very simiiar molecular mass (o ALY they both have g molecalar mass o 13
gimol] and tend to obsiruct the alyminium peak, making it difficult to (solate. For this
reason. TobF-5IMS images of alumimium on wale should not be vicwed tn solation, but

rather be corrobarated by another techmgue.

ToF  SIMS measurements were performed on a sample of tale that was diy ground m a
titanium ring mill and washed in dishlted water to prevent any contamination of the
surface. In order to perform the measurcments the sample parlicles were placed onlo an
adhesive surface with thew basal planes facing up. The sample preparation procedure is

autlined in detail 18 preparcd Chapter 3,

The SEM imaze of o tale basal plane and the comesponding 1'oF-SIMS spectrum are
shown in Figure 4.6, The advanlage of having boih the SEM and ToF-STMS image of
the same particle from the swme vantage poimnl s the consequent ability Lo superumpose
Uie two images. This allows one o judge the distribution of the spectrum with regards

tor the surface Fealures of he particle,















































































































































































































