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Introduction 

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 floatable 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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2 Introduction 

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 key 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 Petrie 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. 

Univ
ers

ity
 of

 C
ap

e T
ow

n
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,amples, allowi ng one 1<l (ktennll1~ ils Cl)',>laliLne ,>lroctUfe, 

Rh~olo ... ical measur~menls are us~<1 10 ,llL(ly Ihe mlef-parhcle inl~raclions withm lale 

susp~nslon'>. These rneasuremenlS, in conjunclion with litralLon and dedrophoreti~ 

m<:asur~Ll1l'mS arc' llwn used 10 nlracl inl<mnalion r~g:~rding Ihe surl:1Ce polenlial or 

ralc particle,. Rheolog:ic~1 lr..::a'UI'L~nel1t> are .11:;0 used to e,ami"" the effect ("If 

polymenc depressal1ts on laic mkr-p~rticlr foree' m order to dLlammc lhe imrradions 

belween lak parll~ks and lh~ polymer mokcuks, 

ToF-SI\1S ~]]~ly,i, is u;,~d to lnea>lIJ'(' the adsorption of lnofga'"c Ions ",> wel l ~o 

anioni~ polymers direclly on lhe surface of laIc, a, a func tion of talc partick 

morphology I i.e. hasal pbnl's vs . ~dg~s). 
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Introduction 5 

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 is 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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6 Introduction 
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Chapter 2 7 

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 plaee 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 of 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 slurries 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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8 Chapter 2 

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-I. 
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rh",,'cr 2 

1 
Pseudo Dlastic 

Plastic 

• 
Shear Rale 

F;Kure 2, / - Rireograflls oj ,",,,iou,< Ivpes oj jluids 

Th is method Ilas heen s llcc~,"fu II y appl L~J to concentrated mineral suspension< of HI tra 

Ene p~rtldCl. However. whell deahllg "'ith particle suspensions of a si7e range 

CO mmon Itt notaT ion systems. lhi< llIC1hod bec",""s Ie" appropriate due to the lack of 

'<Cn<iti~ it y in rno<t laboratory m<lrumcnt, to deled Ihcar Ilrc"~n at ~uch low ,hear 

rale~, In ~ lKh ca~C'\. a rheolugica l mudd is apphcd to til<: tluid rhCllgr;Jlns. ~nJ the yielJ 

stres, val ue 1l1.1lhcmallcally eX l r~pobted_ 

TIle rhcologxal behaviuur of ps~udo plastic SUSJlCnsions of single phase mi""rai 

particle, IS high ly dq>endenl on Ilk: surface ch~rgc of lhe \u~pcndcd partlclel. Solid 

parlicle'1I1 a4uc'oul cnYironmen!~ arc usually electrically ch~rgeJ According to cl~ssic 

DL \'0 theory ( Dcrjagllin ~OO LanJ~u 1<.)41; V~n.v~y and O\ cmeek 1(48), tile d~gree of 

coagubtion of a susp,,,,,,,,n dq>end< on Ilk: rdallv~ llI~f;nitlodcl of the repulslVC 

c1Cclro:llatic force, ~nd IOC allriICl]\'C Y~n dc' Waals forces (in til e abs~lIce of otller 

attraC1l\'C torc~s such a, the hydropil<lbic fmce ) 

At hIgh Icyels uf surf"",' potenli~L the repul~ive fo rce, arc much ,lrunga lhan the 

aTtractiYe fOrc~,. <0 tile energy harrier r.clween particles force< the <u<pen,ion mlo a 

di,per>c'u ,late As Ill--: surface polenllal of the particles decreases, The redllced 

clecl""ulic r~pu!,i \'~ f(lrce, can 110 longer c<>unkmct the attrncti\c forccl a,od Ihe 
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~~-----~ 

SySTem stam coagulating. Wllell n", overall surlnL'~ cloarge. of loc partic le; lS 7C1"O. 

ck~tro,~1Ii~ r~p u lsion is ~b;enl and fa,1 coagulation prnails . AI Il\i, poillt, a continuous 

network of panicles is formed throughout 11", ,uspcllsion, which is rnal1if~;led by h1gh 

yield sln:ss v~ lue,. TI,i, phenomenon i.< g:raphLC'ally i Ilu,tmtcd in I' igu I\: 2.2. 

Eyuali()n(2.]) 

Vr",~- v,,+ y, 

- RepuL<ive energy - A ttra.:;tivc cncrgy 

11 0 1 - s.."foce Charge - Zero 

Well W~"kly Fxtr.n,"yel~ 

LJ;Spefsed AwrBgated Ag.gr,,\!aled 

~ .. ~.~::. ? , , • • • 
I). •• ' ... : .. :. .' . . . ~ . .. . I). • • .... 

+ + ~ ~ 

I~ . ' ~W .. • 

'00. • Stabi i ty • Grxxl 

,~ • V'='"ty • Hi8h 

N<Jne +- Ylek1 Stress ~ lilgh 

Figurc 2.2 - ,)chcmaric reprc'~nlari()n ()f thc rhml,,~i,.,,1 behavIOur of iSOlropic 

iIIin~m/s as a jimcti(ll/ uj'surfac<, ciJarg" ("lIla., <'I al. 1985) 

(2. I) 
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2. 1.2 Isotropic Ininerals 

As waS dis~usscd in the prcoious s~clio n , Ihe Sutl;1ce charge of mineral p~rlicles plays 

an impOl'lanl role in the consequent rheological behaviour of particle ,uspensions, 

Isotwpic p3nicks ar~ 3 good example of such b<.;lmviolLL Toc ddlning properly of 

i>Otropi~ min~ra ls is that an surfaces of such parlicles ~re created by bre~king tlK: s:lll'" 

bonds and the re-,ulling num,ral ,urfaces 3re borr",gnKllLs atl(i do nol vary as a funCtlon 

of po,ilion on lhc SurJ:ICC of a panick, Examples of such minerals ar~ Lif<'on and quartL 

Zircon consisls 01 uniform. tetragonal 7LrCOll1um si licate crystals "ith a homogenous 

surf~ee ehurg~ dislributlon (Subbanna ~t al. 1999l, 

Figure 2.3 - Terrag"nalsm,cI/fY~ '!f an isotropic zirc()n porti"'" (Bar/()w 100J) 

The surface- charge of ISotropic <L' .. d~ mincrals such as Lir~oll dmngcs as ~ flLnclion of 

the cOtlCcntration of potential (klenn iwng ions In solution. ill most cases. the pote t11 i~1 

determi ning lOns are Ir 3nd oJ-r ions, therd"re the surfac~ ch"rg~ chall g;~s 3s a 

Jimdioll of p/-l. As Ihc ;,uspension pH shifts li-olH Ot\e ~Xtr~1l1C to another, lh~ surlace 

charg~ of th~se lTImcmls undergoes a change from positive to negative, with toc po;nl 

whe", tl\e overJIl charge LS e'llLal 10 /.<:w " known 3s the pOlnl-ol~zero charge The 

,qlLiv~knt point ,,·hen mcasurcd LCla potcn(i~l plottcd vs. pH is ~qlLallo Lcro, is rcl"rred 

to as the L">eI~c1ric point 

As discLLss.;d ill the pr~,·ioLLs scclion, the yield Sti'CSS ofsLL'p"nsions 1!lcrcases with lhe 

decrc'a,ing ekcl",st:ltie repulsion hdween partid~" Thndnre, IlK: yidd sire-"es of 

suspensions or isotropic part Lcks ar~ low at (he pH v~lues "hcre thc surfacc chargc of 

the- mLnnal panicl"s is high a"d gradually i"erca.,,,, a, charg;~ approache, Zero, The 
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yield Slress reaches J Is maxillium al Ihc isocicclTit poin( or IIx: 'u'pcnSlOns of i,,,(mp"­

m [l1erai, (JolmWl1 01. ~L I YYY)_ 
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> ¥ .~ ., 
-i " " > • - "."'.-, , -'1\---' , 
• , • , 
I I \\ • _2 r 
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" 
Figure 2.'; - Zeta pm.:ntial of zircon "u_'pensian, _,howing Ihc .m<l'('n".;vII iwd<,c/ric 

point alan); wilh thc yield "Ires, of zlI'con _""spen<ian, shOWing thc [!vinr of max imum 

CWIi'-U'(1l;. 'n !SuhhCIIlllti <'I al. j 9981 

(' iguro 2.4 ,flu"" lile yie ld ,I('es< Inea,;med to,. conccnllmcd ,U'llCl"ioll of i'Qlrupic. 

71 IT·on ia a, a fUl1C-!lOn "f pH _ ' I"he yid,i slrG>S peak appear< at p( ( '" h. which cOlTe,putld, 

to til e isoe iec trk point "flhis mitlCcui 
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Chapter 2 13 

2.1.3 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 is a I: I layered silicate mineral, the structure of 

which is shown in Figure 2.5. 

Hydrogen Bonds 

BASAL PLANE 

Figure 2.5 - Cl~vstaflochemical structure of kaolinite (Flegmann and George 1975) 

Unlike symmetric 2: I sheet minerals such as montmorillonite and talc, kaolinite has 

two types of basal planes, the tetrahedral Si - 0 layer and the octahedral AI- OH layer 

(Carty 1999). The tetrahedral basal plane of kaolinite was originally considered 

completely neutral, however was later shown to carry a pennanent negative charge due 

to isomorphic substitution of Si'4 ions with Ar3 ions in the silicon-oxygen tetrahedra. 

The presence of Ar3 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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14 Chapter 2 

tetrahedral particle faces remains negative throughout the pH range. At the point whcre 

the charge on the particle edges becomes positive, the electrostatic force between faces 

and cdges of particles changes from repulsive to attractive. 

20 ,---------------------, 

0 

> ,.... 
·20 c 

>--p 

·40 

pH 

Figure 2. 6 ~ ( potential (~f kaolinite faces and edges as afimction of pH (Johnson et 

af. 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 rclationship between the zeta potential measurements of kaolinite and the yicld 

stress of kaolinite suspensions is shown in Figurc 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 et af. 1998). 
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Fif<lwe 2, 7- Z~1a po/ent;al oIkaolinite ""'}lensions ,.ho<Fing the s!I,'lJens;,," ;sodeclr;c 

puinl "lung \Hlh Ihe yield Slr""s of~irC"JI 811"1"",,<iol1.' shmvin!; Ih~ poinl or",ax;"",,,, 

("(Jagldtllion, at dilkn'i11 solids cU>lcel1lralhm" (Johnson N af. 19(8) 

The reason for the isoelectrlc poll1l ~nd llw yiGld strGS, p:.,k no longer converging on 

lhe same val ue' is thm thG stntc "f maximum aggregation of tile suspension OCClLr>< nol at 

the isoclectric point, but at the poll1 l whG!'C lk attr"~ti,,c lurcc bd ... ~e n the posit ively 

charged edges :md neg:>tivciy dltirged bce, is ~ l its m~xiJlllLm , ca lLsing lhe s lIspension 

10 hClcTocoag llla!C , 
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Anot llCr rCason for Ill.: dispanly between i>ockctri~ poinl mxl lile yield ,Ires, poim of 

bolinile l i~s 1n thc us.: of elecTrophoretic m~nsuremcllr> ro >tudy 111<' cJwrge disTribUlion 

of ~,"sotropic. 11on-sphencal p~rlid:, (c.g. koohni!cl. Eledropooreti~ n",~suren-.:onls 

make u>C of Smulochowki's cq twtion lDukilin and Ikrjaguin J\176) to convcl'l 

dcctrophor~ti~ Illi>bilily to zeta pot~nliaL Howeyer. Smulochowki's eqll:Jtion has ll.:e11 

denwd for sphenl'al, Or ",,:.r->pocrical, isolropic partidcs, Ther~ i, clI1Tcnrly no 

malll<"nnlicn i mOOe.1 tlJ:lr ~llows cakub tion of the /d~ pote11 1i ~1 val..., frex11 the 

Il",~sured electropllmdic mo b,lily for Ill.: plale-like ~lIIsol",pi~ mincr~ls. This" due 10 

bolh ~omp lcx hydrodynamic, ~nd charge h<:lcrC>gcll city of ,uch particlcs , 

SlIIce kaolll11le parl,c\c, arr lxlth plal~-likc alxl ~nisotrop,~. zeta pOlcnlwl IlICMurcnlCnlS 

of kaolinite Lllu,t k lI'eal('d as ~rparent a,xl c<x11l'arati v~ only (Lyk l etll.~ 19'"15). 

1.1 l' I~ OI' E ln l t::S ()F AN ISO n{()I'IC TALC 

"'> 'lIC11tio ned 111 the introduction, laic OC~lIrS as a ganguc lIlineml III the Il olalion of 

ba,~ metal ;;ulJld~ 01\' ocpo,its ~rOU11d The world (Sh co< ,,.stra a11d Ki11 loch 20(~); 

Mu ill0ni~n 20(lf» . A Ithough talc forms only ~ 1Il1ll0r pari of tllC gangue ~omponcnl s of 

the'ie ore< (k,,, lhan IO,};'), il lend, to hay~ n di,pwpoltionmcly large clrcct on rk 

~nLcie""y ofthc i1oMion procc% (Stee.11 herg a]xl Harri s 19:\4; ~uer' len~u et al 1999). 

2.2. 1 Crystallochemist ry nf ta lc 

TaiL lS a layered silic~le mineral tlwt co11, ists of octahedral m~g'Je, ium hy,\roxide 

, tmclUres ,andwil·ll.:d OClween shecl> of ,i licon-oxygen l~tm h edra, Tk lnycred tnk 

,heel, arc IIC \d toge.ther by " eak v~n de \Vaal, for~es (F\cgmann atKi Gcorge 1\175), 

T~I~ j, nn nni,oti'0l'ic mi'ICral ~,Jd the parlicle, exhih]t di,lmcl edge< and b~sal plane" 

Figure 2.X <how> lOC la, ~r~d SlI'uctUl\' of talc, pointing Oil! the chem iea I ,t,,]clure "f tile 

bn,al r lnnc, a11d e·dgc, 
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@ OH 

0 0 ' 

0 Si" 

• Mg" 

FiXllre 2.8 Ctyslai chemi(,al ,lmcture ()f [ilk (Flcgmunn un,} Gcor)!,c /Vi 5) 

I ~k cTy'I~1s cnn abo Ix' rcprts<: nt~J geoll><:rric~lly, SflQWI ng 1m, (Nr~hedr~1 structure of 

the lop-mo,( , iJicon oxygen laya ~]l(l lhe ()ct~~dL"al , truc!ure of tOC lllllGr brucite la} ~j 

~, s!lQwn Ln r lgure 2.9, In 'oQrne ,"a,es. ,mall arnoollis of 1l10niutn or alUlnini'lIn ca n 

,ull,tillLle for sihcon m UIG iC1WhGdl'al b yer. whde calcium m~y ,uhstillLle for 

rnagnG,illln in Ih~ oclahcdrol brucite by~r (lker el aL 1997). 

Figure 2 y - Geometric- representation ol!alc tUlmhedraf and "Clahcdra{ILlyer" 

nle layered tl:lture of talc i, fu rtlkr ," [OCnt "hen obr.G1>'ed lIn<kr a scanning electrQtl 

miCTo,cope (SElvf). "hleh show, 11", sinoolh bosal planes of ralc ~l()ng the str:JlLfi ed 

l'd ges. Such lllWgcS arc :;ll<.wn ill Figure 2 .10 
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(j\ ) (8) 

"'gllr.' 1_11! - SH..If images "f (A) basal plll"e a/a New York laic par/ic/e, (11) ",ige "f 

a New y",* wle parlicif (p"OIl1graphs h.~' I'der nm 8/llk/and, Ak"" N"hd) 

2.2.2 Surface charge uist ribution of talc 

Th<: b~s~1 pinnes of talc are hyJropl-.ob ic, WLlh a conlacl augle uf IJ '" 60" B~cause of 

thi, lale pm'lick, ed.ibir ~ high degree offlo~labllily_ rhe edg-~, of tak wa~ j()lmd 10 

lw.re a low COl1ffiCt ang-Ie of B '" 1 0", l-...wnn Ihe 1l01l-Z~'rO c'onlac! angle w~, a1l1ibuted 

to the impurilies on the' edge surf~ce_ (Fuerslenau and HLlaug- 2()O.l)_ 

It is wmmonly ,tall'u III mallY !,ublicnliolls (Sleenbcrg nl1d Il arri, I,)X4; Fue"ten~u et 

"I. 19~X; Idufri, el nl. 2002: f'u erSknau ~nd I luang; 2003) thaI th<: klrah~dml I"ye" "r~ 

fu lly charg~ compel1s~t~d_ Ihus rc,ndcTing lh~ b~,~1 1'1"-lIC' of t.~1c free of dCClrical 

charge On lh~ olhcT haml. tnlc edges are wnsider~d to posse" ~ negativc, "harg~ "' a 

rrsLlll Oflk cknvnge of ionic al1d co-valent \-..mus in !h~ brucik IJy~r. 

Based on e lee-trokil1ctic n-...'asurc'mtlll" llo: isoel~ctric po'nt of ta lc wa, ~stimaled to I~ 

at pI! " 2,) T"hlc 2,1 shows tbe isoclcctric point' oft:.Jic. which h",'c, hCTn oh!ain~l! by a 

llumlx:r of diftc'l'cm researchas h~sed on vanous ,ourcC, or i"lc. which ;lIu s!rat~s the 

cJo'~ "gr""m~nt bdw~"1l lh~ i""e1ectric points 01 talc ""ross difkrent ,OlLrc-C,_ 
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Chapter 2 19 

Table 2.1 - Isoelectric points (~f talc fi-om various sources 

Researcher Talc Source I.e.p Value 

Steenberg & Harris, 1984 Barberton, South Africa ::::: 2.5 

Morris et aI., 2002 Poole, England :::::2 

Fuerstenau & Huang, 2003 New York Talc ::::: 2.5 

Wang & Somasundaran, 2005 Unspecified ::::: 2.5 

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 - r.~pical curve (?f zeta potential vs. pH/or NeH' York talc (Fuerstenau and 

Huang 2(03) 

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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20 Chapter 2 

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 et 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 finnly pressing the test surface against 

a grooved spacer which fonns 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 electrophoretic measurements, where 

the isoelectric 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 ef al. 2002). However, Fuerstenau and Huang (2003) found that the floatability 

of talc decreased with increasing pH. However, none of the studies observed a 

floatability peak at the electrophoretic isoelectric 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 et al (Okuda et al. 1969) examined the possibility that the basal 

planes of talc earry a negative charge. They employed a technique where the talc 

particles were contacted with a positively charged AgI colloid which could then be 

detected under an electron 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 et al. 1988; 

Johnson et 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 ("r). 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 (Tj) (Samoilov 1965; Laskowski 1994). The hydration energy (L\E) of an 

ion in solution can be expressed as a function of the ratio of the two retention times 

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

iM: 

~=e\RT) 
T 

(2.2) 

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

structure making properties, where Tj > T. These ions are referred to as kosmotropes. 
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Large monovalent ions with low levels of hydration, (such as Cst-) exhibit structure 

breaking properties, where 1j < 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 are 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- > Lt). 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 lcve I 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 Lt 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 effecl of div~lent ion' (Ca-1 and Mg '2) on guar gum adsorption OIl\O qu~n7 wa, 

sludied by Ma and Pawhk (2006). The adsorption den,i!y of gu~r gum w~, mea,ured 

hoth III di'lilled wala as "cll ~, Lll tn~ prescnc'C <Jf bolh Ca" and Mg 2 LOllS. Thc 

experiments "ere pc]tonncd ~t pH 5.2 to en,ure lhat no mctal hydroxy COlnple~e, were 

formed. It wa, found lhat thc prescnre of dLvalent canon, in ,olUllOll had no effect on 

the adsorption cknsiry of gll& gum (~lto quart", llldlcdting; that these ior~s did not adsorb 

onto the miIler~1 and tkre lorc h'llillo effect on it, S\llfa~e pmpenie,. 

Unlike monov~lent iom, polyvalent ions dtc able to hydroly'c wncn placed in a'locous 

,olutioIl. l'olyvalclll ioIlS arc tkretore able to undergo 'p<:cili~ chemical adsorplion 

onto a nlLr"'r~1 surface (ruer,tcnau el ,,/ 1988; Koopal 1992). The ad"lrl'Tron of 

hydrolys~ble poly"lknl c,llious is highly dependent on pll a, the alborplion of ions 

increase, with the itwrea,ing am<Junl <Jf hydroly,ed ion ,pecies (e g. C~OH- 'pecies 

formed Instead of C~" spe~le'). 

1972; James 1981). 

(Ahmed and Van Cleave 1965; .lame, and Healy 

In the case of div~leIll ~al~ium ions, the ~sorptiol1 take, place hetween pH 8 and pH 

II, wllh lhe ,harp ris.: inlne :><I"lrption value, oc~urrillg at pH valucs aoo\'e pH 10. 

"here tile llI<'ljorily of nydroly".,u calion, lonn, as sho" n in F ig\lre 1, 12. 

Tk ef[e~t of hydroly,ablc polyvalcnt L"']> onto t~1c was 'ludi~d h} Fu~r,krulU el ,,/, 

( I n~). by me~m of 7ela pol~ntial and batch Ilotation measurcment,. ~-1ctal c~tion' 

were fOund 10 adsorb onto thc Ininer~1 '\J]ii>t;c in the pll range where lhcy fomK:d 

hydroxyl c"'npl~~e,. It "as al", f<) urod Ihat tk adsorplion oflllctal cations such a, rc-' 

and Ar' ont,) tIK: ,urfa~e of talc res ulted Ln a significant incre~'e in the 7et~ p"tel1ti~1 of 

lal~ ,urfacc,_ renckring them [>O,irive in (he pH r~nge ,ign ifi~aIltly abme the app~rtIlt 

isocicctric [>01111 of wic in the abse nce of metal c~tion' in ,olUlioLl 1pH '" 1.5), Howc' cr, 

desrll~ th~ e\ll\cnc'c of c~lion ~dsorpliol1, the flo~tabilily of t~k w~, rdatl'dy 

unaffectcd. Th" tact was used 10 dedu~~ lhat mctal hydroxidc specics do not IfIt~]"ct 

with th~ b~",1 pl~"", Ml:lk hut rmher with lhe edge, oflak. 
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2.4 POLYl\lERIC DEP RESSA]'I;TS 

2.4.1 T~-prs of polymers 

I'()lysaccharid~ ('ompolLn<.h ~r~ ('oLnLllonly utJilzeJ ~, polymeric depn:ssan is , The IW,' 

polysaccharides commonly \ls~d Ln the mineral pmc""ing .ndu,try a, depressant, arC 

(iU"' gum "nd Carho>. ymcthyl Cdlulo,;c {CMel, 

Cr..1Cs are ~I\ionic ]Xllys"ccil"'I!\e" wnh molecular w" lgh ls ,anging li'om 10' ~ntl 10" 

ll" lton. Figure 2. 13 ,lIm" s Ihe b ~sic molecular Si rli ctUl'e "I'" typi c~1 Cr..1C Illo lecule. 
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""~lIrr 1n1! ~".'r 0-:."1 . \\"It h ~ i"'; larl y I ~rg~ m"l~cubr weights Fig lm: 2. 14 , )lOwi the 

bas ic mo lecu lar STrU Clure ,, !'u tYriL~ 1 !'uar g Uln manu molc~ulc. 
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2.4.2 Sulutiutl hehlHiour 

Ma~l'umule~u le, in a ",I,ent m"y sh"" dlfferenl degree, "f w " j(mnali"n. frmn luliy 

ntended to lull) wikel n ... : cunlonn"tion of ~nion ic macrolIlo\ccule, has heen foun ~ 

tu b,.' highly uClX'nlknt on t11~ io nic strength of the merlium (t luggll1' 1'1421. In the 

~bscnce of electrolyte such polymcT m>l(;wroolcc'ulcs arr Jillly e.xrcnu~d, As the tunic 

.<ll-.:nglh of thc solu tion incr~ases, the polyLnel' Ll1 ~crOIl}l.)kcuks l><:gLn to COIl, "t 

sufficienTly high Ion ic STrength . tlk bchm']()!ir of Ih~ lI\>l(;rollluk~u ks lllay tcsClIlblc lh~1 

of p~niclc,. Tht: sch~mat Lc rcp rcs~ntat jo ll of ct.-Ie conformation is shown in I' igure 

2. 15 

Ihe degree of ,oiling of polymcr, irl solu tion can I>.: Lnferred from viscosiTy 

mcasul-.:mcrlls, Wller l polymel' lll~cro'llolcmle, me ful ly cXl~nded, Ihe \'"wslly of tk 

solution is gerl<:rally hlgh, uue 10 thc liidio" al lor~c, bch\CCIl lhc lung srrandcd 

polymers, Ho\\cvcr, om'~ Ihe molecules I-.:gi n to coil, llleY ,I"rt m act more ~nrl more 

likc pall idc, in a susp.:nsion, tllereby d~crea'Ll1g the amount of mtcrmolc('lLbr Jii,llOn 

~nd 11'I1S rkcrens ing the So llL lion viwusi l y. 

" 
",r -'1 r~ @ 

>~(7~ \ - I ., 
@ 2 IJ'v 

~I -: \ !\~j 
" \ ._1) '-- \_/ 

.J _. 

f 'igliFC 2. 15 - SrhemtJIic rt'pru-'<'nlalivll vj ('uJ1fimnwiuiI v( CAfC mul,.",,/es (A) 

f)istilled ,mler. (B) Dilult' deelmlyle, (C) CmlCenln""J eke/ml)lc (L", (liid L"skow"ki 

2006) 

111 ln l1 ,ic' V1W"S, ty is a lll<:a5 l1re " f solulion ""cmity th"1 i, il1uq>oCm]cnt of lh~ 

conCemf"liol1 of polymer 1!l sol lL rion (Huggins )942), and Iherefore ~a n oc l'-<n\ 10 

dCl~l'Il1ir>oC The rl~gr~~ of co illl1g of loc polYLnct ilIuk,uk, in solution under v~ry Ln g 

conditi'>ns, SlId\ as ~hangc in ionic str~ ngtl\ or pi I Oflk mn\ium. 
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u"pter! 

Pa"lik e/ al.(2003) stu,iicd the conformali oml change, of CMCs as a til]xlio n of tile 

ionic Slrength of,upporting "kdroiyk H1 polash flotalion systems. II was fonnd Ihatlhe 

intl'ins i~ \,]><oo,ily oj CMC so lution' wcreasd with in~n;asing bl'i]\C concentrat ion, 

which i, indicative of the' innc'~,e Hlt h~ degt\:~ ofpolyn"ICl' coiling. 

Pal'olis mcasul'ed the degree of "oLlin" ofC Me moic~ulc s ~s a function of io ni c strength 

a, "eli :IS polymer type by lll~asUl' i ng the inll'in,ic visC<lsity a, wdl as the rad]l/S of 

gyration oj these !X'lymers (I'arolis et al 20(6). It .... ~s fo und th~1 the pl'~s;:nce of 

CalcLLHl1 I a di vale'nl eatlOn) ~au >cd a grcatcl' degl'ee of co ii i ng of polymer mokm(e, than 

lhat of pOlassiun, (a mOjlO\alent C<llio n) for tile same lOnic 'treng.th, Sec Figul'c 2.]6. 

fut'llicnl1ol'c, the curve of Vi><OO'lly \S. the inversc of thc S<jlllil'C l'001 of ionic strength 

(1/ IS"'l ) f(n K- wa, found 10 bc li nc~1', "hich is indicative of the interaction bel'wcn 

po lymer mokc ui es ~nd !X'tasSiUll1 ions 10 be pnrely dcLlro,la lic. Ho .... cwr. ti1c Sam" 

~urw in the prcseLlCe of Caic LUfl1 ion, W:lS found 10 be non lmcar. ,d"eh indicatcs a 

confonnational ~hange "itl ,in tlie p<!l ymcl' (fi"m~n I '164). 

~~ :31 

o , 
> 
o 1~1 i 

1I(IS)'" 

l'igur..: 2. 16 - Intrillsic "'-'C"SIl} "I CMC solution a., a./imdwn of ;anic ;Irengll, and 

,'"thm Iype (l'amIL, et af. 2(06) 
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2.4.3 .-\dsorption mechanhllls ontu talc 

n'G lllCdlJnL,tn, of ad,orptio n 01'< r>,tC 's 01110 !~Ic. "s well '" other mmerals h", bc~n 

widely studi ed ,,·ith hyurophobic, hydrogen oondin g: com,i,krcd 10 b<: [lie pr imary 

adsorptlOn ll"J.:c-h"ni sllb (S tcGnbcrg nnd HmTi, 1 %4: Morris e{ (I/. 2002.: Fucl'SrCnal1 and 

H,,""g 2003; Wang and SQll1a;,und.Jran 2()()S: VI,'~llg ~nd Som:l.sundaran 21}(}6) 

A mcclwnislll wm. nlw proposed ( I.i" and Lnslowsli I'm'): 1.1\1 all(1 L",kow,b 1'NQ: 

Li u Cl aL 21)O(J: I ill and Laskow,ki 2IXH'il , in which adsorplion of polysacchariJc 

ll1acromolc~ule< res ul t, from aci d 'l>"sc inlCmdio)ls bGlwCCn polys,lCcllJnde ~nd [n ineral 

, mElee. The prGse.ncc of basic Ln.:l.1[ hyol'o;;:ide ,ites on the ,lCidic surl;lce (e '1 '1,,,,rt7) 

"'"s shO\, 11 10 he css.: nt i ~l for *'"tnn aJ<Olplion. 

H I 
'~ -OH 

H \ 
' C - OH 

H / ' c 
\ 

j 

coo· 
• 

H \ 'C - coo· 
j 

• HO • Me 

H / 
' C - COO 

HO • H \ 
'0- COO 

j 

+ H,O' 

• OH 

FiRure 2. 17· Schematic r''Pre.<el1laIlOI1 or an imcrl1di(J1l h"tw<"<'n CAfe moie"ules ami 

m('wl hydroxide specie., on Ihe ",inaa! s"rj(~>1' ([ill and 1.l1skowski 1(199) 

1,lU ~nd L~,kow,ki (19g9) slud ied tflc .... !smpl io n of dc,'lrin onlo IhG ,urfa('~ of qum-1 Z. 

fhey found Ihm m lhe, ab",nc~ IJf b <lsic meT,, ] hydroxyl- speCLes on th~ aCId ic sw-l1.cc of 

q llarrz (both nmll"ll hyd roph ilic qua/i/ "' "'ell ,t< quartz renderel] hydrophoh ic 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. 

It 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 et al. (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 

talc 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 either 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 et 

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 a!. 2003; 

Khraisheh et a!. 2005; Parolis ct 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 hydrolysablc Ca"2 ions than K+ ions, for the same 

solution ionic strength at a constant pH of 9. These findings were later confinned by 

Parolis (2004) who found similar trends, shown in Figure 2.18. 
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Figure 2.18 - Adso'7>/lOn density of c.ue omn tak G,< G pmelion o(ionic .'Iren!,r" and 

ion Iyp'" (P"ruli< e/ 01, 200-/) 

GUM gum" a n.m-~m'" polYlT1<:L '1UlT>,-rous slooies have b<:~n p<:rlorrTJ<:ll to dd~mlin<: 

The mechan ism "f adsorption "f this po lymer omo talc. The general consensus is that the 

~dsorpti()]l O!;cur, by m.~nS of hydrog~n and hyllropl1()bic bonding. primarily oIll" the 

races of wk (Sle~l1krg ~nd Harri, 1984), The MS<Jrpli"n of guar gllm ont" laic "as 

found to b ~ largely in.kp~Jid~nl of bOlh pH arid iom~ str~lIglh of the sus!,,'nsion 

medium (R~th et <Ii 1997; ,Vang et ~I 2()(IS). 

The effecl of the preser;ce of difkrent ~lcctrol}1cs on the adsorptiOIl "f gU3r gum onto 

'-juarlz w~, slooied by Ma ~oo P~"lik (2110S, 2(~1(,). It was t,moo thaI the adsorption 

densily "f guar gum onlo qllartz \V~" ,lrongly aff''Cled by lhe pr'''~nee of ,,,me 

mono\'aknt cetions "'leh os ,, ' arid Cs' _ while l>etllg less atfcctcd by oth~r monovalent 

ion, such~" Na and Lt, a, "ell as lli\,~lent ions ,och a, Ca" and Mit'. Tni, w~, 

allribUled to the: wal~r 'lruClur~ rnakilig/stmclUre br~aking ch~racle:ri'lic, "f lhes...; ion" 

where-by lh~ pr~"eoce "f slruclure breaking ~ms ,uch ~, potas."um "n the minemi 

sunacc was conducive to gum gum adsorption. The adsorption of guar gllm onto quartz 

in lh~ pr~,eJlCe ofhydrolysabk cali"ns [calcIUm ~nd m~b'Il~,,"'m) w~" IO uncl 10 increase 

on, ~11 alblinc pH r~l1ge. w~re the,e io,,, began to f.mTI hydro~ide complexe'_ "hich 
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,uggCSiS tlWI guar gum m<Jl~cl1le, maya]", internet ",ilh IllCl~lIL" sites on mmeral 

,urfaces in a ,,,,-,nne" simi In r W I h.1l "r "'''Inn. 

Ilowewr, it i, imp,' rtaJl1 W note thai the ilbo\·~ sllLdy was carried OUll'll l]llarlL. a highly 

a~id j L mmeral that interacts "eakly \\·ith a polyn,.,;r such a, g llar ~um_ Jt is unclcnr 

\\' h~thcl' a si milar dTed of slrud\lre makillg/,lmc tUfc bl'cnking ion, 011 the adsorptioll of 

gllar gum plays a role in the adwrption un <l1or,: basic minl'm i surfaces (I.a,kl''''ski Cl 

al.l006). 

2.5 CRITICAL HEVIl:\V 0.' TilE UTlmATl'RF. 

2.5. 1 Surf:lcr cil:lrgr disjrihuliun of talc 

n,ne ilr~ Sllil many question< regardi ng the <i i Sl ribut ion of the dCdnC" I ,urr:lC~ Lhar~ 

l' ll the ,"rfaee of tale , The m~ ill sOllrce of information is lew pNelltial IllCnS lIrCmcnlS, 

and ns already d is<'us<;.:J . lh,re is IlO " mod,, 1 that can Jescrihc eleclrokindic 

plJ<:no nJ<:na f,,, p lat e like anisotropic particlcs Tlwrclim:, all ltJ., ex isllllg zeta poten tia l 

lHca,urcmcnts lor lale rl!u,1 oc lr~al"J a, only a ,cry rough c't imalion 

The vaq strucllLrill simi Ian ty of talc to hoi i n Ite ra i,e' qllcStions n:gnnling thc pcrceiwd 

lac'''- of clcetrical ch"rgc on lh" hasa l p lanes of laic . The Si" ion, in thc ktmhedml 

layers oftak afC as amenable to isomorphic slIbstilulion ,,·, til All inns a, those on the 

surface of kaol inite. Such ,uOOtl ~Jtions have previously b..:CII SIlO'" n 10 lake place ll1siJc 

til..: tale el y,tal lattke (Deer e/ "i. 1'197), 

rhe , mdy that docs prop<:»ed the p rcseJl<;e of n rlCgati"c charge on lhe basal p lan", of 

(alc (Ol.. lMla e/ al. 1969), attribule the presence of lh;, negatiw charge to ,,"'ic 

,nb,timl",ns in th e tetm hedral laye rs of tnk si milar to tho se that t"J...e pia,'" On the 

,u"face o f Kaolill iL 

Thi, leads to a hYJl<)lhe,i, that mch substitutwll5 indeed take plncc, calJ,ing the proton 

dctiei,ncy on the ba,':!1 planes of w.k, reslI lling in them carrying- a negati\'e 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 cany a negative charge resulting fi-om natural substitution of 

silicon ion H·ith ions of a lesser valency on the talc basal planes, while the charge on the 

edges of talc changes as afimction (?fpH. 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 planes 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 infonnation 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 (?f talc suspensions in the presence of polymeric depressants 

prm'ide important ilrformation regarding the adsorption mechanism of these 

depressants. Rheological behaviour of talc suspensions in the presence (?f guar gum 
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will be consistent with the ad'Wrption (~f guar gum onto the basal planes (~f talc. 

Rheological behaviour (~f talc sllspensions in the presence (~f CMC will be consistent 

with electrostatic attraction being a major adsOTption mechanism of CMC onto talc, 

with the adsorption taking place primarily on talc edges. 

2.5.3 Effect of metal cations on the surface charge of talc and 

polymer adsorption 

The presence of metal cations in the water uscd 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 et al. 1988), adsorption 

characteristics of reagents (Morris et al. 2002; Parolis et al. 2004; Ma and Pawlik 2005; 

Ma and Pawlik 2006; Parolis et al. 2006) as well as an effect on the conformational 

structure of polymeric dcpressants (Pawlik et al. 2003; Parol is 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 (~f divalent calcium ions and monovalent 

potassium ions on the sUliace (Italc ho. ... , an effect on the sUliace charge distribution (~f 

talc particles and affect the adsorption characteristics (~f CMC The adsOJption 

characteristics of CMC are .ii/rther complicated by the effect that metal cations have on 

the conformation (?f CMC macromolecule",. 
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3 Experimental Details 

3.1 MATERIALS 

3. 1.1 r<o;ewYorkTak 

New York talc. obtained fwm W~nh "!intra!" wa:, ,,>cd In the lest work. The ta lc was 

dry ground in a titan iulll ring Inii l to Yield a pSO of 23 ~lIn wLlh the lOp si,e nm 

exceedmg 100 ~Lln '!'he cumubti\'~ size di,tribution rIm" sllO"n in Figure 3.1. The 

(0111[1O<llioll of talc ""~s determ mcJ u,mg electron microprobe anal Y"S. "ilh the J,l:llis 

, hown in Tah l~ 3 I 

Tubie 3./ - Ikwi/('d micrnpmhi" "nalysis nf the ,veo,- Y"rk w!<- ,>cJmplc 

Compouud 'Y. Composition Sfand~,'d l)c,-iati"" 

SiO, 61. 83 1.915 

1\'a,O 0.16 0.065 

TiO, 0.03 0.016 

CaO 0.42 O.45~ 

.\ 1,0, 0.36 O.n7 

~ lgO 31.27 LJ70 

C r ,OJ 002 0.010 

F.O 0.19 0.153 

MnO 0.25 0217 

Total 94.53 0.823 

I he BET iSOlocrrn ~lla l y,is ,ho" ed that the talc ,urface area was 10.25 m'/g of talc 
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". 

'it " '~ 

~ 
• • 4" 

• 
~ ... " . 

U"'plCT 3 
- --

'. 
Fi;;lIrc 3.1 - CUJlllIlurirc ,jz,' di.<tJ'i/",rion nr the New Y vrk ,,,Ie s"mple 

Poly meric depressa nts 

The CMC '1><'U In IJ"s silldy W~, DEP267. '''pplieu hy Al7<l N" hc l Industrial minel'"ls 

The pllnly uflhis polym,r '" '" 711';0. wllh the molecular weight of " 12(1 0(1(1 I)all('ln an(1 

the d"gr~c of SUh,li tlltioll of 1l.65. 

The guar gllm u,,,d in this ,t\ldy was C/I) 519, supp lied by CI-.;:rnzyrno;:, Tho.; plLrity or 

the polymer is '" 9.~%. with the rn('llCClllar weighr ('If", <1-00 000 Dallon. 

The detmled wdghl (Iistribuli,," vI' the,e polyllJ..:r' w~, oklennin~u bv ,ize ~xclusioll 

chromatugr~phy ~lld i, ,hOWll ill APP<'ll,hx J) 
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Chap!eT .l H 

3.1.3 Solulinn adtlilh'cs 

In all leSIS. CaNt), and K\J O.1 solulions w~re lI>'ed as a source of ('a' · and K ",n, 

rc'J>Ccl"ely. The pH lno(hlicalion was performed wilh the use of nilric acid and 

pola»ium·'-calcium hydroxide. dependll'g on which ,all v.-as pre,cnl in ",IUlion. 

3.2 ZETA POTEI\TIAt l\IEASUREMEl\TS 

The 7d~ JX>I~nll a l llJ<:asuremeni< wcr~ performed using thc ~lalvern l,.eto-sizer. Sampk, 

wGrc prcp~rcd in 25 ml tG,1 lubG'. u,mg 11 511g of t~1c and 211 ml of solution, containing 

varying conc~ntr~tions of electrolyle. Th~ samples w~fC' allowed to , enk o\-ern ight. 

Thl' 'llpGm~l~ nt illlid wa, lh~n wilMrav..., wilh a syrinf!G ~nd pbccd In,ide the analysi, 

probe to P<'rform the rn~""UI'ement It "as assumed that th~ particle, pfC',ent in the 

'Ul'em~tam tluid were rcpresemo1i\'e of th~ hulk w lids sonople due to the high pUl'lty 

and hOll1ogeneit~ of Ihe New York t~1c 'mnples. 

The elcctrophorctLc rnohiliti~< of th~ ta lc port icles w~re used to calculate thc 7cta 

potential, using Smoluehovsk i' s ~quat ion (Oo.lkh in and Derjaguin 1(176). 

J.J RHEOLOGICAL l\IEASlJREMEI'TS 

Tak ,uspensious of vol ume lnt solids Iroction (\'1 l of 0..-12 ",~rc prepared in 20 mi 

~liqllOl, at varYll'g lnds of Ca2 and K ' ion cO~Gntration", and pH level ,. The 

wiullons "we allowed 10 equilibral~ for i hOllr hefor~ 'neasurement. The so lutions 

were ~11 prepared at room lemper~ture, which w~s measured to be 23 1. 0 __ , ' C Each 

nJ<:osnrement POlnt presented in the re,ults in the ti,lIowLng ch~ple" r~pre'~nts an 

individually prepared ond nJ<:"-'lore<J saLnpk 
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PHYSICA L1· l> N 

00. ... , .. ~." 

1.'"'''"''''' S"".n 

~, _ »." 1'YI1 

~" 'U, n (n 

~,_n"Jnm 

~. _ 'U.'j n (n 

l _111. n,..', 

C,, _1.2 17P • .'nNn 

c" _ <.~, , .'''','' 

(1laptor .1 

.-~ , 

',';:""'1''' 3,2 Srlicm"I;, rq"c$/'nialirm of Ihc double 1<,"1' rhcol()gicul ",c"",,,nng sr"I,'''' 

Yield ;;Ires;; mta,ur,'llltlll;; wcrt po:rlonll~d L"illg a Pam' PhysICa \1C I + rh~omelcr. Th,· 

measuring gcometry used was n double g:1p CUI'¢lk cylil)(ler. wilh a g:1p ,ize of 0,5 mil'. 

'IS shown in ~igLlre :\.2. The ""'~"'remenl' "w~ perf(wll",d in ~ ,f.,~r r~te ("(m lmll ing 

regime_ wilh II." ;;I,,'ar rale mnging: belw¢¢n 30 :111<1 200 S·L. nlC I'c,uUing cur,'cs "ere 

mooelled using Ihe C~soon EqllQlion 0.1) in or(l¢r to cillcll lille th~ CQ~'Ol1 ykld Slr¢~s . 

.,,' 

. " ;; -1-. 

-;#~~~/ 
" 0 T", r.,,," 1 

• T .. L D"'"' 

__ c"'coo;~ 1 

------- __ .J 

1I~1 0(1(1 

"'·!S"re 3.3 - l)ricai rllCo!:ra",-" o{lalc ,"L'pensions, .filled 1\ ill! rhe C "-'-'''Ii Model 
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[ - She~r ,Ire" (Pa) 

y Sheaf rate (8') 

rc - Cusson yield sire" (Pa) 

'1,- - Casson l'i"'08ity ( p~ 8) 

304 l'OTEXTIOI\U::TRIC TITRATION 

d.l) 

The apparent point of 7em eharg~ "f laic minerals wa;; determined u,ing th ~ i{"herb­

~ ! ulur ti tr~ti"n mdhod (Mubr atl£! Roberts 1966 j, In thi8 melf.od the p II of a ,nspcnsion 

is measured at different i"n ie strenglh, "r the solulion, Eo>eh mea,uremem poinl 

pre,enled m ~,~ rc,uil, II I Ihe rollo"ing chapter", repre<,enl8 ~n individu~lIy prepared 

~nd measured smnpk 

£ • , 
" • " • 2' , 
< 0 c 
• c , 

t 

,) 
,L ~ 

, ~ ~ o-, loA suwortil1y 
ele<:trotytf." 

'/ , 
,~-

0 , 
• z 

,L , 

If , 
f.-- 10.' M O" PP°'" '" 

~ocl'oMe , 

Figure 3.4 - Schemali .. repro.sl •• lIalicmlllliltll •• herts-Alula .. pOientiometr.icli/mli .... 

melhod (Mular alld Ruber/> 1966) 
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TIIC pH o1'lh~ <;o [ulion, 'us I h~n lllcQ>ul'ed ag~in I() Ylc ld ~ 1'Ltw l pH Th~ (Iilj(-rellcc in 

the inilLQI Qnd tina[ ("ft~r Ll)<;reO,LlJg ionic .,ucngth) p[J values j, colwlQtcd and plo1(~d 

\'Cr,u, the filla l solution pH. Th~ point wh~re tilt: '- \1'11 ,,,Iue equa l., zero illd i ~ate, !h~ 

pl l of the ~pp~rent r Om! of zen> c.harge of the 1l1in er~L (he ,chc m.11ic rcrr~>e n tOlion of 

the mc~surcrnc u( principle is shown ill Figur~ 3.4 

35 INTRll'SIC VISCOSITY MEASll]{EMENTS 

The imri n,ic vixo.,ity 1l1eQ,urcmcn(, "~I'e perforlIled using a LamJQ pVSl c~pillary 

,i;c'otnt:kr, ill c.ollJuoction wuh a three t\J1lt: L' hbelohd~ c~pLlI"'y rh~ polymer 

,olulio ns "ere 
. . 

mil<le al v~rying concenlr~lions. wLlh 10 

~ l eClm lyle. The I' ll of the ,olutiollS \\.1, arij,hted drop-wi,e with nitric acid Qn.J 

The reduce,l ,']>cosity and illtrill"c v,,,,o, ity value, lVer~ calculated U.,i llg the I luggiu, 

Lyu~lion (3 .2) [Huggins 1'l--12). 

'1 ,.", = ['1 ,,] -1 Fe' 

ll ~cl-l ~ J'" klllJ'C 

'7,,} - Relative vls-cosi ly 

'1m; - Reducecl \i',COsily IV]?) 

'7 - Intrillsic vi,co,ily (I ig ) 

C - Solution conc~ntrolLon (gil) 

k Huggins codli~i~lll (I i]?) 

3.6 TOF-SIl\'IS l\IEASUREMENTS 

3.6.1 Sample prcparalion 

(2) 

Larg~ laic f1~ke, "ere manually p ick ~cl oul of a ... 150 '-'Ill laic ,atnpk, which h~d been 

grouJl(1 on ~ ti laniutrl ring n111 1. Solulion> or varying ion ic 'tr~n gths, pH volues "nd 
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Chapter ~ 

concemration' of Ill'\' 267 were made up ln 10 ml ,ealable pla,ti~ lest tubes 0.5 p: of 

talL p:Jflidc's wae plac~d in:;"k: n .eh l,"l tllhe and allowcd lO c'quilibralc' lor I hOllr. 

Altcr an hoor the particles were filtered ou t using a V:K:uum funne l and gemly rinscd 

wllh Ji,tilled water ooj ll stni tu pH Q, lO prewnt any bllik solution from adhenng to the 

Inmnal , urfacc' , Th~ partick. wae dri~d in a C()lnTetion O\'en at 50" C. OlLl of til<: 0.5 g: 

sampk, six p.mid~s wac' randomly sdect~d moel manlLally placed ()n an adbesi", 

sU l'f~c~ (post nutc) ouch that the urientation of three of the paltides was j;lce-up , whi\c 

the othel' three were edge-up, An example of the prepared ,amples is shown in FIgure 

Fi);ure 3,5 - Example (!lrhe }Olew Ymk talc panicle" preparedfor I<,!'-SIMS allal):'is 

ToF -SII\'IS an:Jl~' ~i ~ 

Th~ m<:asur~ments were r ... :rfonned on the t()~T()~ Secondary tOll "ta«s Spectrometer. 

provided by TA<;CON (jM[lH. in \.Iunstcr, Gcrm~ny, The lllo,:a:;urnnc'nt analysis wR, 

perfurrneli I>y Kees "~n Lc'ndam (Ah~l Nollel Fundional Chemicals), The prim<lry 

ex~iw.lion ion was Hi" , ,Ille spect ra and im<lgcs were takcli LII t>o.Lnched modc {rOCut;; 3-
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S ~lIn). with a IlI:lSS rcso hllion of SOOO- I 0000. Cycling time or thc instrumcnt waS Sd to 

2()(1 ~s. al lowing tile acqu isition ,)f sp<:ctm up to a mass to charge rati o of I ~In 

In order to make tllC measuremcms ohtained for the different ,~tl1ple, cOLll1Mr~hk the 

]OnIC im~llsitle, "ere nonnah,ed "ilh resl"'d 10 th ~ intensi ly of tile silicoll mas, 

sp,'ctrUill. 

Th~ deleclion of CMC w~s adli~,ed hy ddecimg the ma>s 'pedra of the charged 

carooxylic acid groups of ('MC Lll() lecule< (C,Holle ~nd C211,O)j ~s shown in f'igllrc 

3.6 

o 

"1w = 13.1I:l 

Fiiiure 3. 6 C"rbw;ylic acid groups used lu del",./ CMC i/1"'",)lies by T uF-S/.ltS 

] .7 I\ II CROI' ROIU: ANA LYS IS 

The chemical composition ofmk "as determined by ITIineml ~ ll~l ysis ot polished lhin 

section, of ,-",,, York ta lc with a Jeol SUpcrp"~lC JXA~ IOO. The P"~'" power outpul 

w~, set ~t 15kV. 20nA with 10spc"k amI Ss b<lckground co\lnlLng tilllC . The be~ITI siz~ 

was ~ppre>ximate l y 5- 10 microllS. TIl« analysi, was pertorm~d hy '-1cgan Becker 

(Centre for \1mer~ls Re,carch. UCT). 

rtle exact chemical tonnu l~ of talc "as octermilled hy halancing th~ c~liol\' pre.,ent in 

th~ '~mple (as dCleetcd hy til<: microprobe) wLth lhe oxygcn contenl of the oxide specie, 

ce>nlaioing these catic><". Th" prL!cedur~ j, "",crilled Ln ortaLl by Dcer. I-Iowi~ and 

Zu"m~n. (Dcer er "I 1997) 
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Chap!cr 3 

In order 10 uetnmlne the UillOulll of crystalline \\'al~r (OH-) contained wilhin Ihc talc 

sample, scv~raI 2,00 g tule samples were dehydruteu in a fUlTI"ce at a ternp"ruture 

exceeding 9,,0 °C, <wer a p<:rmu of 4g h(}urs. Tk mOOunL (}f wat"r was ""kulul,,d Ih" 

differencc I n the Ina,s of tile talc sump les Ilefore anu ufin roasting. 

3.S ST.,..,J IS'J ICAl TOOLS 

TIle folIo\\ ing: statistll-uI Tools wer~ used In the analysis of Ihe ~xp~rJm~nta 1 data, 

J.S. J Standard d(,\'ialion 

Th" lrue standard uevlutioll {IT) Tcprcsent;; thc ;,pre:Kl of thc oorJllul dLStribution of u 

,ample I)<'publi(}n. Thi, value can be estimated. as shm~n Ln Equali(}n ., .. , (Napier-

I>lunn 1994), 

N 

." 

J.S.2 

- Num ber" f obscrv~d \ 'alucs (<!"ta po ints) 

i h obscrv~d vah,.;: 

- Avcrage or allll,.;: observ~d values 

STanda rd error 

(3.3) 

The standard nTOr provilks a wnfid"n~~ value of lh~ m"un of tk U"tus<:t, as shown in 

Jo'l ual ion .1. .. (\lapin -~ lunn I 99 .. ) 

" (3.4) 
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ChapleT 3 

- STatldanl CIl'or 

- htim~T"d ,t~ndard ,Ie, i~tioll 
- \lUJllblT of "hsav,d val ut, (cia ta point,) 

3.8.J 9!"Y. confidence limit 

Tht 95'~," C<Jnlilknc, inn;l rt prl'"nls lho:: pwba bili l y of til" 'lllOll,d va l"" iymg within the 

spcci 1ied I'egion (.'bpicr-l<\ ullll 1994). for c_~mnplc, (h" true \aiuc '", ,,!llll<: in the 

reglOll; 

Wh~re: 

- Average of ~l l th" observed vall"" 

- StHlld~l'd Error 

- Prohahil ity va l"" (from statistical t~b le» 

3.8.4 95% l'Untilicnl'c Ii mil on linear rc~rcs~i(Jn parameters 

-Ille ell iplical confidence i mcp.aJ , of regressio n I inc, rCl'l'e,cnt.s the jlrob~ hi 1 ity tbal The 

2005) . 

, 

("J. = Y. ± I(".,~ ,v_" . ~II MS, 

CL C"nn<kn<:c Ill111\' 

, 
! ' 
\ ,,v 

N - Number of mla points 

YO -- Pred ickd value of y at the intercert (x---{) 

0 ,.5) 
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Ch'plCT ]. 5 I 

~" V~lue or ~ ~I til..- imtrc~pt (.~- O) 

x A \'er~g:e of all the x valucs 

Su -- Sum oflhc squares of Averageof~11 thc x ,'alue' 

AtS, Mean s4"~re ofresulual errurS 

/ (00.'. _'.J) - Studcnts t di strii>mion at 95% con fidenee, with N-2 de;:rees of freedom 
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4 Talc Surface Charge Distribution 

4.1 Il'TlWUUCTIOJ', 

Surface ch~rg:c IS One of the key faCI",., Ihal influence- 1Il<.' lxhu,-iour of Ihe mineral 

panicles", 'll.'pcnskm. Talc sUlface charg~ " lilcreforc an important ,anal;tlc whLeh 

"Cke\; the och~,iour Ofl~lc in flotatIOn SYSlc'1llS. Th is ch~plcr ,ceh 10 mj~r the' ,ur[~c~ 

charge distribution of talc pan icles !Ising a combLnation of va riol" ledmiques such 3' 

potemiOlTIlCric tit rat ions. rheology. ' I of-SIMS analy;;;, a, well a, electron microprob~ 

a"al}", 

The lTI"jonly or ;nlimna!;oll regarding: the surf",-'~ chmgc dislributi,," of lale has k~n 

obtained by means of electrophoret ic zelJ potential measurements. II('IwcwI. 

eledrophorel"c measurement, arc ill ,ulled for the delenninatioll oCthe ,urfa~e charge 

or pblc li le am>Olropic lllincr~b due' to the complication> ~rising Ii-om the eomple'" 

hydrO<lyn~l1lics "I' >uen part icles m aqlL«lIlS slLspcnsi"ns (DlLklun and o..'Ijaguin 1 (}76; 

Lyklema 1')')5). 

The cl)"t:l llochemical structure of talc i, "",i lar to that of kaolinite. since they I:>c>lh 

orig",ate' from the ;;ame family "I' ;;he'e\ silicate mineral;" The main diffe ren.,e bet\\ccn 

the two is that bolinite' IS a 1: 1 sheet sil;calC compose'{] of ~ Si - a tetrahedral bye'!" and 

~n oct~hedral AI - Oll laver. while talc is a 2:t sheet ,ilicate in "'hich th e octahedral 

laye r I;' ;~ndwlched betwe'en Iwo te trahedral layer;,_ 

Si milarl y to talc. the basal planes "r kaolinite were (}flee c"ns"k .. .,d eOl1lpktdy neulra!. 

ho",,\'er they ha,'e bter been shown to e~rry ~ negati\e charge duc to the isomorphic 

,ub,titutinn of S,H ions with AI -' ions on the tetrancdral layers (Van Olplien 1')51 : 

S"al1lCn-Alkn and "blijc'vie 1974), 11 Ius [e'I'-C'nlly been dem()nstr~led (('arly 1999) 
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54 

th~1 kaolu,ilc' " an a,ymu,dnl' :1 ,1,.:<:1 ,ilicJ!~ alld that the previously (Ira",n 

conclusions apply to the lctrahedral pl~lK: only. 

T~k p~rlicles haw also been shown 10 contain ra"do,,, impuritie' mdooi ng: AI ') iom 

th~! exhibit ,imilar suh,tituILOIl' wit h Si -4 iOIl, 011 the tetralK:dral l~yers of talc (Deer el 

<II. 1978; Deer et al IQQ2). However, d"'pile tim fae[, the ba,al p lall ~' of talc ar~ 

continually 1", ll e,-ed to ~ dec!rica lly Ileutral by a majority of researdx:rs. 

This chapter oonoparcs avail ~ ble laic deelrophorc:I,C dala 10 Lhe rl-,.,; ologil'al bd,avioll'- of 

ulc SU'p""Slon_ Il also examill~s the po~ntiomteric titration l"c~surclllCnls of th l'''' 

suspl'nsions in onkr 10 vahdal ,;ii Ll vahdale !k usc of zeta potential lnea,urements in 

s1udying l~lc ,urf~ce charg~ dis.lribllt ions. 

This chapler al", invl',hgal", (h" po"ibilil y of llK: presence of a negative charge on tlie 

basal plalle, of talc due !o tf>" krwwn su\>,titlLtiom, of ,il icon ion, 111 11-,.,; telrah~dral 

layer; of laic wilh ions of a Ie,,,,r ('hargl'_ 

4. 1.1 Hypoth eses 

The h"wl plancs "ltuk carty" ""gat; .. " charge res'lit;,,!; (nil" ",,'uml subslilu'i"" "J 

s;/i("(}" wll ,,·iliJ ions of" lesser "ale"')-0" 'he laic hasal planes, whilc Ih" ch"rxe 0" Ih~ 

edges "f /aIc Ch'II>;2.CS o1S "/imNi",, of pH As 01 r~,""llhe surjil{~' {"h"rge d,.</n"hulicm (If 
lal" <'anum be studied u.l'i"I< dedmphorctic mCol.",r"m, ·"ts_ 

Thi, hypOlI""is can ~ brok~n dOWll i11lo a number of Il)ore spcci tic h yp01h~ses: 

• Th" cun,,"lly a~cel'led vaillc of the ls"dedri~ rom I of l"k at pH " 2.5 d,,,,, no! 

correspond to tlx: point of z,;:ro ch~rge vJ 'lew York talc. 

• The b~,al planes vfNew York lalc carry ~ llCg~live charge ill enlire pH range due 

to lh~ i"'[Jlorph L(' SlIhSlilu!i on of S, , - ",." wlth A IJ - iOIl' ill th ~ letrdh ~dra l layN of 

talc, re~ll iting in an ov~ra lll'rolOn defici ency on tllC talc has~1 plmK: 'llrl;~ce. 
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n..ptCT 4 

• I'he cdg~, oftak ""M"go il change from p,,~i l iw to neg~li,c at ~ pH , igniJicarnly 

higher llwn its clectrnphoreticaly dekmlincJ i ,,,cok'{;tri~ poi"l 01' pH '" 2 ,), 

4.2 TALC RHEOLOGICA L IWIIAVIOUJ{ 

As m~ntione'\ Ln previous ch~ptc". y",ld stwss " il good indicator of the degr~e of 

co~gulatio n of a suspensLon, ",hidl is strongly related to the ~urf""e charg~ of Ilk 

mim'ml in sLospconsion, 

It i8 imp<l]1al1t to IMlle. lhat if j)-... , basal platles of t~k 110 not carry ~ negati\c charge. 

Lhe,n toc Ihcoological beha\'iour of t~lc ~houkl be ,imilar LO isoLropic minerals when 

pl ~ced ill a so lutio ll. In lh~t ~~se, if th" ITJCil,,,rcd appilfClH isodectric point of laic d"e~ 

indeed "'preseut a tru~ isodctlric point, then the yicold we __ pe~k ~nd the i;(>eleelrie 

point should couH'rgco on the same v~lue (I'll ., 2,5). 

[{h"o\ogica l mcaSUfCm.;nts w'e re pcrfOIm~d in ~ l1'k1nner described !II Chapt.;r 3. wher.; 

the obtaLne'\ rh eological curve, "ere moddlnl LLsing the Casson equalLon to Oblain lhe 

Casson yield streSS ,alucs lor Ihese .1I'rensioll ~, 

The IepIoducih,lity of the rlkolog[~al dilta was tc,r.;d by perfOrtl1Lng replicate kSl8 

under a limi led set of condit ion, and ddcnnining the '! 5'Yo conftdence inL~rval for lh.;se 

mca,u"cm.;nts, The results of lhe reprodue ib,lLty k,ts an: ShO\>ll in Table --1 .1 The 

d~tai I, of the analysi, are sho" n 1I1 Appo.;nd ix C 

Mca.u rcmcnt 

Ca"on \ 'jdd SIre" 

,,, 
95'Y. ConHdcncc 111Icryal 

+ O.OS I'~ 

1 0, I 
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Th~ re,ult, ~rc soown in Figllrc 4,1 (plc-HC note thilt th~ li1lc is dl'nv.n only to guidc thc 

eye) . The rcsults show tlk"t the rhcologic~ 1 I:>elw,.iour of llilc LS ,imilor to that of other 

mincr~l, (sllch "' bIOI mite aml.<lrc·on). " ,herc tllc suspension Ylckl SlrCSS ~h"ngcs "s CI 

fundion or pH. with lh~ tn".xIr!lurn O<TlItnng at pI! '" 5 5, This tret.d is ,'crifLed by tlic 

fact tlwt the (litTerence b<:tweell the' Il",,,,,,rcn,,,m point, ncc'cd ± OJ)5 1',,_ v.hid1mJkc·, 

thcll. signif,cant on the <)5'!'o conl'(lence imer\"aL 

2_0 -_ .. _-
• • ~ 

U , 
0 

" ~ , '.0 
,So , 
0 , O_~ e , 
" U 

00 , 
" 
"" 

Figure 4_1 - Yield sm.'s_, c"n~' '!f wl" _",s{Jt'",ion., G.\ aj;mcljon of pH 

r he rheol()glc'~1 b<:havior or l"k ,usp.:nsions <'an nOw Ix: compared 10 oli-K:r a,'ailablc 

inJOnlkll ion. sudl "s tlK: lew poIcnllal of talc ~s a fllll(;tLoli of pH, to see if the yield 

sHe," pc~k 01 talc suspc'mioll' c()in<:id~s with tlk: ckctrupoorclic "odedric pOlnt 

TIlc results 01 the C01l1porio;on ~re ,loo,," in Figure 4,2. "hid. indic.utc-s thm tl'" pomt of 

ma~imum Casson yield stress ort~lc suspensions lics at il sjgnjtic~ntly highcl' plillion 

Univ
ers

ity
 of

 C
ap

e T
ow

n



57 

" , , 

"I \ 
New York Talc 

1 
C ~ i"K'O 

> '" , , o f 
c , , j w "[ :\ 2 " 

1 
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h 
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30 I , , 

"L' , . ' I - - '-<:.--<l>lo. j , , 
.M' ·1 t·~-· 
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2,' r -, - , , "lew Ymk Talc 
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0 01 " KNO, 
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'" - i 
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• 
~ 0 ' 

, 
• I , w 

0.0 , , ---,~ 

0 , , • • W " " 
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Figure 4.2 - Zela mtcnrial r,f ,"'"", Yark taic _'"_'l'eJisium ,,/iowing I"~ ,-u'pens ion 

isue/ectric mint (Fl1ers ,,,n(l11 and HuanJ.: JOI.l3), alallg willi Ih~ yield siress (Ur,.,' uj ,alc 

"' u"7}ensi(m,, us (I.lime{ian a/l'H 

At this swgc. It is impon~nt 10 re-it~ral~ th"t ill the c",c of plate lih miner~l, such ~s 

talc and kaolinite, electrophoretic 7et~ potential me~Sllrement' do not pro,' id~ adcq ualc 

de""ripl ion, of min<:rab surf~(;~ pwptrli~s. lokctwphorctic mobi lity of these palticlc, is 

wlllplcxed hy the h}urodymmics dne to the Ir Irregular shape. ~ rld thel'efol'e 

Smolncilow"/': i', equation cannot he us.cJ to caicllime the zeta pOI~nti~1 valoc for >uch 

cases, Smol ll dlOwski' s cqllatiolJ was (icri,'cd for ,ph~rical or ""ar·sphcric~1 pamc les 
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" CI"'pler ~ 
---- --

with ele ~n-ical charg~ ~ve"ly di,lriblllGd ,};'cr thG 5mb"" of such p~niclcs. No nlO(lel 

c"uITGntly a;,!" IIw( can (lescribe the rnovcmcnt of plate like alllS<llrop ic particle~ III all 

eledrical field (Lykkrn" I (<'i5). 

4.] 1'01 1\'101" Z t::IH) CHA RG E UF T,\LC 

Sinc~ eieclropilorrli" rnc",mmJ<:nt:J of plate like minerals shou ld tiN be rciled on "hen 

tlelcnnining the charge rli,[ribUlion of [!>e," mineral,. anoli-.er method mu,t rn, 

employed Ln order to estllnale· the pmnt of ~no ~hargc "r t"ic. partidc,_ ,0 lhat it call b.: 

corrclakd with lillO Yldd ,(rGS, \'alu..:s lor laic ,uspc-n,ions . 

In thIS thesis (he pomt of .lGro charg~ Ofl"lc h:J, b.:cn lktcrrnm..:lI "'ing 11->.:0 R"ocn,­

IdLL1~r lilmlio ll. Such litratiou melhods have been >uccessfully mel! to c, timate the 

poi nt s of 7"'" cllarge iisoelectric ""ints of ">.idG mineral al lhe lime when ?eta meters 

wat not ytt cOtl1lTl.:rci~lly ~vmlabk t/o.llIl~r ",ld R<Jb,,:,rls 19M; L&kow,k, and Sooc]r"J 

1969i 

Tht R-\11ilration wOIks on lhe prinCiple of ion e~changt in >ulullon ~Il<l is illtk~n,knl 

of the ,;hape of the mi neral parli~le,_ 1 h" eliminate, the prd,lem,; of the hydrodynamics 

of pblC-likt p~rtick5 aSM)cialcli wilh dGClrophordic mobliily InGasuremGnh. [I i, 

thcre tol'c eX]JCcted th~l in the C:l;' e of plate [lkc mLtlerals, thc point or zcro clwrge 

"",",ured by li l,"tion will bG lIifferclI\ from the i"., lectric point as measured by 

dcclrophorGsi,_ 

III t[", 'pec'ific. ca.", of lalc. if the b~,"l pianes of l"ic do not "·arry all electri"al charge 

and are completely neutral. then the poinl of ,.em charge as measured hy titration is 

expeclcd 10 convc"gc on thc po' nt of 'naximum yie ld of talc SU,;peIlSlon, The titl'ation 

resulls "oll1parGd 10 bolh til.: dt" JXXcmial ,ne"surclI-.:nts "00 llx: rhwloginll 

,~~sUl'e'ncnts are shown ill Fi gure 4_-'_ 

It i., i mr<lltant to note lrut in \he "",G of ""iSOlrOpIC 1 niIlGr~[s. til<: owm II poilll of zcro 

charge docs 'lOt exist"' any pi L it may only indicate the pi I at which the ch~rge "f lll.: 
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Chal't.r~ 

posilively ~h"rged "kS is mol'~ 01' kss idenlic~11O Ih~ charge orncg"li,~ ,iT~S, Val'i"us 

.,ilc.< of tlw cl):;I~l platies m~y >Iill f~rry"n d,'clrical chal'g~ (, ee FLgure 2.Ll a, ~n 

example). Tht:rcJ',rc lilt poilll of nl'O eh~rge a, delenntIl~d by Iltmtion <!<XS nOT 

repccs':Ill Ihe point "Iltl'e tl", m'e rJIl ~harg" lS y~ro, blLl mlocr lll~ valu e' wbere TIle net 

~hal'g~ is etl Ual I'l 7erQ. In olher ",ord.'. Ihe f1~1 poiIll 'lf 7~ID cbarge oceu", al a poinl 

where toc magllLllLde of tilt po:;iliv~ cI~'lrge on one "flhe panicl~ pialles lS ~qu~lTo !h~T 

of ~ n~g~Ti\'e cbarge on a differenl parlidc pl~n~. 

'Ik r,-,wlts ., how th"l llw poi'll 'lf 7CI'O cllargc of wlc (pH 7.7 1 OA5) docs nOl 

correspond to Ihe eleClrophorelic "ockdnc point of l~lc (p i ( 2.5) This d<;moflslrales 

Ihe di'p"ril.' OClw~~1l elcclrnpllOl'elic amI lilrallon mfa.'UfenlCIlI,. lfldicating That tl,C 

rOnllCl' IS lLnpaired h' pmble'm "ri.,iIlg from llw compln h)dl'odynamie> of the plate­

like parli~IcI' L!l .,o luliou , nwrd"or~. tht eiectl'opbon:lic i"",)edrif l"nnl ;hould nOl he 

Il",d "' all "ocqual~ I'cpl'csenl~IL'ln of tflc poinl of yew cru,rg~ or tlK' In itl('ra l and lllu>l be 

I'd~rred to a> an "app"reni" lSodednc point 

l' urU"'rIl""T. lh,' IllCa,urrd IWI poiul of 7er'l cllarge (Pll 7.7 ... IlA 5) do,", Ilol "oIlwrg~ 

"Ltll the poltll or m~~Lmum C"-,,on Yldd Slress (pH 5.5 1 0, I) , 11", ~hift of lhe 

ma:>..unum c.oagulillion point a,,~y tl''lm rhe l",inl of Lew charge ifl,hcalts IhaTTalc does 

ll'lllxlla\'e in a manner ~ollsislCllI "ilh an i.'OtI'OP1~ tnilleral, 

The CCSlLltS shown Ln Figure 4,3 L ndl~are lhalll"'fe ni,\., an allradivc IOr~e belween talr 

p~I'1'cles oiller thalllbe vaLl de Waals forfe, which ~aUS~8 th~ :;uspensioll' I'l coagulate 

at a poinl " ,here In.,; ~h"rg~ of the panlCks is tlQn-7ero, TIL;> behaviour i, COllSi't~ILl 

"ith lll~ p res.;nc~ of an attmcli\e electr"-'Wli~ forn' octween LI1in~r"l panicks, whicb 

cau,;es TIle >l,).'p"nSLoLl> 'If lal" 10 coagLLIa k 1IL " pH m nge "h~re m 0 'lP]XlSllely dlarg~d 

partlcie pialle., are pre.,cnL LC. lJ,:l~rocoagulalion is l~kLLlg pl~ee. i'hesc ob.'~[\'"liom 

poiIll lO " strong p<)SsibiliT f tbill Ihe basal plane' "f l"k arc nol n~ulraL bul Clifty a 

negative eh"rge 

Univ
ers

ity
 of

 C
ap

e T
ow

n



~r~" 

" I 
~-, r -- '- j 

.. r 
• f 
". , 

., 

.. , 
,. 
OJ 

a 11, 1 , , 

, 

~~ 

? ~I) 

,~ " , 
• 1.0 · -• , 
" • , 

\ 

New York Talc 
U l02 .. ~MO, , 

l~t"c Pon' "' 
- - ----:\ .... __ . 

I -
I 1 

: ~~ J1 
: " : ... -~o~ 
I I ' ~ • 

Z: • 6 l ' " '" 14 

I 
I 
I 
I 
I 
I 
J 
I 
I 
J 

J , 
Fiolal rl 

l'oilltof / .£TO 

1 ,h.1T~' 

'" 

u- " '."" , 

" 

" 
~ , , 

'" " " 
"" 

!I,i<: _"" {'C".''''''' liS "funetic", u( pH 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 4 61 

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 value (Subbanna et al. 1998; Johnson et al. 1999; 

Burdukova et al. 2006; Tombacz and Szekeres 2006), with slight variations depending 

on the source of zircon. 

Table 4.2 - Comparison between the characteristics (~fsllspensions (~ftalc. kaolinite and 

zirconia, reflecting their sw/ace properties 

pH-
Mineral Properties 

Zircon 

Electrophoretic Isoelectric Point 6-7 

Titration Point of Net Zero Charge 6.5 

Yield Stress Peak 6 

pH-

Kaolinite 

3.5 

6.5 

6 

pH­

Talc 

2.5 

7.7 

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 is zero, but rather at the point where the 

attractive force between two oppositely charged particle planes occurs, causmg 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). 

w + Point of net 
c.9 zero charge 
0::: « 
I 
0 
W ~ 
0 0 pH « 4 5 6 7 8 u. 
0::: 
::J 
(fJ 

BASAL PLANE 

Figure 4. 4 ~ Proposed charge distribution on the swiaee (?f 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 al 

(1999). It is important to note that no attempt has been made to quantify the magnitudes 
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Chaptor4 

of the 'lLrtJ.ce ch"rgc on either bas"! planes or edges or lale The dIagram is rnerdy " 

represental iOIl of the possihle charge contiguration, 

4.1 l'ossmLE SOIJRn::S OF NEGATIH: nIAR(a~ 

If the basal planes of lJic carr)' a llcgallvc charge as slIggeskd III the prcv i{)us seclinlls, 

the most likely sourCe "ftlul charge is the suhstlllltioll ofSi" iOll' with AI" iOIl' in the 

!etr~hedr~1 byer of talc. ~lJCh sub,litution occur- in the tetr~heJral bye" on the bas:ll 

planes of bolmllc (Van Olphcn 1951. Sw"rtLcn-Allcn and Matl]c\'ic 197-'1). Sirnibr 

subs1l(utions have aiw l:>eel1 dernOt"lr~led jor talc hom various 'nineraiogicai SO\lrces 

(Deer el 01 1997). 

-1 .5. 1 Di ~,(fihlltion of alu mini um on th e sur fu rc of t:l le 

The microprohe ~naly,i' of :'-Jew York talc (,ee ,ection 3.1 I) showed that the analywd 

smnplcs e<J111amed 0.03 ~.~ of al um in ill 111, /1 Tor-SIMS anJlysis orNew York laic ",a, 

pertonned m order to ,e~ whether or nO! this aluminium contellt lonu, part or the 

cry sial lallicc of laic "m1lS lwi " pJrt of a cllI,t~r of contmninalmg partIcles, 

ToF-SIMS an~lysi< al lows one 10 obtain a ,emi-ql"mtl\~ti\'e indication of which iOllie 

species are pr~...:nl in lh~ top LllOllObv~r of a nllncral surface_ Unl<xtunmely_ III the ea,~ 

of phyllosilicaks til<: crystal latli~ i~ loosely 'tnlctllred. "llh large gaps in the 

Iclr~hcdr~l laJc,,_ This slrueture is illu,tr~ led ill Figure 4.5. 

-I he larg~ g~p< ill th~ tetr~hedral lajer allow the iome ,peeies present 111 the decp<:r 

bye,,; of the rniner~l 10 escJpe the lattice and be detected by lhe ToF-S1M~ i,,,tl'Umcnt 

This rHeJns thai il is Impossible to tell whether the wnie speclrum seen on" Tor-SIMS 

unag" c{)[r~sponJs to Ihe wns 1l1,idc of th~ IclrahcdrJI layer, or to deepl.-"r oclahedral 

l~yer' 
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Figure .J 5 - Top viel<' of Ihe aysl"llvgrtJpliic ,Iru('rl,re vf <l f'h~'lo> ilimre rniner<J/. 

shv\dng l<Jrge g"ps in rhe lopmvslr.'fraheJrallayer (Ne,s(' 20(j()) 

fllIlhcnllOr~. Tof-SIMS detection of AI" ions is particulal' ly difticult in case of 

l11i""r~l, contJ il1l ng brg~ am~"nl of Mg:H \Onil' 'rk-'<'i~, (as" the case with calc 1. Thes<' 

](ll" have il "'r) ,ul1llar l1lokculilT milSS to AI' (l!J,:y both )ww a 11I0kcular mass or 13 

gll'noll and tend to obstruct the aluminium peak. makinl! it diffrcult to Isolate. F(lr thi, 

reason, To ~ -SIl\ lS lLTI~ges or~l um llll llm on wlc should nol he vi,'",~d in lsoinllOn. hut 

rafher be corroborated by allOtilel \eclini'lue. 

Tor SIl\lS locasuT~mcnl> wer~ perrol'locd on a sample' of lale that "'as dly gro und in a 

titanium rin1,! mill atld w~sh..'d in di,lliled wala to prevent any cont~minallon of t h~ 

,urfan', In order to p<'rfonn llk llwasun:nJ<:n1s the s~mpk particles "w,' pbc~d onlo an 

ildhcsiv~ surl'acc ",ith the,1' basal planes fXing lip . The sanlple prepal';lti(ln p[()cedlll'e is 

oullin~d in d~taLi is prepared Chapter 3. 

The SFM image of ~ tulc, basal pia"" an,l tl1<' corre'ponding j'oF-SlMS sl"'c lrum ~r~ 

shown in Figun: 4.6. Th,' advalllag~ of having t:.o.h The SCM and ToF-ST MS illlage of 

the same paltlcle fmm the "-lll-W vantag:~ poinl i, (h" consequmt ability 1O supcmnpo..: 

(iI,- t"o lmag~ s. nlis allows olle to jlloge the distribution of the spcctmm with regards 

to t h~ surfan' fcalur~s ,,1' lh<: pilrticle 
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