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ABSTRACT

The prescn! work Glralyses the alterutions ill the rheological propcriie« of colloidal clay
sllspmsiolls caused by introducing deflocculating. substances, unth a victn 10 understanding tilt'
dcftoccutation mechanisms Ihroltgh which each of Ihese substtmccs acls. 111 a first slase, f il'e clays
used ill Brazilian GIld Italian ceramic conuni nice were selected. The clays I('ere chamcteriscd by
chemical and mincralogica! allalysis, determining their densities ill the I'resellce of waler, cation
exchange capnciti], specific slllface areas, pnrticle size distributions, zeta potential GIld pH 011
dispersion ill waler. 111 tile secolld stage of the work, the changes arising ill certain elay SIlSl'ellSioll
properlies caused by the addition of three di/faellllypes of defloccllialillg substances was studied.
That is, tln: sllldy addressed clay suspension dcfiocculation mechanisms. Each IYl'e of defloccllll11ll
acted accordillS 10 a preferential dcflocculation mechanism. The dcfuxcu lant» II scd were sodiunt
IripolYl'llOsplrale 10 slltdy the elccirostntic stabilisation mechanism. sodinm phosphonate for the
cation capture mechanism I11ld sodium polyaCl'ylale for the stnbilisntion mechanism by stcric
hindrance. The dc ftoccutants were added 10 the clay sllspt'llsiollS, IlIralysillg ttic cluing« ill particle
zeta potential, pH and tuiparcn ! uiscosities of the sllspmsiolls (rheological tests) as afunction of the
addition of each IYl'e of deflccculent. It was foinu! that each Iype of dtt10cwlalll hnd a siinilnr,
spcclfic effect 011 clay suspensions, tohich also exhibited similar physical awl chemical properties.

KEY WOUVS: Rheology, mech anisms, d efloccu la tion, suspe ns ions, clays.
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1 - INTROD UCTION

At present, in the cera mic tile ind ustry, world clay consu mp tion is of the order o f
two dozen mi llion ton s / yea r'" Cons idering the importance of these minerals, th eir
ind ustria l use sho uld be analysed, join tly ad dressing techno logical and econo m ic aspects.

From a technological viewpoint, mu ch of the ceramic p roduction sector works wi th
a tech nology ba sed on unit opera tions that use these raw mat erials in aq ueo us
suspens ion!", From an economic viewpoint, such suspe nsions should be prepared wi th a
high solid s concentration associated with excellent flow ab ility. On havin g a sus pe ns ion
with these characteristics, the specific ene rgy cos ts of the mi lling and sp ray drying stages
of the ceramic body are significantly red uced!I.2·J!.

With rega rd to the economic as pec ts, there is a conflic ting fea ture, since increas ing
sol ids conten t in a clay suspe ns ion significantly reduces its flowability's-", The clay
particles are in colloida l suspe ns ion, and hen ce subject to mutual att rac tion interactions
that increase cons iderab ly with the rise in solids conten t. Such an effect negatively affects
suspension flowa bility, as the forma tion of "contacts" between particles h inders liqu id
fl ow as a \vh olcI2,J.61.

The optimisation o f a ceram ic suspe nsio n the refore depends on in trod ucing
substances th at eliminate interparticle attraction interactions as far as possible, i.e. whi ch
have a dil ut ing effect on the sus pension'v-", These substances are che m ical add itives
kno wn as defloccu lants. Some alkaline meta l sa lts (e.g .: silicate, sod ium tripolyphosphate
and polyacrylate) are the most frequentl y found ty pes of che mical com po unds used as
defloccu lan ts'v' :", A defloccul ant can act on a clay sus pe ns ion through th ree d efloccul at ion
mechanisms: by elec trosta tic action; steric hind ran ce and cation cap turet- ". Each type of
deflocculant exh ibits a preferential action mechan ism.

The addi tion of an alkal ine sa lt to a clay sus pension can p rod uce de flocculati on . A
monovalent sa lt, with alka line metal ions of the ty pe Na: and U ' , ra ises the ze ta potent ial
of the suspend ed clay particles'v'?', The Na ' ion s, which are large, ha ve a sma ll charge and
a re highly hyd ratable, remain ' tenuously" ad sorbed to the clay par ticle, formi ng a very
th ick electric double layer. Thus , the repellent forces between the particles have qu ite a
wide field of action and ap pea r at a di stan ce where the att raction forces are neg ligibl e
(DLVO theory)!" I. The introduction of these ions di rectly raises sus pe ns ion pH an d hence
formation of a negative charge on the edges of the clay particles, which further enco u rages
d efloccu lation of the system'"!", Sod ium polyphosphates are one of the most widely used
defloccu lants in colloida l clay suspe ns ion stabilisntiont'" , In this case, these types of
defloccu lant are sai d to act preferentially by an electrosta tic stabilisation mech ani sm, since
suspens ion stabilisa tion is p roduced by alterations of the effec tive electric poten tial of the
particles.

Sodium p hosphonate (H PO(ONa),) is a defloccul ant that acts pri ma rily by ca tion
cap tu ret-", This clay suspen sion stabilisation mechanism involves cap tu ring floccu lat ing
cations from the liqu id or from the clay mi neral struc tu re'-". There are certain types of
subs tances, the "chelants", w hich have the capacity to cap tu re cations th rou gh the
formation of metallic complexes (che la tes j'", A complex is formed by a metal an d cer ta in
ions or molecules, called ' liga nds", held to it. Each ligand is linked to the meta l by
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su perimposition on the orbi tal hole of the metal (ca tion) of a filled orbita l of the same
metal. The bonds are therefore covalen t with a va riable ion ic cha racter"! Ca pture is
selective for the polyvalen t cat ions, which are the problemati c cations with rega rd to clay
sus pe nsion floccul ati on . The introduction of those subs tances in a suspension acts directly
by removing the floccul ati ng cations present in the clay particle d ouble layer, i.e.,
increasing its zeta potential. In aqueous solution, so d ium p hosp honate decomposes and
releases the HPO(O '), ion, whic h is a nucleophile and therefore has a che la ting propert y!".

The introduction in the di spersing med ium of polym ers th at cover the particles and
im pede their coa lescence defines the deflocculation mechanism by steric h indran ce'"! ",
Wh en orga nic po lyme ric mo lecules are adsorbed on the su rface of colloidal parti cles, a
new type of rep u lsion force arises between them, caused by stcric hindrancer-"!". Th is
hind rance is d ue to two ty pes of contribu tionl'."." I: i) one caused by an os mo tic effect, since
a larger polym er concentra tion exists in the over lapping reg ion, and when the particles
ap p roach eac h othe r, they need to expe l the liquid between them. This p roduces an
os mo tic p ress ure by in trod ucing liquid betw een the parti cles, to keep a conce ntra tion
equ ilibrium be tween the overlapping area and the liquid medium; ii) and volu me
rest rict ion, caused by the d ecreasing possibilities of polym eric cha in forma tion in the
res tric ted space be tween the pa rticles as they app roach eac h othe r. The two effects
pred ominate at di fferen t interaction di st ances. The osm oti c effect is act iva ted by
overlapping layers of adso rbed polym ers, i.e., a t a di stan ce twi ce the thickn ess of the
layer. The rest rictive volu me effect predominates at d ist an ces between the parti cles
smaller than that of the layer of ad sorbed polym er '!", The in tens ity o f the ster ic repulsion
forces is influe nced by the type of po lyme r that covers the part icles, by the type of
polym er- liquid interac tion an d by the d egree of su rface coveragel 'v" ! The most widely
used defloccu lants in this case are the sod iu m po lyacrylatcs, which are rea lly bi
fun ction al, i.e., they act th rou gh ion excha nge and th e steric hind rance mechani sm , the
latter bei ng mu ch more pron ounced!", An importan t factor, w he n a defloccu lant of this
type is to be se lected, is its molecul ar we ightlI51. Polym ers with an excessive ly long cha in
can produce po lyme ric br idge format ion between the di spersed particles, completely
neu tral ising the defloccu lating effect of these substances!"! The same res u lt is not iced
with excessive ad dition of a short-cha in polym er. In these two cases over-deflocculat ion
occu rs, i.e., the addition of the defloccul ant raises the apparen t viscosity of the
suspe ns ion. Therefore, molecular weight an d polym er concen tra tion con tro l the efficiency
of the ste ric stabilisa tion p rocess'! ".

The effec tiveness of the defloccu lation process of a colloida l suspension can be
measu red by the alterat ion of its rheological be haviour, caused by the introduction of
d efloccul ating substancest-> '. However, the ty pes of clay minerals found in nature di ffer,
and the d efloccul ating action of these substances depends on the properties of each
mi neral. Therefore, defloccu lant type and the physical and che mical properties of the clay
determine the op timu m condition of the defloccu lati on process of a collo idal clay
suspension.

2 - EXPERIM ENTAL PR O CED UR E

Five clays from cera mic tile co mpanies were se lec ted. The mineralogical
composition of the clays was determined by X-ray d iffraction (XRD) and che m ical
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analys is by X-ray fluorescen ce (XRF). Sam ple preparati on for the ana lyses was d on e by
manual milling of Ig of eac h raw material in an aga te receptacle, after dryin g in an oven
at ll O°e.

Particle size an alysis of all the clays was carried out by laser diffract ion in a
gra nu lomc tcr. A sa mple of Ig clay was di spersed in 30ml di st illed water and part o f thi s
suspe ns ion was introduced in the instrument for measu remen t. The spec ific su rface area
measureme nts of the stud ied clays we re carr ied out using the BET method. Three sa mples
of eac h clay we re trea ted at 100°e, on a flow of N" for 2h, subsequen tly cond uc ting th e
measurements.

The qu antities of wa ter that each type of clay adso rbed / absorbed unti l its sa tura tion
we re determined. For this, sa mples of the clay were p repared , afte r ove n dryin g at 11 O°e,
by fast milling in a laboratory mill for 10min . (standa rd condi tion). Subseque ntly, 5g of
clay was ad ded to a receptacle with 100mi di st illed wa te r and the suspe ns ion was allowed
to stand for 24h . The suspensions we re then vac uu m filtered to withdraw the excess
water. A sample of 100mg of clay, still we i (sa tura ted in wa ter), was subjected to
thermogravimetr ic an alysis in a thermal ana lys is syste m, with a heating ra te o f 5°C / min.,
to a temperature of 400°e.

The d en sit ies of the clays were also determined in contac t with water. The method
used was pycnom etry, whe re 5 sa mples of 3g clay were placed in 10ml vo lume test flasks
(vo lu me calibra ted with wa ter), pa rt of the test flask volume being filled wi th disti lled
wa ter. Subsequently, ultrasoni cs wa s ap plied for 30min, then filling the test flask. The
vo lume of eac h sa mple was calcu lated by the differen ce be tween the vo lu me of the test
fl ask and the mass (volu me) of added water. As part of the added wa ter was adso rbed
and / or absorbed by the clay, a correc ted den sity was determined as follows: i) the
qu anti ty of the water retain ed by the clay was incorporated into the mass o f the sa mple;
ii) the same qu anti ty of re tained water was incorporated into the vo lu me of the sa mple.

The ca tion exchange capacity was measured (CEC) of each clay. The method used
involved a rece ptacle with 100m I sol u tion (twice distill ed wa ter) of a substance that acted
as a ca tion d on or, to w hich 109 clay was added, stirr ing the d ispersion for 24h. The
qu an tity of ion s excha nged between the clay mi nera l and the so lution wa s the n measured .
For th is, che mica l analysis was performed using plasma (ICP) of the elemen ts Na, K, Ca,
Mg, Ba, Fe and AI presen t in the previou sly filtered solu tion. Solu tions were used of BaCl,
(O.5N), LiCl (I N) and HCI (0.1N) as cation don ors.

The zeta potential va lues of the studied clay particl es were measured in a Zeta Plus
instrument. The preparati on of the sa mples was carr ied ou t as follows: i) preparati on of a
clay sus pe ns ion in di still ed water with conce ntra tion of 25% so lids by vol u me; ii)
sus pe ns ion pH measurement; iii) wi thd rawal o f a sample of 2m l suspens ion, di luting to
lOml; iv) centrifuging of the sa mple for lOm in at 1000rp m; v) withd ra wa l of l m l of the
su pe rna tan t liqu id, agai n d ilu ting to lOml; vi) re-cen trifugi ng; vii) an d finally a sa mple of
the liquid was subjec ted to measu reme nt.

Rheological tests were carr ied out using a rotati onal viscome ter with computer
contro l of the strai n rate. Each rheol ogical test was ru n in th ree slages: i) applicat ion of a
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s train rate of 500s-1 for 30s; ii ) sa m ple rest for 2min; and iii) application of an up strain rat e
from 0 to 500s-1 in f Ornin. The sa mples of 150ml suspension, with a 25 vo l% conce ntration
of clay in di still ed water were hom ogenised in a fast laboratory mill for 5m in. The effect
of the deflocculant ad d ition on the rheological properties of the sus pensions was
determined by addi ng four conce n tra tions (by weight ) of d efloccu lant to the clay
sus pe nsions . Sod ium tripolyphosphate PA (Na,I',O IU) was used as th e d efloccu lant for the
study of e lectros ta tic st abi lisa tion; so d iu m polyacryl ate «C,H,-COO a)) of low
molecula r weight (2100 g / grno l) for the steric e ffect; a nd so di u m phosphonat e
(H I'O(OI a),), d iluted in d istilled water to 33% by we ight, for the mechani sm by
floccula ting cation capt ure. The pH and particle ze ta potential measu reme nts of eac h
suspe ns ion were carried ou t by the methods set ou t above.

3 - RESULTS A D DI SCUSSIO '

Table I det ails the che mical analys is d ata (in wt %) and loss on igniti on (L.O. I.) of the
stud ied clays.

Raw material SiO, AI,O.• CaO ~lg0 j'\ ~120 K,O Fo,O. TiO, L.0.1.

Kaolin SI' 47.15 36.6 0.12 0.3 0.07 1.65 0.7 O. I I 13.19
Kaolin C 20 I 50.47 34.33 0.09 0.26 0.09 1.36 0.69 0.17 12.49
Clay ,\1 ' 1{ I 50.07 29.67 1.66 1.87 0.09 0.33 1.52 1.92 12.82
Cia," TSJ\IA 62.18 24.19 0.68 0.87 0.06 0.75 1.62 0.63 8.97
Cia," UKI{ 63.98 23. 12 0.36 0.57 0.42 2.2 1 I. 15 1.24 6.9

Tt'/'k I: Chemical illllllysi.. data af the studied clays.

The X-ray d iffrac tion results a re shown in Figure I. Ana lysing the results shows th at
Kaolin Sr. Kaolin C201 and clay AP RI basically cons ist of kaolinite (AI,Si,O,(OH)),
confi rmed by the presence of the peaks at 7.16, 3.58 an d 1.62A in their X-ray diffraction.
The high ignition loss of the grou p of kaolin itic clays (see Table I) is related to the loss of
the hydroxyls (OH·) of the kao linite phase in their composition. In clay TSMA there is a
mixed composition of kaolini te and montmorillon ite. The kaolinite presents different iated
crysta llisation, since its X-ray peaks are at 7.24, 3.58 an d 2.50A. Anothe r ph ase in its
composition is sodi u m calciu m montmorillonite of 15A (Na,Ca)AI,Mg),Si,O IO(O H),
zl-l.O), since it exhibits peaks at 15.6, 4.50 and 3.04A. Clay UKR presents X-ray peaks at
7.18,3.58 and 2.50A which confirm the presence o f the kaolinite ph ase in its compo sition.
The ex istence of peak s loca ted at 1.98, 10.06 and 5.01A sho ws th at illit e
(KAI,(Si,AIO Il,)(OH),) is on e of the phases in clay UKR. The ignition loss of these last two
raw materi als is relati vely small, com pa red wi th the values of the kaolin itic clays. Th is is
because kaolinite has a rela tive mol quantity of 0 11" exceed ing that of mont morillon ite
and illite. An alysis using the d atabase of the d iffractometer involved, taki ng in to account
the che mical ana lysis of the clays, sho ws that qua rtz (peaks at 3.34, 1.82 and 2.46A ) is the
main im pu rity in the raw materials.
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Figure 1: V iff ractof:\rams of fire studied clays: e (Mo/ir/itt'), M (M mlfmorillonitd , Ulllitt"), Q(Quartz) .

Figure II shows the resu lts of the parti cle size analysis of the clays stud ied in the
form of their cumu lative d ist ribu tion cur ves (% by volume). The results ind icate that in
spite of being milled under the same condi tions for the same time, the clays presented
differen t particle size di stri butions. The maximum particle di am eter s in the di stribu tions
respectively range from 10 to SOllm for Kaolin C201 and clay TSMA. The mean
distr ibution d iameter s range from 2.6 to 3 .9 ~lm .
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Figure 11: CUrt/lilalitlf' particlesize distribution of lilt' clays.
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Table II gives the spec ific surface area da ta of the clays, w ith the stan da rd deviation
found for the th ree measurem ent s. Com pa rison between the resu lts of the particle size
anal ysi s (see Figure II) an d surface area d ata shows no di rect correlation, i.e., clays th at
have qu ite fine part icles (Kao lin C20l) present sma ll su rface area va lues . Two impor tant
factors should be taken into acco un t on ana lysing the surface a rea dat a. The firs t one
rela tes to the shape or surface appearance of the pa rticle, as solid pa rticles wit h a very
irregular shape and surface possess a high surface area. This can explain the hig h surface
area va lues found for clay APRI, since it is a clay with relati vely coarse particles. The other
factor to be remembe red is that, because of thei r crystalline structure, some clay minerals
have bigger surface areas tha n others. This is the case of montmorilloni te (clay TSMA),
which has a high su rface area (existence of interlaminar gaps) an d kaolinite (Kao lins)
characterised by having a lower va lue .

I.f.nw M aterial Sur face Area (m' /g) Standard Deviation

Kaolin SI' l3 .9 +1- 0.1
Kaolin C 201 19.8 +1- 0.7
C luv AI' I{ 1 4 1.4 +1- 0.6

C lay TSl\IA 37.0 +1- 1.8
Clav UKI{ 27.4 +1- 1.4

TaNt'lI: Raw materials specificsurface area data.

The quan tities of wa ter adsorbed (I00-200°C) and absorbed (110-200°C) an d the tot al
val ue of the water incorporated pe r gram of eac h clay is sho wn in Table III. Ana lysis of the
resu lts se t ou t in Table 1Il indicates that the clays can be di vided into two groups: low water
retent ion (g H,G /g clay <0.10) and high wa ter retention (g H,G / g clay > 0.10). Practica lly
all the water retai ned by the clays is water of the adsorbed type. Furthe rmore, wa ter
adsorption is d irectly dependent on the specific surface area of the clay (see Table II) and
on the effective qu anti ty of impurities in the composition (see Table I and Figure I ). Using
the example of clay UKR, it can be observed that in sp ite of presen ting a high surface area
its adso rbed water content is small, since this clay has a large qua nt ity of qu artz in the
composition. The quantities of absorbed water of the clays are directly linked to the type
of clay mineral phases present in the composition. These qu an tities are always show n to be
very small w hen com pared to the ad sorbed water, beca use all the clays are made up of
minera logical phases tha t do not tend to incorporate wa ter in to the ir struc ture. The
quantity of absorbed wa ter is only rep resentati ve for the case where the clay contai ns
montmorillon ite in its composition (clay TSMA).

Weight to" (%)

Raw material 100-200oC 100-1 10°C 110-200a C g H 20 I J: clay
Kao lin S I) 8,7 8,5 0,2 0,12
Kao lin C 201 5,1 4,6 0,5 0,07
C h,,· APR I 12,2 11,4 0.8 0,19
C ia\' TS;\I A 9.2 7,3 1.9 0.15
Cia \' UKR 2,7 2,0 0,7 0,04

Table lIl: ~Veiglt t loss t 'fl / ll t'S fonlid ;11 thermogravimetric analysis.

The mea n corrected de nsity va lues, together with the mean un cor rected density
val ues (pycno meter), of each clay, are presented in Table IV.
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Densitv (,'/cnr')
Ita" :\laterial Pvcnumctric Co rrected

Kaolin 51' 2AX 2. 15
Kaolin C 201 2.44 2.23
Cia, AI'R 1 2.65 2.11
Cia' TSi\IA 2.49 2.15
Clay UKR 2.57 2A5

Tahlc IV: Corrected Qnd l'ycmmlt'tr;cdm"it.'l pallies of tlrc clays.

The results of Table IV sho w that in general, the clays with a high er pycnometric
den sit y valu e a re those that also possess high wa ter retention values and hen ce sma ller
corrected den sity values. Thi s because, on introducing water int o the pycn ometer for the
measurement, the clay retains a cer tain quantity, for this reason giving the im p ress ion of
having a higher den sity than is ac tually the case. Thus, in the direct density measurem ent
there is a upward error that increases as the clay wa ter retention value rises. An exception
exists in the case of clay UKR, since in spite of the drop in water retention, it presents a
high pycn ometric den sity value. However, the che mical com position o f the clay
contr ibuted considerably to its density value. Thi s va lue can be due to the quantity of
quartz (den sit y 2.7g / ern") in its com pos ition .

The total quantities in meq / 100g clay of the exchanged cations (CEC ) for each raw
material, with the exchange cation so lu tions (I-I ', U · and Ba" ), are se t out Table V.

CEC (mell" 00,, )
Raw materi al 11+ Lt Ha'
Kanlin 51' 2.0 2.0 2.0
Kaolin C 201 2.0 1.0 1.0
Clay AI'R I 3.0 1.5 1.5
Cia" TS:'tIA 3.5 6.5 6.0
Cla,:UKR 5.0 5.0 5.0

Table V: Results (ifCECof tilt' clay::. for melr tYl'l' of exchange cation.

The CEC res ults confirm the d ata found in the litera ture'", Kaolinite has a sma ll CEC
and the montm orilloni tes are the clay minerals that prese nt the grea tes t excha nge
capa cities. In fact, the results divide the clays sharply into their groups o f minera log ical
com position: i) the kaolinitic clays exhibit the sma lles t CEC val ues; ii) the kaolinitic
mo ntmo rillonitic clay exhibits the largest va lue; and iii) and the kaolinit ic-iIlitic clay has
an intermediate valu e, becau se the illite phase is characterised by havi ng a lower CEC to
that o f montmorillonite. Another factor to be remembered , in the analys is of the results of
Table V, is that the type and cha rge of the exchange cation (H ' , U - and Ba " ) ca use small
altera tions in the CEC results of the studied clays. The CEC results for the exchange ions
U · and Ba' a re very similar, in spite of these two cations havin g quite a di fferent
charge / ion radi us ratio.

The results of sus pe nd ed clay particle zeta po tential in di still ed water, and of the pH
of the sus pe ns ions mentioned , are detailed in Table VI.
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Raw mat eri al ZOI" Potential (mV) ;X"tu r,,1pI!

Kaolin 51' - 18 4.3
Kaulin C 20 I -18 4.4

CI"y AI' R I -16 4.6
CI,,)· T5~1,\ -10 4.6

CI",· UK R -34 7.4

Tab/t' VI: Rt"SlI1ts ofl'drtidt' zeta I'0/t' lltial and 5115I't'1IS ;OIJ pI/.

The va lues in Table VI show that the zeta po tentia l of the clay particles is direct ly
dependent on two factors: i) pH of the sus pension; ii ) and sla te of particle break-up. The
pH of a clay suspension acts d irectly on the ty pe and magn itude of the electric charge
ge ne ra ted on the edges of the suspend ed particles. In acid pH, the charge that form s is
positive an d decreases the ze ta poten tial of these particles . In a lka line pH the effect is the
opposite, beca use the charge genera ted on the edges is negative. The resu lts of clay UKR
show tha t, on being the most alka line, it has the largest ze ta potentia l. The sta te of
particle b reak-u p di rectly affect s the relations hip between the tota l area of the ed ge
reg ion and the total area of the par ticle flat faces. The high er the ra tio between these
areas, the grea ter wil l be the in fluence of the charge generated on the parti cle edges on
the pa rticle ze ta po tential value. The results ob tained for clay AI'RI confirm this
hypothesis, becau se, despite having a pi ' value exceed ing that of the kaolins, it exh ibits
a smaller zeta po tential. However, it is thi s clay tha t has the largest specific surface area
of the th ree (see Table II).

Defloccu lants are added to clay sus pensions to alter their rheol ogical behaviour. A
fully deflocculated suspension should present Newtonian behaviour. The defloccu lant
elimina tes in te rpar ticle int eractions responsible for the departure from the ideal
behaviour of the sus pension.

The deflocculant used in this work to study the electrostatic stabilisation mechanism
was sod ium tripolyphosphate (TFP). Figure III shows the variation of a pparent viscosity
of the sus pensions of studied clays (w ith a 25 vol% concentration), as a fun ction of the
defloccul ant add ition. The viscosities were determ ined at il stra in rate of 500 s'. The mass
of added deflocculant was calculated in relation to the mass o f dry clay, i.e., all the
sus pe nsions were prepared with the sa me relative quantity of this substance.

The results of Figure III sho w the efficiency of sod ium tripolyphosphate in reducing
the apparen t viscos ity of the clay sus pens ions. After add ing 0.7% deflocculant, most of the
sus pe ns ions, with the exception of clays UKR and T5MA, present an apparent viscosity in
the rilnge 3 to 5 ml-a .s. This indi cates that on eliminating the interparticle intera ctions, the
sus pens ions tend to ha ve the same viscosity, which in this case becomes solely dependent
on the solids volum e concentration. Moreover, TFI' is observed to be more efficient in
some cases than in ot hers. The Kaolin 51'suspension, is already " fu lly defloccu lated" after
jus t add ing 0.1% deflocculant, whi le that of clay AP R1 only und ergoes a sma ll varintio n
in viscosity. In the case of clays UKR and T5MA, the deflocculant hils no l bee n ab le to
provide a cha nge in behaviour similar to that of the othe r clays, Clay suspens ion UKR has
undergone dcflocculation, but the level of fina l appa rent viscosity is higher (+ / -20 ml'a.s).
In the case of clay T5MA a dcflocculation process has practically not tilken place, with a
minimum viscosity (90 mPa.s) at 0.5% deflocculant.
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Figure 111: Apparmt l'iscosity of tile day SIISI't'I1SiOllSas a[unction of the TPFpt'remlaxe,

TFP efficiency in the deflocculation process of the studied clay sus pensions was
shown to be va riab le, To un derstand the electros tatic deflocculation mechan ism, the
alte rat ion tha t occurs with the deflocculant add ition in some properties of the liqu id and
solid phases in the sus pensio n needs to be ana lysed, Adding sod ium tripolyphosphate to
an aqueous medium, as a sa lt with an alkaline cha racter, p rovid es an increase of solu tion
pH. In fact, the introduction of this defloccu lant in the clay sus pensions causes an
alte rat ion in the pH of its liqu id ph ase, as shown in Figure IV.
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Comparison between the results of Figures III and IV clearly shows that the
reduction of apparen t viscosity in the sus pens ions is linked to the increase of its pH,
provided by the deflocculant addi tion. The behaviour for the case of clay UKR, for
example, sho ws that wh en sus pe nsio n pH stops rising, the variat ion of its apparent
viscos ity also ceases. Furthermore, TFI' efficiency is more evid ent for the clay suspens ions
that present a natura l pH in the range between 4 and 5. For the clay having a natural pH
over 7, the defloccula nt has not been ab le to alter its pH significantly and, hence the
apparent viscos ity of the sus pension. In the case of clay TSMA, the pi-I rise with the TFP
add ition has not been very mar ked either.

At this point it is worth remembering that clay sus pension pH is one of the facto rs
that determi nes the ze ta potenti al of its part icles. This property is also known to have a
pronounced effect on the rheological properties of the suspens ion. Therefore, analysis of
the evolution of zeta po tential of the sus pended pa rticles as a function of the deflocculant
addition is of fu ndamental import an ce in understand ing the electrosta tic defloccu lation
mechanism. Figure V presen ts these results. The figure does not show the resu lts for the
case of Kaolin C201, since it was consi dered that those of Kaolin SP and clay APR] would
suffice to illu strate the beh aviour of the kaolin itic clays.
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Figure V; Zeta potmlial of the clay l'artjdt.·~ as II [unction of tilt' TPFaddition.

The TFP addition produces a significant al teration in the zeta potential of the
particles of the kaoli ns and of clay APRl. The pH alteration caused by this ad di tion
(Figure IV) acts directly on the magnitude and type of electric charge formed in the edge
region of particles of this type of clay. The results ob tained for Kaolin SP and for clay APRI
are a good exa mple of this ph enom enon. In acid pH, the ampho teric character of the
alumina causes a positive electric cha rge to form on the clay pa rticle edges. As TFP is
added to the sus pe ns ion, the va lue of the posit ive cha rge in the edge area drops, and
hence the zeta potential of the particle. For values of p H in the range 6 to 7, the edge
cha rge is zero, no cha nge is no ticed in the ze ta potential value. For pH values over 7, the
cha rge tha t forms is negative and particle poten tial gro ws aga in {resu lts of Kaolin SP in
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Figure V), The results of clay UKR show that the pH limit for the deflocculant to be
effective is around 8, i.e. as TFP is not a strong base, it is no t able to take the pH of the
suspensions to much higher values than th is, For th is reason, the alteration in the zeta
potential of these clay particles exhibi ts the behaviour shown in Figure V The potential
increases and halts when the pH stops changing, The results obtained with clay TSMA
show another importan t contribution to the understanding of the mechanism of TFP
action on clay particle zeta potential, In the case of this clay, the alteration of the electri c
cha rge formed on the particl e edges has less effect on the value of its zeta potential than
in the case of the kaolinitic clavs. The crvstall ine structu re of montmorillonite consist s of
two quartz layers to one al~mina layer; while in the kao linite the structure is 1:1,
Therefore, the overall contribution of the charge formed on the alumina layer is smaller,
Thus, as can be observed, the zeta potential of the TSMA clay particles undergoes a much
less pronounced increase, despite the increase in su spension pll.

Another TFP action mechanism can be explained by the effect of cation exchange,
Clay sus pension TSMA is poorly defloccula ted by the electrostatic mechanism, basically
due to the high catio n exchange capaci ty of this clay. A clay su spension wit h high CEC
val ue has a liquid phase with a high ionic strength. When the clay is pu t in suspens ion,
the cations adsorbed to its stru cture migrate to the liquid, raising the ion concentra tion in
the vicini ty of the pa rticles. A high clay CEC value also indicates that the clay has a high
electric surface potential, since this value is an indication of the number of isom orphic
substitu tions present in the structure of the clay. The combina tion of these two facto rs
gives these clays particles a high surface po tential, associated with a thin electric double
layer. Thus, the interparticle interaction energy curve of th is type of clay (DLVO theory)
presents a high repulsion energy value associa ted with a characteristic d istance to the
poi nt of minimum attrac tion. The practical result of all the forego ing is tha t the clay
particles have a small zeta potential, and when they approach each other, at the mo me nt
of collision, they are still subject to attraction forces, because the particles can position
themselves wi th small interparticle separat ion dis tances. At these distances, the attraction
forces are greater, since the van der Waals forces are inversely proportional to d istance to
the sixth power.

The behaviour shown in Figure 111 for clay TSMA describes the mechanism of the
TI'F effect well on the apparent viscosity of mon tmorillonitic clay suspensions. Init ially,
the introduction of the deflocculant in the suspensions causes apparent viscosity to fall,
From 0.5% TPF on, the addition raises viscosity, characterising the phenomenon of over
deflocculation . Adding TPF raises zeta potential and the maximum repulsion between the
sus pende d particles. Furthermore, the addition of excess deflocculant causes the thickness
of the electric double layer surrounding the particles to decrease. The apparent viscosity
values of the suspensions depend on these two deflocculant action com ponents. Initially,
the ze ta potential-raising component predomina tes and suspension apparent viscosity
decreases. The flocculating catio ns that surround the particles are replaced by the a t ions
of the deflocculant, raisi ng pa rticle electric double layer thickness . This increase is
progressive and becomes less and less marked. From 0.5% TPF on, an excess of cations is
found around the particles. Now the deflocculant addition still promotes cation exchange,
however wi th a shrinkage in volume of the electric double layer.

On the other hand, the electros tat ic deflocculation mechan ism acts in quite an
efficient way on the suspensions of Kaolins and clay APR!. These clays have a sma ll
cat ion exchange capacity and a sma ll zeta potential (see Tables V and VI). Thus, the
interparti cle in teraction ene rgy curve of these clay sus pensions is cha racter ised by
presenting a sma ll maximum repulsion valu e. However, as they ha ve a sma ll natural pH
value, the possibility exis ts of interaction between the negative faces of one particle with
the positive edge of another. Adding sod ium tripolyphosphate decreases the apparent
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viscosity o f these sus pens ions, s ince: i) it causes an increase of the ze ta potential of their
particles, through the mechanism of pH moving; ii) it eliminates th e positive elec tric
cha rge in the particle edge region; and iii ) as the concentration of ions around the particl es
is small (small CEC), on introducin g TPF in the suspensions, the Na ion s of the
defloccu lan t for m a very th ick double layer. Th e TPF ad d ition makes the int erparticle
int e raction energy curves have a p rogressively higher maximum re pulsio n value. The
possibil ity is also eli mina ted of attraction between particle faces and edges in the
suspensions . Kao lin SP, af te r the addition of 0.1%TPF, presents a ze ta potentia l value of 
44 mV (-54 m V at 0.7% TI'F), w hile in clay TSMA the va lue d oes not exceed -31 mY, even
w ith the int roduction of 0.7% of th is dcflocculant. It is worth h ighligh ting tha t none of the
kaolin suspens ions (or of clay APRl) underwent over-defloccu lat ion processes. As these
clays present small CEC values, the ad d ition of the defloccu lant qua ntities involve d was
no t enough to es tablish a ca tio n excess around the particles in the suspensions. The only
case that ca n be cons idered an exceptio n was that of clay UKR. In spite of th is clay
suspens ion undergoing defloccul ation, the final va lue of its apparen t viscosity exceeds
that of the other clays. However, the va lue of the natural pH of this clay is high when
com pared with those of the o thers and the defloccul ant w as unable to increase the ze ta
potential value of its particles. In this cla y there is a lso a high CEC value and its particles
arc quite fine (Figure 11).

Figure VI shows the evolu tion of cla y suspens ion apparent viscosity as a fu nction of
the sod ium phosphona te (FOS) addition. The res u lts confirm the poor efficiency of the
dc floccul an t in the stabilisat ion of the cla y suspens ions. The deflocculan t has only been
able to significan tly reduce the apparent viscosity of the su spens ions of Kaoli n SP and clay
APRl.
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---- Kaolin C201
--.- Clay APR 1
---- Clay TSMA
-e- Clay UKR

10

1000 1-- - - - - - - ----;::::::======::::::;-1

-"E..
0.
0.«

1+----,-----.---,--~--,~--.--_,_-_1

o 0,1 0,2 0,3 0,4 0,5 0,6

Deflocculant percentage (%)

0,7 0,8

Figure VI: Variation of day ~ IISl't" IS;Oll fll'l'an'lll l'ismsify tIS a[unction of the FOS percentage.

The al tera tio n caused by the ad dition of sodi um phosphon ate on the ze ta poten tial
of the cla y particles in the suspensions is shown in Figure VII.
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The va riation of clay particle zeta potent ial by the ca tion captu re mechanism
depends on factor s that involve the chelation reaction process of the floccula ting cations.
The cation removal capacity will be bigger: i) with a larger defl occulant concentrat ion; ii)
with a smaller attraction force between the cation and the negative surface of the particle;
and iii) with a smaller cation concen tration around the particle. A part icle with a high
surface charge holds the cations in its electric double layer strongly bo und to it. Th us, the
activa tion ene rgy of the cation capture reaction will be high . The formation of the metallic
com plex, wh ich is the reaction product, depends on the cluster of seques tering ions
around the flocculating cations. The greater the cation concentration in the electric double
layer of a particle, the greater will be the steric hind ran ce reaction .

The result s of Figure VII confirm the above, as they show that the largest gains in
ze ta potenti al with the deflocculant add ition were found in the sus pe nsions of Kaolin 51'
and clay APRI. These clays possess a sma ll CEC (Table V) and a small initial zeta potential
(Table VI). These characteristics indicate tha t such clay particles have a small surface
cha rge, associated with a small cation concentration in their vicinities. The result s of clay
T5MA are intermediate. This clay presents a small init ial zeta potential, however its ca tion
exchange capac ity is high. The smallest potential ga in value was observed for clay UKR.
This clay exhibited the largest initial zeta potenti al value and a high CEC.

Thus, the results found for the variation of apparent viscosity of the suspens ions as
a function of the deflocculant add ition are now clear, because sod ium phosphonate was
sho wn not to be very effective in raising the zeta potential of the clay particles. The
reduction in apparent viscosity of the sus pe nsions can be d irectly associa ted with the
change in zeta potential of its particles (see Figu res III and IV). The defloccula nt addition
increases the maximum interpa rticle rep ulsion value and the characteri stic minimum
attraction d istance (DLVO theory).The value of the interparticle attraction forces therefore
beco me stea d ily smaller, decreasing the elcctroviscous effect produced by the pa rticles,
and red ucing suspension apparent viscosi ty.
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To conclude the section on the ana lvsis of the results of this studv, it is still necessarv
to eva lua te the alterations that occurred in the rheolog ical properties of the clay
sus pe nsions with the introduction of a deflocculant that acts pr imarily through the steric
hindran ce mechanism . Figure VIII presents the defloccul ation curves of the clay
suspensions on add ing sodi um polyacrylate (PAC)..
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Figure Vlll : APl'flrt'lIt viscosityof tile.' clay SIlSPCHSio'IS as a[unction of the PAC I't'rCt,,,tagt'.

First, observing the results of the above figure, sod ium polyacrylatc can be said to
beh ave d ifferently with regard to the reduction of sus pension appa ren t viscosity. The
defloccul ant was shown be quite efficient in the case of some sus pensions, since
significant reductions of viscos ity were obse rved with the addition of jus t 0.3% of th is
substance . In fact, sod ium polyacrylate is able to act according to two defloccu lation
mechanism s. The polym eri c cha ins of the di ssolved polyacrylate ions can cover the
particles in the suspensions and the defloccul ant proceeds to act by steric hindrance. The
Na : ions, due to their alkaline cha racter, are able to alter sus pension pH. A pH increase
raises the ze ta potential of the particles, and the deflocculant acts by an electros ta tic
stabilisat ion mechanism. The efficiency of this defloccul ant depends on its capacity to
increase sus pension pH. Figure IX plots the variation of clay suspension pH with PAC
percentage.

There was hardl y a signi ficant alter ation in pH in the case of the Kaolin 51'
suspe nsions . PAC is an organic salt with a relati vely low alkaline cha racter and for thi s
reason has not been able to alter the pH of the othe r suspens ions. The relative mol ar
qu antity of Na ' cations present in a PAC molecule is less than the quantity in a TPF
molecul e. Kaolin 51' is cha racterised by having a sma ll CEC, and hen ce the quantity of
cations from its structu re, present in the liqu id phase, are smal!. For this reason , the action
of the alkaline Na' ions of the defloccu lan t on the increase in suspension pH is easier. The
presence of floccu lati ng cations (Ca", AI", etc.) in the liqu id phase of a sus pension hinders
the effect of the deflocculant, since these cations possesses a character of greater acidity
tha n that of the cations of the alka line ea rth metals. It can be observed tha t the change in
pH of clay suspensions with a high CEC is less pronounced. The clay suspe nsions with a
high na tura l pH also underwent a less not iceable increase of this variable.
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Figure IX: Variat ion (If claySlI5J1l'1lsiOlI pH as a[unction of the PAC percentage.

The increase in suspe nsion pH indicates the efficiency of the defloccu lant in
increasing particle zeta po ten tial. Thus, the only sus pensi on in which PAC has acted
effectively through the electrostatic stabilisation mechan ism has been that of Kaolin 51'. In
the othe rs, the red uction in apparent viscosity has been mainly the result of the action of
the deflocculant by the steric hind rance mechani sm .

The efficiency of a deflocculant that acts by steric hindrance depends on the degree
of polym er ic coverage of the pa rticles in the sus pension, provided by the defl occu lant
add ition. The degree of coverage, in turn, depends on the polym er-surface affinity and
total area to be cove red. With regard to the affinity of the polym er th at produces the
ads orption of the polymeric cha ins on the particle surface, in the case of the clays this can
be considered a factor of min or importance. Owing to the very similar characterist ics of
the clay particle surfaces, ind ep endently of their mineralogical composition, the
polym eric cha ins can be considered to have the same ad sorption cond itions. The main
factor that controls the degree of parti cle cove rage is the spec ific surface area of the
sus pende d clay.

Comparing the results of Figu re VIII with the surface area va lues of Table II shows
tha t sod ium polyacrylate has more effect ively reduced the ap parent viscosity of the
suspensions of the clays with a smaller specific surface area. In these cases, the area to be
cove red is smaller and complete par ticle cove rage is achieved with a smaller de flocculant
concentration. The sus pens ion of Kaolin 51' has been the one in which the defl occu lant
was most effective, since this clay has the sma llest surface area va lue. Clay APRl has the
largest surface area value in the group of kaolinitic clays. For this reason, it is difficult for
the deflocculant to reduce the viscosity of the sus pension. As the polyacrylate is adde d,
the polymeri c film on the particles bec om es more and more continuou s and
homogeneou s. The larger the polym er concentration on the particle su rface, the greater
will be the osmo tic and volume restri cting effects that give rise to steric hindrance. When
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the conce nt ration increases, the ga in in repu lsio n ene rgy of steric origin also increases and
the apparent viscosity of the suspens ion decreases. lt deserves pointing out tha t w ith the
add ition of a large r quan tity of d efloccu lant, the suspension should reach a sim ilar
viscosity value to the on e obta ined for Kaolin SP (in the range 3 to 5 ml 'a.s). Clay TSMA
has a high surface area and the e ffect of the defloccul ant on suspe ns ion viscosity was
mu ch less effec tive.

The resu lts found for clay UKR just ify the following observa tion. Desp ite the
suspens ion of the clay undergoi ng dcflocculati on, the final apparent viscosi ty va lue fou nd
exceeds the others (11 ml ' a.s). This fact already occ urred when so d iu m tr ipolyphosph ate
was used . This suggests so me error, a t least wit h regard to the measurement of the
qu antities of wa ter adsorbed and absorbed by th is clay. An ind ica tion of this error is the
fact tha t the clay has p rese nted a smaller va lue of water incorporation than all the othe rs.
If this error occu rred, the calcu lation of its density in water wo u ld then provid e a larger
va lue than the real one, and all the suspe ns ions of th is clay would have a la rger volume
frac tion tha n the one specified.

4 - CO NC LUSIO NS

The efficiency o f the electrosta tic deflo cculation mechan ism, in the process of
red ucing the apparent viscosity of the sus pe ns ions of stud ied clays, is directly linked to
the capacity of the defloccu lant (TPF) to raise sus pe ns ion pH and hence the ze ta potential
of the clay parti cles, and also depends on the cation excha nge ca paci ty of the clays. The
electrosta tic mechani sm acts in quite an efficient way in clay suspens ions with a sma ll
ca tion excha nge capacity an d low va lues for ze ta po tent ial and natu ral pH .

The defl occul ation mechan ism by cation cap ture was no t found to be very efficien t
in the stabilisation of the clay suspensions. The deflocculant d id not reduce apparent
viscos ity sign ificant ly in most of the clay suspe ns ions, wh ile the suspens ions did no t reach
the levels of viscos ity ob tained with TI'I'. The poor efficiency of FOS, in red ucing
suspension ap pa ren t viscosity is d ue to the defloccul an t not being very effec tive in raising
the zeta potential of the clay particles . For all the sus pensions, the po ten tial altera tion
provided by FOS was less than that prod uced w ith TI'F. The largest ga ins in ze ta potential
were fou nd in the clay suspensions with a sma ll cation excha nge capaci ty.

The efficiency of the defloccu lati on mechanism by steric hind ran ce in reducing clay
sus pe ns ion apparent viscosity depen ds d irect ly on the degree of po lyme ric coverage of
the pa rticles in the suspe ns ion. The d egree of coverage, in turn, is inve rse ly proportiona l
to the tot al area to be covered, i.e., the primary factor that con tro ls the degree of pa rticle
coverage is the spec ific surface area of the sus pe nded clay. PAC most effectively red uced
the apparent viscosity of sus pe ns ions of clays with the sma lles t specific surface area .
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