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ABSTRACT

Theeffect of clay percentage and NaCl addition on the rheological behavior
of aqueous suspensions of a purified bentonite was investigated. The sol-
gel transition (SGT) was detected using three methods: (i) the grump of
viscosity with clay percentage, (ii) the steady flow curvesand (iii) the detec-
tion of hysteresis buckle by increasing-decreasing shear stress cycles. Re-
sultsshowed aSGT (at 6.5% (w/w)) of clay. The effect of NaCl addition was
studied on sol suspensions (1.5%, 3.25% and 4.5% (w/w) of clay) and on
gels (6.5% and 7.5% (w/w) of clay). For diluted sols the electrovisquous
effect was detected at about 0.01% (w/w) of NaCl by a dlight minimum of
viscosity. The critical flocculation concentration (CFC) corresponded to
0.04% (w/w) of NaCl and suspensions stayed stable until 0.1% (w/w) of
NaCl (maximum of viscosity) after which, sedimentation was observed. The
CFC value of the semi diluted sol was 0.05% (w/w) of NaCl and since the
flocculation; the suspension became astable gel until (0.1% (w/w)) of NaCl
(max of viscosity) where a thin film of water surmounted it. For gels, the
flocculation seemed to occur by stages; it started at 0.02% and continued
until (0.2% (w/w)) of NaCl whereathin layer of water appeared.
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INTRODUCTION

Thebentonite clayshavevery interesting proper-
tiesand areindustrially appreciated. Particularly, clay
suspensionscan improvetherheologica properties of
many indudtrid formulations.

Many factorssuchaspH, ionic strength haveagreet
influence on therheol ogy and stahility of aqueousclay
suspensions. A stable colloidal suspension flocculates
when acritical quantity of salt is added. The corre-
sponding concentration of saltiscalled critica floccu-
lated concentration (CFC).

Sincetheamount of clay inthe suspensionremains
constant, theflocculationisexplained by avariationin
the nature of interparticular interactions. When aclay
suspension floccul ate, three different interactions may
happen: Face-Face (F-F), Edge-Edge (E-E) and/or
Edge-Face (E-F). Theelectric interaction energy for
thesethreeassociationsisgoverned by threedifferent
doublelayer combinations. Thevan der Waal senergy
isnot the samefor these three associationsas different
geometry haveto be considered in the summation of
interactions between all atoms of thetwo interacted
sheetsand then the curves of total potentia interaction
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energy werenot the samefor the different associations.
However, these associ ations can not be done neces-
sary withthe sameimportancewhen aclay suspension
flocculates. F-F associationsconduct essentidly tolarge
and thick particles, while B-B and B-F give volumi-
noustri dimensiona system.

Theinvestigation of theinfluenceof e ectrolytead-
dition on therheological behavior of swelling claysdi-
|uted and semi-diluted suspens onswastheam of many
studieg®4,

Theinfluenceof NaCl ontheviscosity of Namont-
morillonite suspens onshasbeen studied by™2. A mini-
mum of viscosity was detected for very smal concen-
tration of eectrolyte then theviscosity increased asthe
electrolyte’s concentration rose. Hence, the sudden in-
crease of viscosity has been attributed to the floccula-
tion that was explained by the predominance of B-F
and F-Finterparticular interactions. It wasnoted also
that the puregd shave been obtained from positiveedge-
to-negativefacelinking by Coulombforces. Theedec-
trolyte-containing gel sresulted from van der Waal s at-
traction becoming predominant when the energy bar-
rier dueto the doublelayer repulsion was reduced.

Other authord™ quoted that the changesin the
rheological behavior of sodium-montmorillonite sus-
pensions after NaCl addition could be adequately ex-
plained without resorting to thetraditional Edge-Face,
heterocoagulation model. The onset of thixotropy at
low to moderate NaCl concentrations (0.05-0.1M)
could be explained by acombination of random co-
agulation and particle orientation effects. At higher
NaCl concentrations (0.2M) Faceto Face aggrega-
tion reduced the number of interacting flow unitsand
both the overall rheological parameters and the de-
gree of thixotropy decreased.

Theinvestigation of coagulation phenomena of
aqueous montmorillonite solsunder various pH and
NaCl concentrations has been studied*¥. Theauthors
noticed that Edge-to-Face heterocoagul ation occurred
above NaCl concentration 25-26 mmol L at acidic
pH (~4). the Edge-to-Face attraction between the
poorly charged edges and negatively charged faces of
platel etswas probably around the pH of point of zero
charge of edges (6.5) and with concentration of NaCl
typically around 50 mmol L. Thehomocoagulation at
pH 8-8.5with theformation of face-to-face aggregates
required much higher sdt concentration (typicaly around
100 mmol Lt NaCl) to compressthe dominant eectric
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doublelayer onthe highly charged faces of particles.

Other authors have studied the effect of pH and
sat concentrati ons on the aqueous\Wyoming bentonite
dispersiong*. They observed that, for the studied pH
values, there was monotonous decrease of theyield
stress, flow consistency index and apparent viscosity
withincreasing sat concentration.

However, only few studieswere undertaken on
the phenomenon of flocculation in gel§%. Theauthors
tested gel suspensionsbut unfortunately, they investi-
gated neither clay dilute suspensions nor small NaCl
concentrations.

Theaim of thiswork isto study the influence of
NaCl addition on solsand gelsclay suspensions and
thentotry to explain the mechanism by which floccula-
tion occurs. Toreachthisgod, theinfluenceof theclay
fraction ontherheologica propertieswasinitialy stud-
iedwithanam of detectingthesol gel transition. There-
after, theinfluenceof thevariation of theionicforce (by
addition of NaCl) on the stability of clay suspensions
wasthen studied.

MATERIALSAND METHODS

Materials

Theclay used wasfrom Jbel Stah, near thetown of
Gafsain the south east of Tunisia. The crude sample
contains60% of clay and 40% of impuritiesessentialy
quartz, calciteand dolomite. A soft purification was
done; it cons sted on NaCl exchangesfoll owed by water
washing and then dialysisto eiminatetheexcesschlo-
rideiongd?®,

Theday fraction (noticed as“JSp”) is a dioctahedral
interdtretified smectite-illitecontaining 71% of smectite
and 11% of illite; the 18% remaining arekaolin. The
tetrahedral deficit contribution chargeisabout 61.3%
of the total deficit charge which indicates that the
smectitefraction hasabeiddllitic character.

The cation exchange capacity (CEC), measured by
adsorption of copper ethylenediamineis63meq/100g
of calcined clay and its specific surface areais 762.59
m?g. Thislater propriety isvery important sinceitin-
dicates the ability of the clay to swell.
The sodium chloride NaCl (99.8%) was provided by
Prolabo.

Prepar ation of suspensions
To determinethe sol-gd trangtion aqueousclay sus-
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pensions have been prepared with clay percentages
ranging from 1 to 10% w/w: the required amount of
JSp clay was dispersed in water; the mixture was
shacked during 24 hoursand then | eft &t rest.

Concerning the NaCl effect, five clay percentages
wereinvestigated; three of them correspondto sol sus-
pensions (1.5%, 3.25% and 4.5% (w/w)) and two gels
(6.5% and 7.5% (w/w)). The percentagesof NaCl in-
vedtigated arelistedin TABLE 1.

Suspensionswere prepared on two stages. The pu-
rified clay was previously mixed with distilled water,
mechanically shacked (160rpm) for 5 hoursand | eft at
rest for 14hours. Thenthe el ectrolyte (NaCl) solution
(50% by weight of thefinal suspension) was added to
the clay aqueous suspension. Themixturewasfinally
mechanically shacked (160rpm) for 5 hoursand | eft at
rest for 24 hours before experiments.

Rheometry

The shear stressand the viscosity were measured
by arheometer type Tech StressRheometer connected
to acomputer equipped with aSoft Ware Tech Stress.
M easurements were made at an imposed shear rate.
Two geometrieswere used; coaxial cylindersfor sol
dispersions and flat cones for gels. During the
rheometrical measurements, viscosity and shear stress
wereread intherange of speed [0.1, 300s?]. Thehys-
teresisbucklesof thevariation of the shear stressasa
function of the shear rate were obtained by cycles of
increasing-decreasing stressintherange of (0-300s?).

All therheometrica measurementswerecarried out
onthepurified clay fraction (JSp).

RESULTSAND DISCUSSION

Effect of theclay fraction on theshear stressand
viscosity

Thevariation of the shear stressand the apparent
viscosity asafunction of shear rate at different clay
percentages were shown respectively infigurel and 2.
Thehysteresisbuckleswereplotted onfigure 3.

From these curves, therheol ogicd behavior of clay
suspensions could be described. Figure 1 showed that,
for clay percentagesvarying from 1%to 6 % (w/w), a
Newtonian behavior wasexhibited; thiswasrevealed
by aconstant viscosity valuewhen the shear ratevar-
ied. When the clay percentage increased therheol ogi-
ca behavior changesand becomesrheofluidifiant. The
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trangition between thetwo behaviorsoccurred a 6.25%
(w/w) of JSp: itisthesol-gd trandtion (SGT). Thevaria
tion of theviscosity asafunction of theclay percentage
(Figure 2) showed asuddenincreaseof viscosity from
6.25% (w/w) of clay corresponding tothe SGT. The
SGT wasconfirmed aso by figure3wherethe hyster-
esisbucklewasobserved & thisvaue. Thethreemeth-
ods converge and confirm the percentage of clay cor-
respondingtothe SGT (6.25% (w/w)). Indeed thisvaue
Is considered relatively high with comparison to a
smectiteand this could be attributed to the presence of
kaolinwith considerablequantities.

The different observed phenomena could be ex-
plained according to the particlesarrangement. In di-
luted suspensions (1% and 3% of clay), the particles
were separated and theinteractionswerevery low. The
electrical doublelayerswere so devel oped to ensure
theparticlerepulsion. It resultswell dispersed and sepa-
rated clay particlesexplaining the Newtonian behavior.
Neverthel ess, when the clay percentageincreased (4%
and 5%), beforethe SGT, the particlesbecame more
voluminous but remained dispersed inthe suspension.
Atthisstage, theincreaseintheviscosity might be due
totheexduded volumesaf particeswhich begantotouch
each other. Asthe clay percentagesincreased, the den-
sity of the suspens onsincreased and linksbetween clay
particlesbecameto appear leading tointerparticular in-
teractionswhich explaintherheofluidifiant behavior. At
the SGT, athree dimensional network was established
between connected particles, and thentheinterparticular
interactionswere soimportant. Consequently, the sus-
pensionwasmorerigid and agel appeared confirming
thesudden riseof viscosity after the SGT.

Influence of NaCl addition on the rheological
behavior

Sol suspensions

Thevariation of theapparent viscosity asafunction
of NaCl concentrationswasreportedinfigure4, 5and
6. For 1.5% of clay, al the curves showed the same
particularities adight minimum of viscodty at 0.01% of
NaCl (1.73mmol L); asuddenriseof viscosity since
0.04% of NaCl (6.94 mmol L) and a maximum at
0.1% of NaCl (17.37 mmol L1). Theseresultswerein
accordance with those obtained by®¥ who supposed
that aNa-montmorillonitesuspenson had atypicd CFC
intheinterva of 5-10 mmol L.

Theseresultswered so found for 3.25% of clay for
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Figure 1 : Variation of the shear stress as a function
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Figure5: Variation of theviscosity asafunction of NaCl per centage (w/w). 3.25% JSp, (a): % NaCl from 0to 1and (b): NaCl
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which theminimum of viscosity wasa so at 0.01% of
NaCl (1.77mmol L) and the CFC at 0.04% of NaCl
(7.07mmol. L1). However, at 4.5% of clay (Figure6),
thevariation of theviscosity did not show any minimum
for low NaCl percentages, theriseof viscosity gppeared

at 0.05% of NaCl (8.954 mmol L) and themaximum
remained at 0.1% of NaCl (17.82 mmol L2).
Theseresultsweredso foundfor 3.25% of clay for

which the minimum of viscosity wasalso at 0.01% of

NaCl (1.77mmol L) and the CFC at 0.04% of NaCl
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(7.07mmol. L1). However, at 4.5% of clay (Figure6),
thevariation of theviscosity did not show any minimum
for low NaCl percentages, theriseof viscosity appeared
at 0.05% of NaCl (8.954 mmol L) and themaximum
remained at 0.1% of NaCl (17.82 mmol L2).

In absence of NaCl, diluted suspensions had a
Newtonian behavior, the particleswere dispersed and
theforcesbetween their electrical doublelayerswere
repulsive (F-F). When NaCl was added with very dight

0.06
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Figure8: Variation of theviscosity asafunction of NaCl per centage (w/w). 7.5% JSp. (a): linear scale(b): logarithmic scale

amounts, the sodium cations Na' disturbed thedouble
layer without compressingit. It resultsadight decrease
intheintensitiesof repulsiveforcesandthen adecrease
intheviscosity: itistheedectrovisquouseffect. Thisef-
fect was observed for diluted sol suspensions(1.5%
and 3.25% JSp) and not for the semi diluted sol 4.5%
JSp. Inthelatest, there was no contact between par-
ticlesbut the excluded volumes overlap and thisprob-
ably persisted even when thedoublelayersweredis-
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TABLE 1: Theinvestigated per centagesof NaCl

0 001 002 003 004 005 006 007 008 009 01 0.2

% NaCl

(ww) 03 04 045 05 055 06 065 07 075 08 09 1

turbed preventing the detection of the e ectrovisguous
effect. A new addition of NaCl causesthecompression
of thedoublelayersand theintensitiesof electrostatic
repulsion forcesdecreased again. But at thisstage, the
attractive Van der Waal sforces between clay particles
(predominantly type Face-to-Face (F-F), but a so Face-
to-Edge (F-E) and Edge -to-Edge (E-E)) begantoin-
creaseand thento contributein thetotal interparticular
interactions. Theincreasein theseintensitiesagainst
those of therepulsiveforcesgeneratesthefloccul ation
when F-F, E-F and E-E interactionsbecome probabl e.
This phenomenon of flocculation was detected by a
consderableincreaseintherheological parameters.
For higher amount of NaCl, doublelayerswere so
compressed that thevoluminousclay particleswereso
contracted and therefore someof theinterparticular links
were broken causing sedimentation which wasvisualy
easy to detect. Indeed, during experiments, sedimenta
tion began at 0.2% and at 0.1% of NaCl for respec-
tively 1.5% and 3.25% of JSp. It wasimportant to note
that thelayer of water surmounting the sediment in-
creased with NaCl concentration. For other authorg¥,
adecrease of thethreshold value of shear stressat high
electrolyte concentration was observed for sol suspen-
sion (3.25% of clay). Thisresult wasexplained by the
predominance of F-Finteractions. Hence, these asso-
ciationsgavevoluminousaggregatesthat destabilizethe
suspension and thenfinish by to sediment.
Nevertheless, for 4.5% of JSp agel was obtained
after flocculation and no sedimentation was observed.

Gd suspensions

Two clay percentageshigher than that correspond-
ingtothe SGT weretested (6.5% and 7.5%). Thefirst
corresponds to a soft gel (6.5% of JSp) and the sec-
ondtoarigid gel (7.5% of JSp). The obtained results
wereshownonfigure7 and 8.

For very small amounts of added NaCl, no mini-
mum of viscosity was observed for thetwo gels. The
electrovisquouseffect seemed to be observableonly in
diluted sol swhen the small amount added can disturb
the clay-water system.

For the soft gel, thefloccul ation seemed to occur
by stage becausetherise of theviscosity presented suc-
cessiveleaps. Thefirst leap began at 0.02%, the sec-
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ond one at 0.04% and the third at 0.09% of NaCl. A
maximum of viscosity was observed at 0.2% of NaCl,
it corresponded to the beginning of the visual appear-
anceof athinlayer of water surmountingthege. Above
this maximum, the decrease of viscosity did not occur
progressively but presented some particular pointslike
the semi dilutesol (4.5% JSp). Thislast result let one
think that, likethefloccul ation, the destabilization of a
gel by increasing theionic strength occurred by stages
or by zones.

Inthecurvescorrespondingtotherigid gel (Figure
8), thesuddenriseof viscosty wasabsent. Thesecurves
showed many maximaon both sides of amaximum at
0.2% of NaCl. Moreover, somevisua observations
showed that from 0.03% of NaCl thegel becamemore
rigid until 0.2% of NaCl and after thisvalueathinlayer
of water surmounting thegel wasobserved. Thusfloc-
culation started from 0.03% and continued up to 0.2%
of NaCl after which sedimentation appeared.

However the presence of many maximasuggested
that thefloccul ation phenomenon occurred inthethree-
dimensiona network of clay particlesby domains, and
that the breakdown of theinterparticular linksfor high
ionic strength occurred a so by domains.

Thissuggestionwasfounded ontheresultsof former
sudiescitedintheliterature (based on X-ray scattering,
X-ray diffraction, SEM, TEM, ESEM andNMR) which
showed that agel suspension of smectiteclay conssted
of theinterconnection of clay particlesforming athree-
dimensiona network with zonesof different densitiesof
clay particlesand in which water wasimprisonedi*-29,
Moreover, other authorg?! found that montmorillonite
gelswereintwo phases, oneani sotropic and oneisotro-
picwithmorewater content. Thissegregationinge sruc-
ture was attri buted to the heterogeneous distribution of
theday surfacecharged??. TEM obsarvationshaveshown
that the cakes obtained from a static filtration of gels
showed someregionsthat are denser than otherg?,

Theaddition of an dectrolyteto such heterogeneous
system caused probably multiplereactions. whenthe
dilute zonesflocculate, theconcentrated onesdidn’t floc-
culate and when the dense zonesfloccul ate the dilute
onewere not stableand thisexplained the multitude of
maximaobserved either for gel suspensionsor for semi
dilutesol after floccul ation.

M ore recently, some authors noticed thistype of
segregation from environmental scanning €l ectron mi-
croscopy (ESEM) observationd. They found that at
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high particleand salt concentrations, amontmorillonite
suspension textureon the micrometer length scalewas
congtituted by alarge clay-poor regionsand anetwork
of clay-rich aress.

CONCLUSIONS

Thesol-gel trangition (SGT) waslocated at 6.25%
(w/w) of clay by threemethods. thegrump observedin
thevariation of theviscosity asafunction of clay per-
centage, the steady flow curves and the detection of
hysteresisbuckle by increasing-decreasing shear stress
cycdles.

The phenomenon of floccul ation happened differ-
ently indiluted sols, semi diluted solsand gels. It ap-
peared that avery small quantity of added NaCl dis-
turbed only thediluted sols.

The CFC of sol suspensions was detected by a
sudden increase of the viscosity which happened at
0.04% of NaCl for diluted sol and at 0.05% of NaCl
for the semi diluted one. From 0.1% of NaCl theclay
suspensionlogt itsstability and sediments.

For gds, it was seemed that floccul ation occurred
by stages. Indeed, asthese heterogeneoussystemswere
condtituted by diluted and concentrated zones, themost
diluted domainswould probably flocculateinfirst fol-
lowed progressively by the more concentrated ones.
Thedestabilization of gesin presenceof NaCl showed
the same mechanism asfloccul aion.
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