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Abstract

of these bentonite dispersions.

We review the factors affecting the yield stress of water dispersions of the wonder material, bentonite. Despite the
multitude of applications and its wide use in industry, we still do not have adequate models which enable the prediction
of the yield stress of these dispersions, which will allow the manufacturing of fluids with made to order properties.
Concentration increases the yield stress of these dispersions according to an approximate power of 3.0, but modeling
suggests an exponent of 2.0. pH of the suspension gives maxima and minima; however the results are inconclusive
regarding their location. The presence of electrolytes decreases the yield stress of these suspensions but a concrete
model to predict the yield stress is yet to be found. Polymers increase the yield stress of the suspensions except at initial
low concentrations where a decrease is observed due possibly to a liquefying effect. Very recent reported experimental
observations show pictures of flexed bentonite particles in band-type structures in co-existence with isolated bentonite
platelets. An analysis is presented which attempts to bring some additional light into the development of the yield stress
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Introduction

Bentonite is clay material. Clays are naturally occurring, and
they are the most abundant surface minerals on earth, constituting
approximately 40% of earth’s crust. They were formed in various
ways such as, weathering product of volcanic ash, tuff or other rocks,
a hydrothermal product, and as a diagenetic product in ocean basins.
Bentonites have a multitude of applications because of their surface
activity. Applications include among others, ceramics, paper industry,
building materials. Lagaly and Ziesmer [1] distinguish between large
volume applications, which include, foundry moulding sands, oil well
drilling, pelletizing iron ore, sealing materials and civil engineering
applications, and small volume applications which include paints,
adhesives (in asphaltic materials and latex), for pharmaceutical uses,
in cosmetics, as filling materials and for water (and wine) purification.
New trends encompass porous hetero-structures, nanoparticle
engineering and nanocomposites [2].

Bentonite was named after the location it was mined, Fort Benton,
Wyoming, in USA. It is composed mainly of smectite clay minerals
and it is these minerals that give the unique characteristics of water
dispersions of bentonite because of their high specific surfaces, great
swelling abilities and ion-exchange properties.

Bentonite dispersions gel when left undisturbed and it is this
property that makes bentonite valuable to many industries. For example,
it is valuable to the drilling industry because the water dispersion of
bentonite can support and transfer rock cuttings from the bottom of
the hole to the surface. Furthermore, bentonite reduces water loss into
permeable formations by forming a filter cake of low permeability on
the walls of the borehole.

Rheology and transport properties of bentonite dispersions are
of significant importance to many industries. If the viscosity of the
dispersion could be reduced at constant concentration, transportation
costs could be reduced [3]. On the other hand, the state and the
stability of bentonite suspensions at modest to high concentrations is
often assessed by rheology, because it aids understanding interparticle
interactions of charged particles. This then provides means to relate
micro-cosmos (particle-to-particle and particle-to-liquid interactions)
to macro-cosmos (rheology) [4-6].

The rheological behavior of bentonite dispersions depends on, the
concentration of clay particles, the pH of the suspension, the presence
of ions (particularly electrolytes) the temperature, the particle size,

as well as the particle shape and the particle size distribution, any
hydrodynamic interactions, Brownian motion and inter-particle forces.
Particle-particle association or dissociation determines the flow state
of the suspension. Bentonite suspensions exhibit non-Newtonian
rheological behavior, which should be modeled as yield-pseudoplastic
fluids. These suspensions show also gelation and thixotropy [7].

The shear thinning behavior, defined as the reduction of viscosity
with increasing shearing, is often associated with changes in the
internal structure. It occurs because of microstructural transition from
a state dominated by thermal Brownian motion, occurring normally at
low shear rates, to a state where hydrodynamics balance thermal forces
at high shear rates [8]. If attractive forces prevail, collisions between
particles lead to formation of agglomerates. At low shear rates, liquid
within the agglomerate structures is immobilized and hence, overall
viscosity is high. At higher shear rates, there is a break up of the
flocs and of agglomerates, releasing the trapped liquid thus reducing
viscosity. Furthermore, particles align in favorable structures, like layers
or strings, thus reducing energy dissipation by shear [9,10].

There are many terms in use which describe the ‘association’ or the
‘dissociation’ of bentonite particles when they exist in water suspensions
and these many terms cause significant confusion. For example,
‘association’ of the bentonite particles is referenced as agglomeration,
aggregation, coagulation, gelation, flocculation, mutual flocculation,
hetero-flocculation, while ‘dissociation’ is referenced as deflocculation,
peptization, dispersion, thinning. Some distinction also is made
between a coagulated suspension, a suspension destabilized by salts,
a flocculated suspension, and a suspension destabilized by polymers
[11]. In Figure 1, various modes of bentonite platelet association or
dissociation is depicted schematically, depending on the major cation
present (Na* or Ca**) and the presence or not of salt.
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Figure 1: The various modes of association of clay particles [12].

Extensive research has been performed on the factors affecting the
rheology of bentonite suspensions and while a good understanding
exists on their flow behavior, there is still no consensus on the
mechanisms of viscosity enhancement and development of gelation of
such dispersions.

The unique characteristics of bentonite dispersions make them
very useful in a variety of industries in different flow situations,
thus there has been always great need to understand the rheology of
bentonite dispersions despite the many past research efforts. One
of the most important rheological parameters of these dispersions is
the yield stress, which is, the required initial stress so that flow will be
initiated. In this paper we present the flow characteristics of bentonite
dispersions, discuss the parameters affecting their rheological behavior
and present modeling aspects and plausible explanations for the yield
stress development of these dispersions.

Bentonite characteristics

Smectites, the major clay minerals found in bentonite, are a group
of minerals which have common similarities; however, they vary
in chemical composition. These minerals are layered-silicates, also
described as phyllosilicates (from the Greek word @VA\o - phyllo=leaf-
like). The building elements of the smectite structures are the two Si-
oxygen tetrahedral sheets sandwiching one Al-oxygen octahedral sheet
which is linked to the two sheets through shared oxygen atoms, hence
the term, 2:1 layer structures, is often used. The minerals included in the
smectite group are montmorillonite, beidellite, hectorite, which belong
to dioctahedral group, i.e., two of the three octahedral sites are occupied,
and nontronite and saponite which belong to the trioctahedral group,
where all three octahedral sites are occupied [13]. Many times, though,
the terms montmorillonite and smectite are used interchangeably
because montmorillonite is normally the most abundant mineral found
in bentonite. Montmorillonite has the theoretical formula:

(Na,Ca), ., (ALMg), (Si,O, )(OH), -nH,0

Montmorillonite elements, called platelets, are about 1 nm thick.
The lateral dimensions can be up to 1000 nm (Figure 2). The three

Figure 2: TEM image of a single platelet of montmorillonite [19].

layers of the platelet are held together by the interlayer cations which
compensate for the negative charge of the faces of the layers. Several
of these platelets are stacked one on top of the other and they form
tactoids [14].

Both octahedral and tetrahedral cations in the smectite group
might be substituted by other cations by isomorphic substitution, i.e.,
by maintaining the same tetrahedral or octahedral structure. These
cations have mostly lower valency and thus, the initially neutral clay
sheets will carry a negative charge. As a result, positive charged ions are
loosely adsorbed on the surfaces of the platelets to electrically balance
the sheets. These readily exchangeable interlayer cations may be
hydrated, un-hydrated or they can be complex cations. Depending on
the dominant cation in the crystal lattice, bentonites are characterized
as sodium bentonite or calcium bentonite.

The crystal structure that is interrupted at the edges can interact
with ions in the suspension through physical (electrostatic) adsorption
and through specific chemical reactions with the broken bonds.
Dissociation of the formed salts gives rise to positive charges while
formation of insoluble salts eliminates positive charges. Thus the faces
bear a permanent negative charge while the edges are conditionally
charged, that is, either positive in acidic environment or negative in
alkaline environment [12,15,16]. The pH value at which the charge
of the edges changes sign is the isoelectric point (IEP). While there is
ambiguity on the exact value of the IEP, it may be taken at values of pH
between 5.0 to 7.0 [17,18].

The imbalance in the electrical charge of the surfaces of bentonite
particles characterizes the types of interactions with other substances.
The presence of positive or negative electrical charge on the particle
surface results in the formation of a diffuse electric double layer around
the clay sheet, which when combined with the ‘natural’ viscosity of the
medium, produces resistance to the movement of clay platelets, giving
rise to the ‘electroviscous effect’ (Figure 3).

Mainly through observations and measurements of viscosity and
less based on theory, it is understood that for bentonite suspensions
in water, at concentrations used of approximately 2% to 7% mass, the
particles flocculate and form network structures leading to gelation of
the suspensions, which is manifested as yield stress. These structures
may be caused by edge to face (EF), edge to edge (EE) or face to face
(FF) association (Figure 4).
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Figure 3: Representation of the structure of a diffuse electrical double layer [20].
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Figure 4: Modes of particle association in clay suspensions: a) edge-to face
(card-house) b) edge-to-edge and c) face-to-face [20].
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Thus, gelation is the process by which individual flocks, or aggregates,
form a network transforming the liquid into a gel that upon very soft
movement (very low shear) behaves like a solid. Understanding the
mechanism of gelation is not only a matter of academic interest but
also vital to industry as it will allow control of the many characteristics
of gelled systems, for e.g. settling of suspension concentrates, slurry
thickening, maintaining stability of suspensions, etc.

When bentonite particles are dispersed in water, the ions are
hydrated and the platelets are pushed apart and swelling occurs.
The swelling (hydration) process of montmorillonite particles has
been studied extensively; however a complete understanding of the
swelling process is yet to be accomplished. Researchers are not fully
certain whether, upon dispersion in water, the bentonite platelets fully
dissociate in single platelets or they form stacks of platelets, commonly
now known as tactoids [21], and which resemble a lot like the band-type
structures proposed originally by Norrish [22]. For instance, Gray and
Darley [12] support complete exfoliation, by making reference to prior
work results which showed that Na*-montmorillonite may exfoliate up
to individual platelets. Similarly, Segad et al. [23] and Bailey et al. [24]
indicate complete exfoliation. On the other hand, Lagaly [25] supports
the idea of tactoids formation, particularly in alkaline environment.
Such tactoids result from face-to-face association, referenced as hetero-
flocculation or coagulation or aggregation [26]. Similarly, Zbik et al.
[27] and Ali and Randyopadhyay [28], indicate the existence of tactoids.

Recently, Mouzon et al. [29] claimed the coexistence of single platelets
together with stacks of platelets in specific network structures.

The above disagreements prohibit us to fully understand the mechanisms
of the association or of the dissociation of clay platelets, which will aid
significantly our efforts to properly model and thus to be able to predict
one of the most important rheological properties of these dispersions, the
yield stress. Hence, information regarding the size of the bentonite platelets,
whether they are a single platelet of about 1 nm thick or they consist of
several associated (stacked) particles, is contradictory. Characterization,
then, of the gel behavior of such suspensions may vary because of the
different degree of exfoliation [30], making thus comparisons or drawing
definitive conclusions almost impossible.

Rheological properties

Even dilute water bentonite suspensions show non-Newtonian
behavior, exhibiting shear thinning behavior and having also a yield
stress. The concentration at which the non-Newtonian behavior is
manifested varies depending on the bentonite material used. There
have been reports of development of yield stress even at bentonite mass
concentrations of less than 2%.

There has been much debated discussion about the existence or not
of the yield stress [31]. Our experience has led us to side with several
investigators who accept the yield stress as an engineering reality [32-
35], and that it is developed by particular suspensions, such as the ones
examined in this work, within the time frame of our observations and
of applications.

For years, the rheological model of choice to model flow behavior of
bentonite dispersions was the Bingham plastic model, particularly valid at
high shear rates. However, this has changed in recent years and now the
model of choice, is the Herschel-Bulkley rheological model [36], given by,

T=7,+Ky" (1)

where, 7, 7_are the shear stress and the Herschel Bulkley yield stress,
respectively, ]/ , is the shear rate, and, K, #, are the flow consistency and
flow behavior index, respectively. We strongly believe, and we have seen
it over and over again, that the best fit to such viscometric data is the

Herschel-Bulkley model [37].

A typical rheogram of 7% mass Wyoming sodium-bentonite
dispersion is shown in Figure 5, where we observe the typical yield-
pseudoplastic behavior.

Shear Stress (Pa)

Shear Rate (1/s)

Figure 5: Three rheograms of 7% mass Wyoming sodium-bentonite after full
hydration, 30 days after full hydration and 60 days after full hydration [36].
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It is very interesting to note in Figure 5 the good coincidence of the
three rheograms of the same suspension, taken 30 days apart from each
other, which is rarely found in relevant publications. Our experience
has shown that the rheological results will be consistent when the
right preparation procedures of the dispersions are followed, as given
by API [37,38], complemented with additional procedures [39].
These procedures require intensive mixing prior to each rheological
measurement, which eliminates the inherent thixotropy of these
suspensions, thus providing consistent results.

The rheology of the bentonite dispersions depends strongly on the
sodium or calcium cation that is prevalent. This issue has not received
the required attention that it normally deserves; rather the main
distinction is usually made between the two types of bentonites and
on the capabilities of the swelling bentonite (sodium-bentonite) or the
non-swelling bentonite (calcium-bentonite). However, our experience
has shown that there exist differences in rheological behavior.

Abu-]Jdayil [40] has shown that all three bentonite dispersions he
studied having different concentrations of Na* and Ca** departed
from Newtonian behavior at approximately 4% mass concentration.
All samples exhibited shear thinning behavior and all developed a
yield stress. The point of transition depended strongly on the Na*/Ca**
ratio. The higher the ratio, the earlier the transition to non-Newtonian
behavior was observed. The rheological model was the Herschel-
Bulkley model.

In Figures 6 and 7 the variation of the Herschel-Bulkley rheological
parameters are depicted as a function of temperature, for two bentonites,
one characterized as sodium bentonite [39] and one characterized as
calcium bentonite [41]. For all temperatures studied, sodium bentonite
showed higher yield stresses and flow consistency indices, while the
flow behavior index hovered between 0.8 and 1.0 for both bentonite

types.

Hence, there exist differences in rheological behavior between
bentonites with different concentration of sodium and calcium cations.
Such differences should be properly identified and possible explanations
for such behavior should be sought and given.

Factors affecting rheological properties

There are many factors that affect the rheological properties of
water bentonite dispersions. Significant research was devoted on the
subject and one can find a wealth of information in published literature.
Here we will give a brief overview of this prior work, presenting also
results from our past work, in order to pinpoint some of the issues
and challenges that we still face when measuring and modeling the
rheological behavior of these dispersions. We will be discussing the
effects of, bentonite concentration, pH, electrolytes and polymers on the
rheological properties of bentonite dispersions. The detrimental effect
of temperature on the rheological properties of bentonite dispersions is
a very big subject and is beyond the scope of this review. A recent paper
[39] addresses this issue.

Effect of bentonite concentration: Higher bentonite concentrations
resultin higher shear stresses at all shear rates. It is very difficult, though,
to scale the effect of solid concentration on the rheology. This is true
because even dilute dispersions exhibit non-Newtonian rheological
behavior, and thus, there exists no unique scaling rheological parameter
(e.g. viscosity), as is the case for hard-sphere dispersion systems. Prior
significant work related the Bingham yield stress, T,, and sometimes the
plastic viscosity, H,» to mass, (c), or volumetric, (¢), concentration of
bentonite, although it is expected that clay concentration will primarily
affect the yield stress.
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Figure 6: Variation of yield stress of 7% mass sodium-bentonite [39] and of
7% mass calcium-bentonite [41] with temperature, at atmospheric pressure.
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Figure 7: Flow consistency and flow behavior indices, for 7% mass Na-
bentonite and for 7% mass Ca-bentonite dispersions at different temperatures,
at atmospheric pressure.

Van-Olphen [15] early on has fitted bentonite suspension rheological
data to the form of,

r,=K(c—c,) 2

where, K, ¢, are fitting constants and, ¢ , is the clay mass
concentration. Other researchers [42-45] showed a power law
dependence of the Bingham yield stress or the Herschel-Bulkley yield
stress to the volumetric fraction, ¢, or to the mass fraction, ¢, as,

7, =a,(4)" (3)
or
T, = a3(c)”‘ (4)

where, a, $=1,4, are constants.

Kelessidis et al. [46] found a similar dependence to eqn. (4) for
the Herschel-Bulkley yield stress, as a function of mass content, both
for neat suspensions and for suspensions with different electrolyte
concentrations (Figure 8). The exponent, a,, was fairly constant at a value
of around 2.7, coinciding with the cubic-power-law of concentration
dependence reported previously ([47], for Bingham yield stress; and
[48], for Herschel-Bulkley yield stress).

Effect of pH: Suspension pH significantly affects the rheological
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properties of bentonite dispersions because it influences the mode of
particle interaction. Lagaly [25] reported that the rheology of water
montmorillonite suspensions (at 4% mass concentration), was highly
pH dependent. Shear stress (measured at 94.5s shear rate) showed a
minimum at pH of 6 to 7 increasing both at lower and higher pH values.
This behavior was observed for all temperatures studied (from 20 to
60°C). Presence of electrolytes (0.01 M and 0.1 M NaCl) did not change
these trends.

Benna et al. [17] studied extensively the effect of pH on the rheology
of bentonite mixtures, using the vane technique to determine the yield
stress. They used Tunisian and Wyoming bentonites after purification,
at three, fairly high, concentrations of 12.5% mass, 8.5% mass and 5.5%
mass. The general trend observed was similar for all three bentonites.
Starting from the natural pH value (neutral to slightly basic) towards
acidic values, the yield stress increased and reached a maximum as pH
decreased. In highly acidic medium it decreased again. The maximum
values occurred at different pH values for the different bentonites. For
basic pH environment, the yield stresses reached a minimum over a
range of pH of 7 to 11.5 but at very high pH values it increased sharply.

Kelessidis et al. [46] studied the effect of pH in the alkaline range,
the environment typically found in drilling applications, of water
bentonite dispersions at two mass concentrations of bentonite. Yield
stress exhibited a local maximum at the natural (alkaline) pH of the
suspensions for both concentrations that were studied (Figure 9); while
the suspensions were increasingly more shear thinning at more alkaline
pH and the flow consistency index increased with pH.

The described behavior from the mentioned studies does not
provide a definitive conclusion on the location of the maxima or
minima observed of the yield stress of bentonite dispersions at different
pH environments. It could be that the effect depends strongly on the
raw material used. Thus, further studies are needed in this area.

Effect of electrolytes: The presence of inorganic salts, and in
particular of NaCl, destabilizes aqueous-bentonite dispersions because
the electrical double layer, which forms around the clay mineral
particles and keeps them in dispersion, is compressed by the cations,
allowing the formation of aggregates thus changing the mode of particle
association.

The Schulze-Hardy rule [49] states that ‘the coagulative power of a
salt is determined by the valency of one of its ions. The flocculation
power is known as the Hofmeister series and the coagulation power of
the cations can be ordered as [15],

H*>Ba?*>Sr**>Ca**>Cs*>Rb*>NH4*>K*>Na*>Li*

Van-Olphen [15] studied the effect of NaCl on rheology of clay
suspensions and found that the suspensions start from a flocculation
state and adding small amounts of NaCl, the Bingham yield stress
reaches a minimum, and thus suspension deflocculates. Upon further
addition of NaCl, Bingham yield stress increases again, i.e., the system
flocculates again.

Luckham and Rossi [20] summarized prior work on the effect of salts
on rheological properties of up to 10% mass of sodium montmorillonite
suspensions. They found that the suspensions behaved as Bingham
plastic and that addition of small amounts of NaCl decreased both yield
value and plastic viscosity. With higher amounts of NaCl there was a
gradual increase of both yield stress and plastic viscosity.

Abu-Jdayil [40] has shown that as the concentration of electrolytes is
increased, the apparent viscosity and the yield stress of the three studied
bentonites decreased. Similarly, Kelessidis et al. [34] found a significant
effect of electrolyte concentration on the shear stresses which were
reduced considerably at all shear rates (Figure 10), which in essence, it
was an effect of lowering the yield stress of the dispersions (Figure 11).

From these prior studies it is then evident that addition of salt
influences the rheological parameters of bentonite dispersions, however,
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Figure 9: Effect of pH, in the alkaline range, on the yield stress of Wyoming
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the magnitude of the effect differs among different studies. Kelessidis
et al. [46] have attributed these variations to differences in the raw
material, as some investigators used commercially sold material, while
others purified it. Some investigators use naturally occurring sodium
montmorillonite, while others use soda activated montmorillonite.
Furthermore, not all studies have covered similar clay concentration
ranges. Most importantly, it is expected that preparation procedures
should have the most drastic effect on the measured properties as there
exists no standard protocol for preparing water bentonite dispersions, a
fact also noted previously [39].

Effect of polymers: Polymers containing acidic or basic groups
are added in clay suspensions for a variety of reasons in applications
like, water purification [50,51], sewage treatment [52] or flocculation
[4]. Non-ionic polymers are often used in oil-well drilling because
they inhibit shale dispersion or clay swelling [53-56]. Polymers
adsorb onto clay surfaces (Figure 12) thus prohibiting the association
of clay particles. Hence, adsorption studies are often carried out first
to determine the amounts of polymer adsorbed and the conditions
affecting them, followed by rheological measurements to assess the final
impact of polymer addition on the stability of the suspensions.

Polymers, such as Carboxyl-Methyl-Cellulose (CMC) or Partially-
Hydrolyzed-Polyacrylamide (PHPA) and novel polymers, based
on CMC containing poly-ionic cellulose (PAC) [57] were used in
suspensions for applications like, drilling fluids, to coat drill cuttings
produced from shale formations in order to prevent (inhibit)
disintegration. These additives have “arms” with many functional
contact points which can react and link with the anionic groups of other
polymers and clay structures, providing thus very effective control.

The effect of addition of CMC and of Carbopol 980, on the rheology
of Wyoming sodium bentonite suspensions was studied by Kelessidis
et al. [60]. Both polymers showed high affinity for adsorption onto
bentonite particles following Langmuir isotherms of the L1 type,
indicating monolayer adsorption of the polymers onto the surface of
the bentonite particles. CMC addition did not affect the yield-power
law rheological behaviour of the neat dispersions. The yield stress
exhibited a minimum at low CMC concentration and then reached
a plateau at about 40% of CMC-free water-bentonite suspension, at
the highest CMC concentration tested of 1.0% mass (Figure 13). The
decrease of the yield stress upon addition of CMC was attributed by the
authors to liquefying effect of the additive.

Addition of Carbopol 980, up to 0.15% mass concentration, resulted

adsorption plateau

boucles : +

Coqu. of saturation Com

(a) (b)

Figure 12: Polymer modification of rheological properties of bentonite
dispersions: a) different sequences of adsorbed polymer on particle surface b)
schematic representation of an adsorption isotherm [58,59].
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also in a minimum and then it evolved in a similar fashion as the pure
Carbopol solution (Figure 14).

Discussion on the development of yield stress of bentonite
dispersions

The various factors affecting the rheological properties of water
bentonite dispersions were briefly described above. In order to
better understand and explain the effects of all these parameters on
the rheology of these dispersions, it is important to understand the
development of the yield stress of the neat bentonite dispersions. This
means that we need to understand which are the factors which contribute
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to the development of the yield stress of the neat suspensions, so that
appropriate actions can be taken, either to increase or decrease the
yield stress, according to the case at hand, with the use of the different
additives or according to the prevailing environmental conditions.

It is well understood that the bentonite particles associate or
dissociate when they are dispersed in aqueous environment. The
question which is raised though is, in an alkaline environment, which
is the prevailing association, edge-to-edge (EE), edge-to-face (EF) or
face-to-face (FF), when these surfaces are all negatively charged. There
are predictions [1] that repulsion forces between edge (-)-to-face (-)
(EF) are weaker than face (-)-to-face (-) (FF) repulsion forces, but
are they strong enough to force coagulation? It is theorized [15,20]
that electrolytes compress the diffuse double layer allowing particles
to come closer together so that attractive Van-der-Waals forces could
dominate causing coagulation, but it is still uncertain whether this is
the mechanism of action.

In many applications, pH of suspensions is alkaline, as for example
in drilling fluids, and well above the isoelectric point of bentonite
suspensions, which ranges between pH of 5.0 up to pH 0f 7.0 [17,61,62].
Under such conditions, positive-edge-to-negative-face association
should not occur, thus, another attaching mechanism should be found.
However, EF association at alkaline pH and specific salt concentrations
has been suggested by Permien and Lagaly [63]. Other investigators
report and suggest band like structures resulting from FF association
which gives larger flakes and stronger gels [20,22,26,62].

Yet another mechanism may be possible, as revealed by some results
from scanning electron microscope studies, shown in Figure 15 for
bentonite suspensions [46] and in Figure 16 from filter cakes [64] taken
with an American Petroleum Institute filter press [37]. What is observed
is that the bentonite platelets flex and seem to associate primarily by
the EF mode and create structures resembling lenticural pores, very
similar to the ones reported previously [65,66] who, however, attributed
them to random aggregation of sheets rather than to the EF association
appearing in these figures.

As the instruments of observation improve, researchers managed
to present evidence of the coexistence of single platelets together with
stacks of platelets in specific network structures [29]. In Figure 17, we

10um

Figure 15: SEM of hydrated 6.42% Wyoming bentonite at pH of 9.1 [46].

show the TEM image taken from one of our own dried samples of a
water dispersion containing 7% mass of Wyoming sodium bentonite

Figure 16: SEM pictures of API filter cake of bentonite suspensions. 1) 6.42%
Zenith (Na* activated calcium bentonite) 2) 6.42% Wyoming (natural Na*
bentonite) [64].

3

Figure 17: TEM picture of 7% mass Wyoming sodium bentonite suspension.
The individual platelets are clearly seen as the edges have folded, and one
can count approximately 20 platelets (bar size=20 nm), with approximately 1

nm thickness [39].
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Figure 18: TEM images of natural montmorillonite: (A) dry Na-montmorillonite
samples [23] (B) purified montmorillonite dispersed in water (adapted from
[25], taken from [67]).

[39]. The existence of a tactoid is very evident which consists of
approximately 20 platelets, each of almost 1.0 nm-thickness.

In Figure 18, similar TEM images to that of Figure 17 are shown,
exhibiting striking similarities between each other. In Figure 18A, the
image of Na-montmorillonite is shown, while in Figure 18B, the image
of purified montmorillonite dispersed in water is shown, although the
latter do not state the amount and the type of montmorillonite. One
can see clearly in all TEM pictures the lamellar structure of sodium
montmorillonite, while also identifying the high-aspect ratio and the
flexibility of the montmorillonite platelets.

What is not at all evident is the way the platelets associate to each
other when dispersed in water, either as single platelets or as tactoids,
despite having similar negative charges. A driving force is required to
associate similarly charged particles to each other forming network
structures which are manifested as yield stress. The determination of this
driving force and its function, being long range repulsive or long range
attractive, has been the subject of controversy, both from experimental
and theoretical points of view [68-72]. Once this is understood, one
may have clearer picture of what happens to the particle association
both at low as well as at high temperatures.

Researchers in the past have proposed many ways of platelet
association, like, no physical contact, house-of-cards, honeycomb,
band structures, and so on. Benna et al. [17] stated that, at basic pH
values, the interactions between particles could lead to card-house like
structures based on repulsion. McBride and Baveye [73] argue that it
is the attraction between like-particles, as per Sogami-Ise theory [74],
which provides the attraction force that is responsible for the clay
particle flocculation even at the basic pH values encountered in many
industries, like the drilling fluid industry, although the nature of this
attractive force is still elusive.

The network (gelling) structure of clay suspensions may be created
from the particular alignment of similarly charged surfaces, as for
example edge (-) to face (-) , edge (-) to edge (-) and face (-) to face (-)
in an alkaline environment. One should notice that for concentrations
of, for e.g., 3.0% to 7.0% mass, a significant amount of clay platelets
is present in the suspension meaning that the platelets are crowded
and the amount of free water is very limited. The repulsion between
similarly charged surfaces may orient them in particular ways so it
may create packets of them enclosing water in between, thus forming
gel structures. This is very similar to the notion of covoluted volume
(excluded volume) of Onsager [75] which explained the strange
behavior of colloidal particles having much smaller rotational diffusion
coeflicient than translational because the volume of the suspension
influenced by the particle itself is much larger than the volume of the
particle.

In fact, for plate like particles, considered as discs of diameter, d,
like the bentonite platelets, the ratio of covolume to particle volume,
R, can be approximated by, R= nd/4h, where h is plate thickness. Thus
R can be a fairly large number, which is of the order of the ratio of the
large to the small particle dimension. Based on the above arguments, it
was shown that, a 0.6% mass smectite in water suspension will occupy
volumetrically 0.23% of the total suspension volume (if we take the
relative density of the clay as 2.6), not counting the electrical double
layer (EDL) [73]. However, if one counts the covolume, as proposed to
be computed above, using d = 300 nm and h = 1.0 nm, the total solid
suspension would be 300 times 0.23, giving 69% of total suspension
volume, thus leaving very little room for rotation due to thermal
motion. This then may account for the strong inter-particle interaction
observed even at very dilute solid concentrations.

We can perform similar calculations for a 7% mass concentration
of bentonite suspension, normally used in drilling industry. Sodium
bentonite platelets are approximately orthogonal in shape with the large
dimension of ~300 nm to 500 nm and the small dimension of ~200 nm
to 300 nm. Many researchers have reported a narrow-distribution for
thickness of the particles, centered on ~1.0 nm [76,77]. If we take a 500
nm by 300 nm particle, of 1 nm thickness, this will give an equivalent
disc diameter of 220 nm. A 7% mass bentonite suspension will occupy
volumetrically 2.7% of the total space, and if we compute the covolume
as analyzed above, it will give of total solid suspension of 466% of
total volume, which is apparently wrong. But this simple computation
indicates that there is no possibility of having complete exfoliation of
all bentonite particles at such high concentrations. Furthermore, this
analysis serves to demonstrate that the free water will be diminishingly
small at these conditions. Hence, when there is covolume occurrence
the particles are forced to have certain alignments (ordering), resulting
thus in the reduction of free energy [73]. Interestingly enough, McBride
et al. postulated a phase transition to anisotropic phase from isotropic,
at clay concentrations of around 5% mass, for clay particles of 300 nm
equivalent diameter.

Frenkel used covolume effects, as suggested by Onsager, to explain
the transition between disordered and ordered states. Ordering of
colloidal suspensions may give smaller covolume allowing particles
to move more freely thus increasing entropy. At first thought this is
counter intuitive, as higher entropy is associated with less ordering; but
in this particular situation, invoking the covolume approach, the loss of
the orientational entropy of the ordered (nematic) phase is more than
offset by the increase in translational entropy, due to the more space
available to the solids for movement [78]. Hence, ordering is favored
because it leads to higher entropy.

This theory could explain the band structures-aggregates of bentonite
particles. In Figure 19, the various states of ordering of particles in a
suspension driven by entropy are depicted. The structure of plate like
particles can be, (a) disordered (isotropic) (Figure 19a) or ordered,
taking the shape of (b) nematic (Figure 19b), with preferred orientation
but no long range positional order, (c) smectic, (Figure 19¢), i.e., one
dimensional periodic array or (d) it can be even two dimensional lattice
(columnar, Figure 19d) [73,79,80].

Based on these notions, Gabriel et al. [81] constructed a phase
diagram for montmorillonite particles (Figure 20) which shows
that for cases of no salt or low salt concentration and with bentonite
concentration higher than 2.5% mass concentration, the suspension
should be in the region of nematic gel.

It is very interesting to note that, by means of Monte-Carlo
simulations, eight distinct configurations for bentonite platelet charged
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disks were recognized [72], including nematic and anti-nematic
configurations, very much like the ones identified in Figure 19b.

Of course, the above geometrical associations are very idealistic,
particularly in view of previous observations [46,64] as well as
new insights derived from pictures taken using new sophisticated
instruments [29]. Such pictures show that the bentonite particles are
in fact very flexible, flexing and stacking in layers and associating, most
probably, in a ‘face-to-face’ and ‘edge-to-face’ manner (Figure 21) and
they form associations plausibly of Y-type (Figure 22).

Mouzon et al. analysis [29], as well as prior evidence, shows that
bentonite platelets form the type of nematic gels which were idealized
in Figure 19 [73]. In fact, according to Mouzon et al. [29], the particles
create clusters resulting from the mutual repulsion of the platelets,

with the repulsion forces creating osmotic pressure which deforms
the platelets and forces them to adopt the FF configuration. It was
also shown that some of the platelets remain in dispersed state, even
at 5% mass concentration and not all platelets had this peculiar flexed
FF structure. It is very encouraging that phenomenological modeling
which gave structures like the ones shown in Figure 19b are not very
far from reality (Figure 22), if one accounts for the flexibility of the
bentonite platelets.

At high shear rates the platelets will align with the flow direction and
there will be less structure compared to the structured FF arrangement,
when there is no flow, offering less resistance. Hence, at high shear rates,
one should observe smaller apparent viscosities, and in fact we have
seen they become Bingham plastic like. As the shear rate is decreased,
moving to smaller shear rates, the particles re-align as per FF of flexed
particles and thus offer more resistance to flow due to drag, resulting in
an increase of the apparent viscosity. At the limit of no shear rate, the
suspension is at rest and the platelets associate mostly as per association
types shown in Figure 21 [29,46]. Thus, in order to initiate flow, we
need an extra force to have the suspension moving which manifests as
yield stress.

It was shown sporadically in the past [82,83] and more systematically
recently that as the temperature of the suspension increases, the yield
stress increases. It is thus probable that as the temperature increases,
the particles in the dispersed state move due to Brownian motion and
become also flexed and associate in the FF mode, creating more clusters,
thus increasing the yield stress, in accordance with experimental
measurements [39].

Figure 21: SEM images of Na-bentonite (a) suspension of 6.41% mass at
pH=9.1 [46] (b,c) different magnifications of 5% mass suspension [29].

single platelet

Figure 22: Association of SWy-2 Na-bentonite platelets at 5% mass concentration,
as photographed by cryo-SEM (hence in situ!), at different magnifications: (a) low
magnification, (b) high magnification, (c) Y-type associations. One should note the
similarities between Figures 21a and 22a [29].
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Modelling Aspects

The yield stress of charged particle suspensions arises because of
existence of net interparticle attractive forces between the particles
which link them in various configurations. Thus, an increase in this
net attractive force results in an increase of the yield stress, other
factors remaining constant. There have been several attempts to relate
yield stress to these interparticle forces but no unique models exist to
date. Theoretical or semi-empirical approaches have yet to provide
predictions close enough to experimental data. Various explanations
exist for this discrepancy like, validity of measurements (6) or, the fact
that the nature of the interactions between charged particles in liquid
media is not fully understood. One may argue that the DLVO theory
[84,85], adequately covers some situations but it cannot account for
the full range of forces present. It was shown that even if the extended
DLVO theory is used, full account of all applicable forces is not achieved
[18]. In fact, the mere situation that a wide range of additional forces
has been proposed to fully account for all interparticle forces, shows
the long road that our understanding has to cover in order to be able to
predict, with reasonable accuracy, the yield stress of such suspensions
from modeling of microscopic interactions.

A review of the literature [86-89] suggests that for charged particles
of diameter, a, the form of the predictive equation for the yield stress,
T,is, )

¢ 2
7(1‘1 -B¢?) (5)
where, {, is the zeta potential, ¢, is the solid volumetric concentration,
and, A,B, are empirical constants. Hence, the yield stress becomes

maximum either at the isoelectric point ({=0), or at the condition of
minimum .

TyOC

Kelessidis and Maglione [6] used the above equation in the form of,

_ 364,07 )
P 24n hia

to predict the yield stress of bentonite dispersions at the isoelectric
point. They took certain values for particle diameter, a, for inter-particle
distance, 1, and different values for the Hamaker constant, A, because
no single value could be found in the literature. They tested eqn. (6) for
two types of bentonites and two concentrations. Good matching for one
of the bentonites (Zenith bentonite, a treated sodium bentonite) was
achieved for a value of Hamaker constant of, A,=0.04*10"*" J. Similarly,
a good match was found for Wyoming bentonite dispersions, but for a
Hamaker constant 2.5 times higher, at A, =0.1*10*° J. One should note,
though, that the values of, A, that gave very similar maximum yield
stresses to the measured ones, were one to two orders of magnitude
lower than the values previously reported [6]. Kelessidis and Maglione
(6] finally concluded that eqn. (6) could be a very good starting point
to estimate the yield stress of bentonite dispersions, provided that we
have available more accurate values, of the Hamaker constant, of the
particle diameter and of the particle thickness. These discrepancies
coincide with the experimental observations which show a third power

dependence of the yield stress to the mass concentration.

The many attempts to relate microscopic colloidal interparticle
forces to macroscopic properties like, rheology and in particular the
yield stress have not materialized yet for many reasons. It was shown
that the yield stress, determined by the vane technique, scales with
interparticle forces [86,88]. These interparticle forces involve attractive
and repulsive forces at the atomic or molecular scale. The inherent
difficulty then, in relating micro-cosmos to macro-cosmos, arises from
the fact that in micro-cosmos, the parameters involved are of very small
magnitude, for e.g. the values of Hamaker constants are of the order

of 10 J. Similarly, Debye length (the distance over which a charge is
shielded by the ions in a suspension) is of the order to 10'® m. On the
other hand, in the macro-cosmos, yield stresses, true and measurable
quantities, are mostly of the order of 1.0 to 100.0 Pa, for the bentonite
concentrations normally used. Division between two similar very
small numbers (for e.g. eqn. 6) could give a result of a large magnitude
number, the yield stress. But equally well, errors in the small numbers,
even in the 100 to 200% range could go unnoticed. In fact, how can one
tell the differences between a Hamaker constant value of, A o 1.0%10%J,
and a value of, Az 1.9*10%° J? However, when these numbers are used
to predict ‘real world’ numbers, like the yield stress, they could produce
noticeable errors of the order of 100%.

Conclusion

Aqueous bentonite dispersions exhibit non-Newtonian rheology.
The most appropriate model is the yield-pseudoplastic model of
Herschel-Bulkley. The yield stress of these dispersions is noticeable for
bentonite concentrations as low as 2% mass. The two bentonite types,
sodium or calcium bentonite, have been reported to have different
rheological parameters at same bentonite concentration.

We discussed the effect of concentration, of pH, of electrolytes and
of polymers on the rheology and on the rheological parameters of these
bentonite dispersions and mainly the effects on the yield stress. The yield
stress increases according to approximately the third power of mass
concentration. Suspension pH influences strongly the yield stress, with
maxima and minima reported over the full pH range, however there is
no consensus regarding the location of the maxima or the minima as
well as the corresponding values. The discrepancies can be attributed
to the differences in the raw material. Addition of polymers also affects
the yield stress of bentonite dispersions. At low concentration there
may be a decrease of the yield stress due to a liquefaction effect of the
polymer additive but at higher concentrations, yield stress increases
with polymer concentration.

There is still ambiguity regarding the type of association or
dissociation of bentonite particles and no consensus exist whether
complete exfoliation of these particles occurs when they are dispersed
in water. Good understanding of the mode of interaction of these
particles will enhance our modeling attempts to describe the gelation
of these suspensions allowing the prediction of the yield stress, given
the environmental conditions. This has been an elusive task and an
accomplishment not achieved to date. Recent in-situ images of such
dispersions with highly sophisticated instruments lead us to conceive
band type associations of flexed bentonite particles with individual
platelets also present. Theoretical studies using simulations, assuming
though hard disc models, produce structures similar to what the
experimental observations reveal. Further work is needed, invoking
possibly molecular simulation in confined spaces to bring together the
micro-cosmos with the macro-cosmos of bentonite dispersions.
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