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norganic nanoparticle mixed
suspensions: phase behaviour and rheology†

Louise Bailey,*a Henk N. W. Lekkerkerkerb and Geoffrey C. Maitlandc

Smectite clay minerals and their suspensions have long been of both great scientific and applications

interest and continue to display a remarkable range of new and interesting behaviour. Recently there has

been an increasing interest in the properties of mixed suspensions of such clays with nanoparticles of

different size, shape and charge. This review aims to summarize the current status of research in this

area focusing on phase behaviour and rheological properties. We will emphasize the rich range of data

that has emerged for these systems and the challenges they present for future investigations. The review

starts with a brief overview of the behaviour and current understanding of pure smectite clays and their

suspensions. We then cover the work on smectite clay-inorganic nanoparticle mixed suspensions

according to the shape and charge of the nanoparticles – spheres, rods and plates either positively or

negatively charged. We conclude with a summary of the overarching trends that emerge from these

studies and indicate where gaps in our understanding need further research for better understanding the

underlying chemistry and physics.
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Introduction

Smectite clay minerals are used in a wide range of industrial
applications,1–3 from absorbents4 to drilling uids5 and nano-
composites,6 and at the same time present signicant scientic
challenges.

The remarkable range of their functionality arises from the
subtleties of the crystal chemical composition7–13 and colloid
chemistry14–16 which drive the interaction of the clay particles to
build sols, gels, glasses, and even liquid crystals.17–22
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Fig. 1 Crystal structure of a dioctahedral smectite nanosheet (repro-
duced with permission from Paineau et al.,27 after Grim28).
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Further richness (complexity) comes from the drive for
optimisation of properties such as rheology by modifying the
particle interactions through the addition of salts, polymers
and, more recently, other colloidal particles. The effects of
polymers and salt have been widely studied and
reviewed;15,19,23,24 in this review we focus on the effects of added
nanoparticles, notably on the rheology and phase behaviour.

We rst review recent developments with smectite clays
(physical chemistry, rheology and phase behaviour) to give the
necessary background, before focusing on the effects of adding
nanoparticles of different shape, size and charge, such as
inorganic oxides, mixed-metal hydroxides and other clays. In
conclusion we summarise the overarching trends that emerge
from these studies and indicate where gaps in our under-
standing need further research for better dening the under-
lying chemistry and physics. In addition, we give representative
TEM images of the smectite clays and inorganic nanoparticles
in the ESI.†

Smectite clays
Smectite clay minerals, their structure

Smectites are phyllosilicate minerals7,25 characterized by a 2 : 1
layer structure in which two tetrahedral silica sheets either side
of an octahedral sheet sharing apical oxygens (see Fig. 1).
Hectorite is a trioctahedral smectite with a brucite octahedral
layer, montmorillonite and beidellite are dioctahedral smectites
with a gibbsite octahedral layer, and in nontronite the octahe-
dral sheet is predominantly iron hydroxide. In addition to the
naturally occurring smectites, smectite minerals can be syn-
thesised.10,26 Particularly well studied is Laponite RD, a
synthetic hectorite. Closely related, but with signicantly
different properties, is Laponite B a uoro-hectorite in which
uorine ions replace hydroxyl groups in the octahedral
layers.18,26 Smectites have a layer charge between 0.2e and 0.6e
per half unit cell (corresponding to a surface charge ranging
from �0.07 to �0.21 C m�2) arising from isomorphic substi-
tutions in the octahedral or tetrahedral sheets. In hectorite, the
substitution is of Mg2+ by Li+ in the octahedral sheet. In the
Geoffrey Maitland is Professor of
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the Institution of Chemical Engi-
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This journal is © The Royal Society of Chemistry 2015
dioctahedral minerals both tetrahedral and octahedral substi-
tutions occur; in montmorillonite the octahedral substitutions
dominate (Mg2+ for Al3+) whereas in beidellite and nontronite
the charge arises predominantly from substitutions in the
tetrahedral sheet (Al3+ and Fe3+ for Si+4). A comparison of the
distribution of charge locations for a range of smectite clays is
shown in Fig. 2. These variations lead to quite different phase
behaviour27 with some smectites forming liquid crystal phases
and others only gels.

As well as the permanent negative charges due to isomorphic
substitutions in the clay layers, pH dependent charges develop
on the surface hydroxyl groups. This can lead to positive charges
on the edges. The extent to which these edge charges can be
Fig. 2 Comparison of the charge location (tetrahedral versus octa-
hedral) for different smectite clays: nontronites: NAu-1 and NAu-2
(Australia); beidellite: SBId-1 (Idaho, USA); montmorillonites: SWy-2
(Wyoming, USA), SAz-1 (Arizona, USA), Milos (Greece). Reproduced
with permission from Paineau et al.27
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Fig. 4 TEM image of a purified natural montmorillonite dispersed in
water. Reproduced from Pellenq and Van Damme.70
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View Article Online
accessed depends on the degree of surface charge and the ionic
strength of the suspending medium.26,29–34 The electrical double
layer around smectite clay platelets is shown schematically in
Fig. 3, which includes the effect of pH and indifferent electrolyte
concentration on the sign and distribution of these edge
charges. The combination of the variation in isomorphic
substitution and edge charge heterogeneity leads to further
richness in smectite clay behaviour.

Smectites are known as the swelling clays due to their
behaviour on hydration; here the hydration energy of interlayer
cations can overcome the attractive forces between the cations
and the charged clay layers, allowing water to enter the inter-
layer region and swell the system.25 This has been the subject of
a vast and fascinating literature.35–60 However, rheology and
phase studies mostly deal with low concentrations of the
homoionic Na exchanged clays which dissociate into individual
sheets of thickness �1 nm with fully developed double layers. A
key issue in understanding all these phenomena is knowledge
of the inter-particle forces and how they change with clay type,
counter cation, pH and electrolyte concentration. DLVO theory
quantifying double layer interactions has played a major role
here,14,17,61 although there has been much debate concerning
other possible contributions to the clay interactions62–64 espe-
cially long range attraction between like charged particles65–67

and these issues are not fully resolved at present.68,69

The shapes of smectite clay particles vary from plate-like
(montmorillonite, beidellite) to lath-like (hectorite, nontronite)
and they are highly polydisperse. Smectite clay particles range
in size from 0.1–2 mm (except for the synthetic Laponites which
are much smaller, with diameters about 25–40 nm). Fig. 4
shows the structure and dimensions of a typical montmoril-
lonite platelet aggregate, illustrating the high aspect ratio and
exibility of these clay platelets.
Sol–gel transitions

Smectite clays form gels at volume fractions as low as 1 vol%, a
feature that has been studied for a long time.71–77 It was sug-
gested by Van Olphen78,79 that the gel was formed by the
attraction between the edges and the faces of the clay platelets.
This interpretation of the gel structure is referred to as the
house of cards structure. Norrish61 suggested that the repulsive
Fig. 3 Schematic representation of the electrical double layers (edl)
around montmorillonite platelets under different solution conditions,
reproduced from Tombácz and Szekeres30 after Secor & Radke.29

224 | Soft Matter, 2015, 11, 222–236
force caused by interacting double layers was responsible for
the gel structure. There have been signicant developments in
the ability to study the structure of clay dispersions using
techniques such as cryo-TEM,80 ultra small angle X-ray scat-
tering,81 X-ray uorescence microscopy,82 environmental scan-
ning electron microscopy,83 transmission X-ray microscopy,84–86

and differential interference contrast microscopy.87 This has led
to some convergence of the views on the structure of clay gels. It
appears that the house of cards structure is limited to the
regime of low pH and moderate to high electrolyte concentra-
tion where the positive edge charge is not screened by the extent
of the double layer from the large negative face charge.26,29,30 The
change in microstructure as electrolyte concentration is
increased is illustrated in Fig. 5.

The sol–gel state diagram for Wyoming and Turkey mont-
morillonites was mapped out by Abend and Lagaly19 for ionic
strengths ranging from 10�5 to 1 M, and up to 5 wt% clay, (at
unspecied pH, probably �7) – see Fig. 6. At low electrolyte
Fig. 5 Schematic representation of the structure of smectite gel (a)
dispersed in fresh water and (b) effect on the structure of addition of
salt. Reproduced from Morvan et al.81

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Sol–gel state diagrams for two sodium montmorillonites and
NaCl. (a) Turkey M50, (b) Wyoming M40A. Reproduced from Abend &
Lagaly.19

Fig. 7 (a) State diagram of the bentonite suspensions versus clay and
NaCl concentrations. (B, F) Flocculated; (,, IL) isotropic liquid; (>,
IG) isotropic gel; (�, NG) nematic gel. (b) Phase diagram of the
Laponite suspensions versus clay and NaCl concentrations. (B, F)
Flocculated; (,, IL) isotropic liquid; (>, IG) isotropic gel; (�, NG)
nematic gel. Reproduced with permission from Gabriel et al.,18

Copyright 1996 American Chemical Society.
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concentrations repulsion dominates giving rise to a repulsive
gel, or in modern terminology a Wigner glass, while at high
electrolyte concentration (0.1 M and above) an attractive gel is
observed. The sol-repulsive gel boundary was �3.5 wt% at low
electrolyte concentrations, rising to 4.5 wt% at intermediate
ionic strengths. It can be seen from Fig. 6, that while Wyoming
and Turkey montmorillonites differ only slightly in their
absolute layer charge, 0.28 vs. 0.33 eq. per unit, (and in the way
this is distributed between the octahedral and tetrahedral
layers) yet, whilst the qualitative features of their sol–gel
diagrams are similar, there are marked quantitative differ-
ences between the regions where the ocs, and the attractive
and repulsive gels, are observed. Similar variations in the state
diagrams for different montmorillonites have been observed
in a number of other studies which also indicate the impor-
tance of particle size, shape, and aspect ratio. Michot et al.88

and Bailey et al.89 found a sol–gel transition for Wyoming
montmorillonite at low ionic strength at �1.5–2.5 wt%, the
sol–gel transition increasing with particle size and anisot-
ropy.88 Vali and Bachman80 report a slightly higher transition
at 3 wt% for Nevada montmorillonite. Ten Brinke et al.90 found
the sol–gel transition for hectorite was lower at �1.5 wt%.
Mourchid et al.91–94 and other workers22,95,96 found very similar
state diagrams for Laponite RD, with the sol–repulsive gel
transition at �0.5 wt%. In all these cases the gel transition
occurs at a concentration at which the effective hydrodynamic
volumes of the particles, extended by the range of the electrical
double layer, begin to overlap.
This journal is © The Royal Society of Chemistry 2015
Clay liquid crystals

Unlike other plate-like colloids, there was until recently little
evidence to show smectite clays displayed Onsager type
isotropic (I)/nematic (N) phase transitions. Langmuir77 had
observed I/N phase separation in a hectorite suspension aer
several hundred hours at coexisting concentrations 2.0–2.2
wt%. However subsequent workers could not reproduce this
observation. In fact in a footnote (p 877) in his original paper77

Langmuir had mentioned that the phase separation was non-
reproducible.

In 1996 Gabriel et al.18 observed nematic liquid crystal
textures in aqueous gels of montmorillonite and of Laponite B
(a synthetic uoro-hectorite). They occasionally observed
samples of Laponite B which showed both the isotropic and
nematic phases separated by a sharp border. However, as in
Langmuir's experiments, the observation was not reproducible.
The state diagrams obtained are illustrated in Fig. 7. The
nematic gel was also observed by Lécolier93,97 in Laponite RD
suspensions.

Fossum and co-workers98–100 observed the I/N phase transi-
tion in suspensions of Na uoro-hectorite synthetic clay.
Miyamoto et al.101 also observed isotropic and nematic liquid
Soft Matter, 2015, 11, 222–236 | 225
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Fig. 9 Aqueous suspensions of nontronite clay NAu-2 observed
between cross-polarisers, showing increasing nematic liquid crystal
phases volume for clay volume fractions range from 0.5% (a) to 0.72%
(d). Sample (e) is a birefringent gel with a volume fraction of 1%.
Reproduced with permission from Michot et al.21 Copyright (2006)
National Academy of Sciences, U.S.A.
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crystal phases in suspensions of a different uoro-hectorite. The
key difference between these uoro-hectorites and Laponite B is
their much larger particle size (�0.1–3 mm vs. 30–40 nm). The
rst unambiguous observations of I/N phase transitions in
natural smectite clays came with the work of Michot and co-
workers on nontronite21,102 and beidellite.103 In both cases these
are smectites with predominantly tetrahedral substitutions (see
Fig. 2). The state diagram for nontronite clay suspensions is
given in Fig. 8 and the observation of the nematic phase and its
increase in phase volume with increasing clay concentration in
Fig. 9.

It is interesting that for the pure clays montmorillonite,
hectorite, nontronite and beidellite, even though their shape
gives them the propensity to form liquid crystalline
domains,104,105 their suspension behaviour is quite different.
With montmorillonite and hectorite, gel formation pre-empts
the formation of ordered phases, whereas for beidellite and
nontronite liquid crystalline phases are readily observed. It
seems, therefore, that generally (though not exclusively,
because uorinated hectorite forms ordered phases) clays with
charges located in the outer tetrahedral silicate layers proceed
to form liquid crystalline phases whereas for those where the
charge resides in the inner octahedral layer, gelation intervenes.
However, the underlying physics behind this observation is not
currently understood. Some insight into this behaviour may be
gained from the work of Bleam106 who investigated the impor-
tance of charge localization on the electrostatic potentials and
found that the electrostatic potential curves of beidellite show
considerably more pronounced maxima and minima compared
to montmorillonite. However, the precise way in which these
subtle changes in interaction potential result in such different
behaviour has yet to be resolved. The recent simulations of
Delhorme et al.107 suggest that the edge/face charge heteroge-
neity plays a signicant role in determining gel, glass and I/N
Fig. 8 Phase diagram of sodium nontronite suspensions. Upon
increasing volume fraction, the suspensions first form an isotropic
liquid (IL), then enter a biphasic regime (B) followed by a small region of
nematic sol (NS), and finally form birefringent gels. The line between
gel and liquid was determined by oscillatory shear measurements. At
high salt concentration, the presence of flocs (F) was checked out by
visual observation. Reproduced with permission from Michot et al.21

Copyright (2006) National Academy of Sciences, U.S.A.

226 | Soft Matter, 2015, 11, 222–236
states. A high charge heterogeneity leads to a suppression of the
I/N transition in favour of a gel phase.
Smectite suspension rheology

As we have noted, smectites form viscous gel phases at low
volume fractions, a property which has been widely exploited in
a range of industries, from drilling uids5 to personal care
products.108 In the sol phase clay suspensions are shear thin-
ning liquids, with increasing shear aligning the anisotropic
particles with the ow eld. At concentrations above the
repulsive gel transition, where the hydrodynamic volumes
swept out by the particles overlap, a yield stress develops, and
the suspension becomes viscoplastic. The yield stress depends
on the clay volume fraction, the particle size,88 shape,89,90 and
localisation of the charge in the clay layer structure.109 The gel
phase of these particle suspensions is quite “fragile”, yielding
under small strains of �1–10 percent, (unlike polymer gels
where yield strains of several hundred percent are common). On
applying a shear stress above the yielding condition the
suspension is transformed into a shear thinning liquid. The
complexity of this transformation from solid to liquid-like
behaviour can vary signicantly with the nature of the smectite
clay, as illustrated in Fig. 10.

Ramsay and Lindner111 showed that static gels of montmo-
rillonite and Laponite had short range spatial and orientational
correlations. Under low shear preferential alignment of the
larger montmorillonite particles (but not for the smaller
Laponite, although elsewhere Pignon112 did nd particle align-
ments for Laponite at low shear) with the direction of ow,
together with the persistence of spatial correlations, suggested
structured cooperative ow. Under high shear the spatial
correlations were lost, but the orientational alignment was
increasingly pronounced. On cessation of ow the spatial
correlations reappeared quickly, but the orientational align-
ment persisted and there was very slow relaxation back to the
This journal is © The Royal Society of Chemistry 2015
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Fig. 10 Controlled-stress shear-rate flow curves for 2.8 wt% hectorite
SHCa-1 and 3.2 wt% montmorillonite SWy-2 suspensions at c > c*.
Redrawn from data of Ten Brinke et al. and Bailey et al.89,110
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isotropic state. This structural relaxation in the suspension was
suggested to be the origin of thixotropic behaviour, which is
pronounced in smectite gels.113–115 Thixotropy, oen shown as
hysteresis loops in ow curves as illustrated in Fig. 11, high-
lights the importance of shear history and reproducible
measurement protocols when studying the rheology of smectite
suspensions.90,116
Fig. 11 Shear-stress shear-rate flow curves for montmorillonite
suspensions illustrating the dependence of thixotropy on shear history.
A preconditioned sample was transferred into the measurement
geometry and left at rest for 10 minutes. The shear rate was ramped up
then down over the range 11.6–1460 s�1 repeatedly for a total of 5
cycles. The total ramp time was 48 min in each direction. The first
cycle, the upper loop, shows a breakdown of structure in the gelled
suspension which is not fully recovered during the ramp-down.
Successive up-down flow curves continue to reduce the level of
structure in the suspension and shrink the area of the hysteresis loop
until the up and down curves are essentially identical, and two
successive loops superimpose on the equilibrium flow curve. Under
such conditions, the sample has sufficient time to relax to a steady-
state condition at each shear rate and all trace of previous stress
history has been removed. Reproduced with permission from Tehrani
and Popplestone.115

This journal is © The Royal Society of Chemistry 2015
In the attractive gel phase, the enhanced rheology arises
from a occulated network of particles in the suspension.15 The
shear dependent response is characterised by the breakdown of
the network into small ocs and individual particles. The
association of the particles in different congurations changes
the effect on the rheology – at low pH (and moderate ionic
strength) edge-face, edge–edge interactions are promoted. As
the pH increases and the edge sites deprotonate, the viscosity
falls. At higher pH and high electrolyte concentrations face–face
van derWaals attraction is enhanced. At low clay concentrations
this leads to small ocs and sol destabilisation23 but at higher
concentrations the structure is of overlapping ribbons contrib-
uting to higher viscosities80,117.

Most of the quantication of the rheology of smectite clay
suspensions relies on the use of empirical118,119 or at best semi-
empirical120 models. The links to the underlying physical
chemistry and the associated microstructure of the suspen-
sions/gels is oen clear qualitatively but it has proved a chal-
lenge to obtain quantitative predictive theoretical
physicochemical models for understanding and predicting the
observed rheology in a similar fashion that has been achieved
for polymer systems.121–126 However, recently some progress in
this direction has been made with so-called effective geomet-
rical models,102,109,127–130 which quantify some of the ideas
expressed in this review on the role of the hydrodynamic volume
in determining the rheological behaviour of clay systems.
These, and related particle simulations,131–134 should form the
basis of more rigorous theoretical understanding and model-
ling of the rheology of clay-based suspensions and gels in the
near future.
Smectite clay-inorganic nanoparticle
mixed suspensions

When mixed with other colloidal particles, suspensions of
smectite clays exhibit a rich range of behaviour. There is a
signicant literature in the area of clay nanocomposites where
small additives have been used in combination with smectite
clays to produce materials with tailored catalytic,135,136 photo-
chemical,101,135,137–139 electrical,140–142 and magnetic143,144 proper-
ties. Here we will focus on the effects of added nanoparticles on
phase behaviour and rheological properties. A characteristic of
such mixed systems is that the addition of a relatively small
amount of the second component can produce signicant
changes in the behaviour of the suspension. The charge, shape
and relative size of the nanoparticles are also important factors
in determining the magnitude of the effects observed.
I Smectite clays + spherical nanoparticles

We rst consider the situation where the clay and nanoparticle
have opposite charges i.e. negatively charged clay particles are
mixed with positively charged nanoparticles.

I.1 Smectite clay + iron oxide particles. Tombácz and
coworkers145,146 have studied two similar systems: suspensions
of 3 wt%montmorillonite containing 0.2 wt%magnetite or 0.15
wt% hematite, both of which are positively charged at the low
Soft Matter, 2015, 11, 222–236 | 227
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Fig. 13 (a) Controlled-stress continuous shear rheology for 2.8 wt%
hectorite suspensions (,) and 2.8 wt% hectorite + 0.25 wt% Ludox CL
(>). Filled symbols: shear stress increasing; open symbols: shear stress
decreasing. (b) strain dependence at 1 Hz for storage and loss moduli
for 2.8 wt% hectorite suspensions (,) and 2.8 wt% hectorite + 0.25
wt% Ludox CL (>). Redrawn from Ten Brinke et al.110 with permission.
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pH studied (pH 4). Major enhancements of the shear-thinning
rheology were observed, for low relative concentrations of the
added nanoparticles (7% and 5% respectively) – see Fig. 12 –

due to the enhancement of the clay gel structure by the
formation of a heterocoagulated particle network of oppositely
charged clay and iron oxide particles. This work also investi-
gated how organic macroions, such as those derived from
humic acid, can adsorb on the surface of oxides and reduce or
reverse their positive charge, thereby disrupting the hetero-gel
structure.

I.2 Smectite clays + cationic silica. Ten Brinke et al.110

carried out a comprehensive study of the rheology, at low ionic
strength, of lath-like hectorite (length ¼ 288 nm, width ¼ 43
nm, thickness ¼ 6 nm) dispersions modied by the addition of
positively charged alumina-coated silica spheres (Ludox CL,
diameter ¼ 17 nm). The suspensions had a total particle
concentration of 2.8 wt%, of which 10% (i.e. 0.25 wt% in the
suspension) was nanoparticles and the remainder hectorite.
Addition of the nanoparticle component at this relatively low
concentration led to major changes in the rheology of the binary
mixtures compared with the pure clay. The mixed suspensions
displayed a complex ‘yield space’ transition from a viscoelastic
gel at low applied stresses to a viscous, weakly elastic, shear-
thinning liquid at high stresses, see Fig. 13a. The oppositely
charged nanoparticles created large mixed particle ocs or
percolating networks, depending on the ow/stress regime, by
bridging between the clay laths and transforming the repulsive
gel of the pure clay to a stronger attractive gel (low stresses) or
more viscous liquid (high stresses). Shear moduli, low stress
viscosities and effective yield stresses all increased with the
addition of silica, with enhancements being up to a factor of 500
and typically 20, depending on the precise rheological charac-
teristic (see Fig. 13a). The large effect of the silica particles
reects the fact that a large number of small spheres can pack
effectively around the much larger hectorite laths to form many
interparticle bridges.110
Fig. 12 Flow curves for aqueous montmorillonite clay and iron oxide
suspensions with different compositions at pH 4 and low salt
concentration. (% ¼ w/w% concentration) Redrawn from Tombácz
et al.146

228 | Soft Matter, 2015, 11, 222–236
Bailey et al.89 carried out a similar study where the hectorite
clay was replaced by montmorillonite. Here, similar enhance-
ments were observed, albeit somewhat smaller than in the case
of hectorite. For example for a suspension at 2.4 wt% total
solids, which is just below the overlap concentration of the
hydrodynamic volumes of the montmorillonite platelets, addi-
tion of 10% Ludox CL increased the low strain elastic modulus
from 8 to 30 Pa. Signicant increases were also seen in the
effective yield stress and viscosity observed in continuous shear
ow. At a higher concentration (3.2 wt% total solids), well into
the hydrodynamic volume overlap region, replacement of 10%
w/w of the clay by Ludox CL increases the shear moduli by a
factor of 3. In continuous shear the ow curves show greater
shear history dependence, changing from slight thixotropy for
the pure clay to marked rheopexy for the mixture.

I.3 Smectite clays + anionic silica. We now consider the
situation where the clay and nanoparticle have the same charge
sign, i.e. where negatively charged clay particles are mixed with
negatively charged nanoparticles.
This journal is © The Royal Society of Chemistry 2015
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In a series of papers, Lekkerkerker and co-workers89,110,147,148

looked at the effect of anionic silica nanoparticles on hectorite,
montmorillonite and beidellite. At low clay concentrations the
silica addition led in general to weaker gels compared to the
pure clay system and to incipient phase separation, although
the specic manifestation of this differed according to the clay.
For hectorite, adding Ludox AS (diameter ¼ 12 nm) Ludox AM
(diameter¼ 15 nm) and Ludox TMA (diameter¼ 24 nm) to weak
low clay concentration gels (0.5 wt% hectorite) leads to the
appearance of cracks in the gels followed by a separation into a
turbid bottom phase and a clear upper layer. When �10% w/w
Ludox AS40 (diameter ¼ 22 nm) and Ludox TMA was added to
montmorillonite SWy-2 at a concentration below the critical
hydrodynamic overlap concentration, c*, of the clay, it was
found that the silica nanoparticles destroyed any nascent
structure in the uids, resulting again in phase separation into
a turbid lower precipitate and an almost clear upper layer. The
effective viscosity was greatly reduced and the rheological
hysteresis characteristic of structured uids virtually elimi-
nated. Addition of Ludox AS 40 to beidellite suspensions
forming a nematic liquid crystalline phase caused the concen-
trations of the coexisting isotropic and nematic phases to be
shied to slightly higher values while at the same time mark-
edly accelerating the phase separation process. Furthermore
beidellite suspensions at volume fractions just above the
isotropic–nematic phase separation, trapped in a kinetically
arrested gel state, liquied on addition of the silica nano-
spheres and isotropic–nematic phase separation was observed
(see Fig. 14).

At higher concentrations where c > c*, the situation is more
complicated; in some cases the clay gel is strengthened whereas
in others the reverse happens. For hectorite the addition of 0.25
wt% Ludox AS40 to 2.8 wt% hectorite suspensions led to a
signicant increase of the gel strength. On the other hand,
adding Ludox AM and Ludox TMA to strong hectorite gels (2.5
wt% and higher) caused their yield stress and storage modulus
to decrease. It therefore appears that the effect of adding like-
Fig. 14 Mixed beidellite/silica suspensions observed between crossed
polarisers one month after preparation. Volume fraction clay ¼ 0.41%,
silica ¼ 0, 0.034, 0.138% from left to right. Reproduced with permis-
sion from Landman et al.148 Copyright 2014 American Chemical
Society.

This journal is © The Royal Society of Chemistry 2015
charged nanoparticles to smectite clays depends strongly on the
concentration of the base clay in conjunction with the detailed
nature of the silica nanoparticles, for instance their size, surface
charge density and accompanying counterions.

Abrahamsson et al.149 studied self-assembled gels in mixed
suspensions of nontronite clay plates and silica nanoparticles at
different particle concentrations. A strong magnetic eld (11.6
Tesla) was used to align the nontronite particles leading to a
system with a long-range uniaxial anisotropy.

I.4 Smectite clays + magnetic nanoparticles. Cousin
et al.144,150 investigated aqueous mixtures of Laponite RD and
silica-coated maghemite nanoparticles. The addition of the
silica-coated maghemite spheres shied the gel transition to
much lower Laponite concentrations. Optical microscopy (see
Fig. 15) and SANS suggested that the suspension was micro-
phase separated into densely connected domains of gelled
Laponite interspersed by liquid-like regions of maghemite. At
concentrations just above the gel transition, application of a
magnetic eld liqueed the system, as deformation of the
maghemite domains induced a local mechanical stress to
disrupt the gelled Laponite domains.

Mixtures of negatively-charged 12 nm cobalt ferrite nano-
particles with Laponite were considered in a SAXS study by
Paula et al.151 In the absence of clay the dilute ferrite particles
were stable and non-interacting on a local level. In the presence
of Laponite at 0.1 wt%, a slight increase in the structure factor
at low Q, similar to that observed by Cousin et al. in the
Laponite–maghemite system, and visual observations of colour
heterogeneity were consistent with a progressive micro phase
separation. This was attributed to long range attractive inter-
actions between the ferrite particles induced by the presence of
the Laponite particles.

II Smectite clays + rod-like nanoparticles

II.1 Smectite clays + boehmite. Ten Brinke et al.110 also
studied mixtures of hectorite with positively charged boehmite
rods (length ¼ 200 nm, diameter ¼ 10 nm). As with the
alumina coated silica spheres (Ludox CL) the total particle
Fig. 15 Observations by optical microscopy of a mixture of Laponite
and maghemite (Fmag 0.8%, Flap 0.38%). (a) A sample at rest 2500 h
after synthesis of the mixture. (b–e) Sample under the application of a
magnetic field gradient; the pictures are taken at intervals of 1.5 s. (f)
Sample at rest after the application of a magnetic field gradient.
Reproduced with permission from Cousin et al.144 Copyright 2008
American Chemical Society.
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concentration was 2.5 wt% of which 10% was boehmite. The
rheological behaviour was qualitatively the same as for hec-
torite + Ludox CL but the enhancements in elastic modulus,
stress dependent viscosity and effective yield stress were
signicantly lower than for the spherical additive. This
reected the fact that at constant added mass there were
signicantly fewer boehmite particles per hectorite particle to
form interparticle bridges.

Van Der Kooij et al.152 looked at the effect of added boehmite
particles on montmorillonite at pH > 10 and in the presence of
monovalent salts, where the electrostatic repulsions between
particles are suppressed and face–face aggregation is promoted
through van derWaals interactions. A signicant increase in the
yield stress with salinity was observed, going through a
maximum at �15 g L�1 NaCl.

II.2 Smectite clays + sepiolite, palygorskite. Mixed clay
suspensions such as montmorillonite–palygorskite and mont-
morillonite–sepiolite have attracted interest153–155 as these
minerals are oen co-deposited. Here, where the particles are of
comparable size, shape plays a key role in the effect on rheology,
with addition of the second component initially at low
concentrations tting into the random repulsive gel network, as
exemplied by a small increase in rheology for low concentra-
tions, then at larger concentrations disrupting the packing
leading to a deterioration in rheological parameters. This
behaviour is illustrated in Fig. 16. The effect on rheology has
been strongly correlated with layer charge,155 where higher layer
charge favours assembly of the clay sheets into multilamellar
aggregates, reducing the effective surface available for bridging
interactions between clay particles.
Fig. 16 Effect of montmorillonite concentration on plastic viscosity (a)
and Bingham yield value (b) of mixed suspensions of Na-saturated
palygorskite andmontmorillonite at a total clay concentration of 3% w/v
and pH 7. Redrawn with permission from Neaman & Singer.153

230 | Soft Matter, 2015, 11, 222–236
III Smectite clays + plate-like nanoparticles

III.1 Smectite clays + mixed metal hydroxides.Mixed-metal
hydroxides (MMH), oen referred to as layered double
hydroxides, are the cationic analogues to the smectite clays,
consisting of layers of positively charged hydroxide octahedra,
with interlayer anions. Hydrotalcite, magnesium aluminium
hydroxide, is the most common MMH, with the general
formula [Mg1�xAlx(OH)2]

x+Ax/n
n�$mH2O. Natural and synthetic

hydrotalcites are found with x varying between 0.2 and 0.4 (ref.
156). Synthetic hydrotalcites are generally produced by a co-
precipitation method giving small hexagonal crystals of face
diameter �10–100 nm (ref. 157).

Burba et al.158–160 considered for drilling uid applications
the addition of hydrotalcite to montmorillonite clay at a mass
ratio of 1 : 10, where an enhancement in the rheology was
observed. The mixture of positively charged hydrotalcite with
the negatively charged clay resulted in a heteroocculated
system, with the enhanced rheology arising from the occulated
particle network.161,162 Build-up of the network structure was
followed through the evolution of viscosity or elasticity in the
suspension as a function of time aer a period of high shear,
and it was observed that the time scales for this were much
more rapid with the presence of the small hydrotalcite particles.
This is probably due to the more rapid Brownian rotational and
translation diffusion of the smaller particles being reected in
the more rapid thixotropic response.111

Lagaly and co-workers156,163 showed sharp maxima in the
yield stress and viscosity of mixed montmorillonite–hydro-
talcite suspensions as a function of hydrotalcite particle mass
fraction, with the peak in the rheology coinciding with 1 : 1
equivalence of cationic and anionic surface charge (see Fig. 17).

Subsequently Hou and co-workers164–167 have carried out
extensive investigations of the thixotropic behaviour of mixed
montmorillonite–hydrotalcite suspensions. They observe three
general types of behaviour which they term (a) positive thixot-
ropy, time-dependent shear thinning; (b) negative thixotropy,
time-dependent shear thickening; and (c) complex thixotropy,
where the system displays a combination of negative and
positive thixotropy with increasing time. They have shown that
the precise thixotropy behaviour is a complex function of the
Fig. 17 Yield value of heterocoagulated dispersions of montmoril-
lonite and magnesium aluminium oxide with 2 (:), 3 (B), and 4 (-)
wt% solids contents as a function of the hydroxide mass fraction.
Redrawn with permission from Lagaly et al.163

This journal is © The Royal Society of Chemistry 2015
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Fig. 18 Shear stress/shear rate flow curves for suspensions of mont-
morillonite (bentonite) and montmorillonite–MMH(V) in fresh water,
compared with montmorillonite–gibbsite (G) and montmorillonite–
boehmite (B) in 15 g L�1 NaCl. Redrawn from van der Kooij et al.152

Fig. 19 Storage modulus as function of strain for aqueous suspen-
sions of 5 wt% montmorillonite (5B), 5 wt% montmorillonite + 0.5 wt%
alumina-silica clay hybrid (5B-0.5ASCH) and 5 wt% montmorillonite +
0.5 wt% iron oxide nanoparticle clay hybrid (5B-0.5ICH). Reproduced
by permission from Jung el al.136 Copyright 2011 American Society of
Chemistry.

Review Soft Matter

Pu
bl

is
he

d 
on

 2
0 

N
ov

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

26
/0

3/
20

15
 1

0:
20

:5
0.

 
View Article Online
total clay/hydrotalcite particle concentration, the hydrotalcite–
montmorillonite ratio, electrolyte concentration and type and
suggest possible mechanisms due to changes in particle inter-
actions and microstructure.

A further study of the effect of clay particle size on mixed
hydrotalcite–montmorillonite systems in the context of drilling
uid applications has been carried out by Baruah et al.168

So far we have discussed the effect of adding mixed metal
hydroxides on montmorillonite suspensions. However, similar
enhanced rheological effects have been observed for other
smectite clay systems, including hectorite169 and Laponite.170

This highlights the generic effect of MMH in enhancement of
smectite clay rheology.

III.2 Smectite clays + gibbsite. Ten Brinke et al.110 investi-
gated the rheological enhancement of hectorite gels by gibbsite
plates in comparison to Ludox CL spheres and boehmite rods
discussed earlier. The rheological enhancement observed with
gibbsite was inferior to that observed with cationic silica, but
superior to that observed with boehmite. This has been
rationalised by Ten Brinke et al. on the basis of the competition
between the better packing of the gibbsite plate particles
around the hectorite laths compared with the boehmite rods,
and greater number density of the Ludox CL. The effectiveness
of the different shape particles' face–face bridging between the
hectorite particles is also reected in the strain sensitivity of the
particle network, with the yield strain decreasing with the
maximum dimension of the bridging particle.

In addition to their work on boehmite, Van Der Kooij et al.152

looked at the effect of added gibbsite onmontmorillonite at pH >
10 and in the presence of monovalent salts, where again the
electrostatic repulsions between particles are suppressed and
face–face aggregation is promoted through van der Waals inter-
actions. In this case a signicant increase in the yield stress was
observed, with maximum yield stresses attained at �18 g L�1

NaCl. On a weight for weight basis gibbsite was found to be
signicantly more effective as an additive than boehmite, in line
with the similar ndings for the hectorite system.

These workers compared this performance to that obtained
with salt-free MMH heteroocculated montmorillonite
suspensions of the type studied by Burba159 and Lange.171 Fig. 18
shows that the degree of rheology enhancement from the van
der Waals occulated systems is comparable to that of the
heteroocculated system and has the benet of increased
robustness in the presence of high salinity.

III.3 Smectite clays + Laponite. Mixtures of Laponite-
montmorillonite172 form cooperative gels with signicantly
enhanced rheological properties. In near equal mass ratios the
two components appear to form a homogenously structured
network with a close interaction between Laponite and mont-
morillonite, but with either component in excess (1 : 2, 2 : 1 by
weight) considerable heterogeneity and structural anisotropy
are observed. The same authors173 investigated the dynamics of
the gelation/aging process and found a rapid early stage
dominated by the smaller Laponite dynamics followed by a
slower process reecting the slower montmorillonite dynamics.

III.4 Smectite clays + clay hybrids. Jung et al.136 studied the
effect of pillared clay additives on the rheology of
This journal is © The Royal Society of Chemistry 2015
montmorillonite suspensions. They used two additives, both
pillared montmorillonite aggregates, one interacted with iron
oxide and the other with an aluminosilica. The charge on the
former was slightly negative at low pH rising to positive values
above pH 8, whilst the latter was more negatively charged than
the base montmorillonite even at pH 5 and acquired an
increasingly negative zeta potential with increasing pH. As a
result of this, when 0.5 wt% of additive was added to a 5 wt%
montmorillonite suspension, the rheological properties
(storage modulus, shear-dependent viscosity, yield stress and
yield strain) all increased dramatically for the iron oxide
modied particle (G0 for example increased by an order of
magnitude, as shown in Fig. 19, and the yield stress from 1.3 Pa
to 12 Pa), whereas above pH 6 the corresponding values for the
aluminosilica aggregate additive were dramatically reduced
compared to the base clay suspension – the gel was effectively
destroyed. Cryo-TEM images of the suspension structure were
consistent with the iron oxide case having a heteroocculated
Soft Matter, 2015, 11, 222–236 | 231
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reinforced gel structure, whereas the aluminosilicate case had a
much looser, locally occulated structure than the base clay.
Possible microstructures consistent with these images and the
observed bulk property modications are illustrated in Fig. 19.
High temperature high pressure rheology measurements
showed that the high temperature enhanced gelation effects
commonly observed for montmorillonite suspensions (due to
increases in ionic strength by sodium silicate dissolution) were
reinforced by the iron oxide additive and essentially removed by
the aluminosilicate additive.

III.5 Smectite clays + layered niobates and titanates.
Nakato and Miyamoto and co-workers considered mixtures of
niobate137,138 and titanate174,175 nanosheets with smectite clays
(montmorillonite and Laponite). In all cases the liquid crystal-
line behaviour of the pure nanosheets persists in the mixtures,
and is even enriched by an additional nematic phase for tita-
nate–Laponite, despite the fact that the clay and nano sheets
segregate at the microscopic scale. This segregation behaviour
leads to a stabilised photoelectric charge separated state which
can be exploited in photocatalysis applications. The richness of
phase behaviour observed for the titanate–Laponite system is
shown in Fig. 20.
Overarching themes and conclusions

1. For binary mixtures with components of opposite charge, the
extent of the rheology enhancements created by the added
nanoparticles through the formation of a hetero-occulated
extended clay attractive gel network is determined by (a) the
number of added particles, which determines the number of
potential bridges or crosslinks and (b) the ability of the added
nanoparticles to pack efficiently around the clay particles as
determined by their effective hydrodynamic volumes, which is
Fig. 20 (a) Phase diagram of the titanate–clay binary nanosheet
colloids, and typical appearances of the (b) flocculated, (c) isotropic–
LC biphasic, and (d) isotropic–LC–LC triphasic samples between
crossed polarizers. Symbols embedded in the diagram indicate
experimentally examined compositions. Reproduced from Nakato
et al.175

232 | Soft Matter, 2015, 11, 222–236
largely determined by their largest dimension. In general
spherical particles can pack more efficiently around smectite
clay platelets or laths, and smaller plates will pack more effec-
tively than longer rods.

2. For these gels with components of opposite charge, the
yield strain appears to correlate with the maximum dimension
of the small bridging particles. This is consistent with the
particle bridging mechanism.

3. For gels reinforced by the clay-nanoparticle electrostatic
attractive interactions, the effects diminish rapidly as salt is
added and the ionic strength increases, screening out the
electrostatic interactions. However, under these conditions gel
enhancement can still be achieved by using nanoparticles such
as gibbsite and boehmite for which the clay-nanoparticle van
der Waals attractive forces are signicant and give rise to
attractive bridging even at high salinities.

4. For like charged clay-nanoparticle binary mixtures, gel
reinforcement and rheological enhancement can still take place
but occurs by a different mechanism. Here, the small nano-
particles may act as depletants176 and cause attractive forces
between the clay particles to enhance the clay network.

5. For some clay-nanoparticle systems, the attractive deple-
tion interactions arising from the presence of the smaller
component drive phase separation and result in a fractionation
of the particles according to their shape. The fractionated
components form liquid crystalline domains that are structur-
ally distinct from one another and reect the shape of the
dominant particle.

6. However, this behaviour is far from universal and is not
even the norm. It is observed that when anionic silica particles
are added to the smectite clays, they inuence the gel formation
but with different outcomes. For montmorillonite and hector-
ite, the gels can become stronger or weaker through the inter-
actions caused by the additive, depending on the clay
concentration and the precise nature of the silica. For beidellite
anionic silica breaks up the gel and drives phase separation into
a nematic phase.

7. In niobate and titanate large plate (�1–10 mm) systems
where the added component is a clay (montmorillonite or
Laponite respectively), it is the clay that acts as the depletant for
the sheet-like particles. Here these interactions modulate the
phase behaviour of the pure niobate/titanate suspensions to
give an even richer tapestry of liquid crystalline phases than for
the pure components.

8. For binary mixtures where the second component is also a
clay of comparable size, a key factor determining whether the
gel is enhanced or disrupted is the ability of one clay to t
efficiently into the gel structure of the other clay. Here there is a
balance between reinforcement of the repulsive gel by adding a
second component of similar charge and the degree of
geometrical disruption of the gel due to the contrast of shape
and size.

9. Likewise, for montmorillonite and the larger sepiolite rods
(or needles), the montmorillonite modies the rheological
behaviour of the sepiolite suspension. A small addition of
montmorillonites reinforces the mixed gel structure and
enhances the viscosity and other rheological characteristics.
This journal is © The Royal Society of Chemistry 2015
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However, beyond �10% addition of plates, the packing
disruption of the sepiolite rod gel structure results in a reduc-
tion of viscosity towards the lower limiting value of the pure
montmorillonite system.

10. There are major pH effects in the behaviour of the binary
mixtures; the charge and its pH dependence of the added
particles compared with the charge and pH dependence of the
edge charges of the clay can determine whether there is gel
reinforcement through bridging by a net positive–negative
interaction between the components or gel weakening and
liquefaction due to net negative–negative interactions where the
size difference and overall particle concentration drives the
system to local aggregate formation rather than formation of a
repulsive gel.

We hope that this review makes it clear that smectite clay-
inorganic nanoparticle suspensions offer fantastic opportuni-
ties to produce materials with new and fascinating properties
and at the same time present signicant scientic challenges.
Further progress in this eld requires work on well-charac-
terised systems using a combination of experimental tech-
niques to measure structure (both in real and reciprocal space)
and dynamics, in combination with analysis in terms of relevant
theory. Once we understand the rules from model systems, we
can better exploit these systems for commercial applications by
tailoring properties using cheap and abundantly available
materials.
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59 M. Segad, B. Jönsson, T. Åkesson and B. Cabane, Langmuir,
2010, 26, 5782–5790.

60 E. S. Boek, Mol. Phys., 2014, 112, 1472–1483.
61 K. Norrish, Discuss. Faraday Soc., 1954, 18, 120–134.
62 J. P. Quirk, in Advances in agronomy, ed. L. S. Donald,

Academic Press, 1994, vol. 53, pp. 121–183.
63 M. B. McBride and P. Baveye, Soil Sci. Soc. Am. J., 2002, 66,

1207–1217.
64 J. P. Quirk, M. B. McBride and P. Baveye, Soil Sci. Soc. Am. J.,

2003, 67, 1960–1964.
65 M. V. Smalley, Mol. Phys., 1990, 71, 1251–1267.
66 I. S. Sogami, T. Shinohara and M. V. Smalley, Mol. Phys.,

1991, 74, 599–612.
67 I. S. Sogami, T. Shinohara and M. V. Smalley, Mol. Phys.,

1992, 76, 1–19.
68 J. T. G. Overbeek, Mol. Phys., 1993, 80, 685–694.
69 M. V. Smalley and I. S. Sogami, Mol. Phys., 1995, 85, 869–

881.
70 R. J. M. Pellenq, N. Lequeux and H. van Damme, Cem.

Concr. Res., 2008, 38, 159–174.
71 H. Freundlich, Kolloid-Z., 1928, 46, 289–299.
72 G. Broughton and L. Squires, J. Phys. Chem., 1936, 40, 1041–

1053.
234 | Soft Matter, 2015, 11, 222–236
73 E. A. Hauser and C. E. Reed, J. Phys. Chem., 1936, 40, 1169–
1182.

74 H. Freundlich, J. Phys. Chem., 1937, 41, 901–910.
75 E. A. Hauser and C. E. Reed, J. Phys. Chem., 1937, 41, 911–

934.
76 E. A. Hauser and D. S. Le Beau, J. Phys. Chem., 1938, 42, 961–

969.
77 I. Langmuir, J. Chem. Phys., 1938, 6, 873–896.
78 H. Van Olphen, Discuss. Faraday Soc., 1951, 11, 82–84.
79 H. Van Olphen, Trans. Faraday Soc., 1958, 54, 144.
80 H. Vali and L. Bachmann, J. Colloid Interface Sci., 1988, 126,

278–291.
81 M. Morvan, D. Espinat, J. Lambard and T. Zemb, Colloids

Surf., A, 1994, 82, 193–203.
82 I. Bihannic, L. J. Michot, B. S. Lartiges, D. Vantelon,

J. Labille, F. Thomas, J. Susini, M. Salome and B. Fayard,
Langmuir, 2001, 17, 4144–4147.

83 A. Shalkevich, A. Stradner, S. K. Bhat, F. Mulle and
P. Schurtenberger, Langmuir, 2007, 23, 3570–3580.

84 M. S. Zbik, R. L. Frost and Y. F. Song, J. Colloid Interface Sci.,
2008, 319, 169–174.

85 M. S. Zbik, R. L. Frost, Y. F. Song, Y. M. Chen and J. H. Chen,
J. Colloid Interface Sci., 2008, 319, 457–461.

86 M. S. Zbik, W. N. Martens, R. L. Frost, Y. F. Song, Y. M. Chen
and J. H. Chen, Langmuir, 2008, 24, 8954–8958.

87 Y. Cui, C. L. Pizzey and J. S. Van Duijneveldt, Philos. Trans.
R. Soc., A, 2013, 371, 20120262.

88 L. J. Michot, I. Bihannic, K. Porsch, S. Maddi, C. Baravian,
J. Mougel and P. Levitz, Langmuir, 2004, 20, 10829–10837.

89 L. Bailey, H. N. W. Lekkerkerker and G. C. Maitland, Rheol.
Acta, 2014, 53, 373–384.

90 A. J. W. Ten Brinke, L. Bailey, H. N. W. Lekkerkerker and
G. C. Maitland, So Matter, 2007, 3, 1145–1162.

91 A. Mourchid, A. Delville, J. Lambard, E. Lécolier and
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