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Formation and evolution of channels and voids in
gravity sedimentation of kaolin suspensions
studied by MRI

Victor V. Rodin (Z* and William M. Holmes

Magnetic resonance imaging was employed for the first time to visualize the gravity sedimentation of
kaolin suspensions, allowing the internal spatial distribution of kaolin during sedimentation to be
investigated. This revealed very complex behaviours dependent on the initial kaolin concentration and
solution pH, including vertical channelling, curved channelling, layers/voids and voids only. We show
that the number of channels formed increases with the solution pH, with the channels distributed in an
evenly spaced-out pattern. The discovery of spontaneous and very stable “void” spaces within the
suspension is similar to that previously reported in charged gases (plasmas) and in suspensions of
charged Latex particles, which have been explained by the presence of many-body attractive forces. The
discovery of such spontaneous voids occurring during kaolin sedimentation, may provide a fundamental
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|. Introduction

Gravity sedimentation has great importance in the natural
world and in industrial applications, hence it has been studied
extensively for several decades.'™® Generally, sedimentation of
fine particles, with density greater than water, will result in
three zones: the supernatant zone, an upper almost clear zone
containing very few particles; the suspension zone, where
particles/clusters are settling under gravity; and the consolida-
tion zone, i.e., the bottom zone where particles come to rest and
compact.'®"? The sedimentation of non-interacting particles
has been well described by theoretical models.*”**™*® However,
the sedimentation of charged interacting particles remains
largely unsolved.'”>*

DLVO theory has been widely used in colloidal chemistry to
explain the stability of dilute colloidal dispersions."”"**'"2? If
electrostatic repulsion between particles is large, the suspen-
sion is stable; if repulsion is weak, flocculation can occur. In
sedimentation experiments, flocculation increases particle size
increasing the rate of settling.#*'%'* However, DLVO theory
cannot explain some experiments of highly charged colloidal
suspensions which demonstrate vapour-liquid coexistence,
biphasic regions, and void structures.’”'*** Large and stable
void structures have been found in polymer latex dispersions,
with dimension of up to 150 pm.**"** Such voids have also been
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explanation for the formation of water channels.

demonstrated in dusty plasmas, with centimetre sized regions
completely free of dust.®

A common, but not widely recognised, phenomena known
as channelling*'%'! is defined as the creation of vertical flow
paths on a scale much larger than the size of the solid particles
themselves.?” This phenomenon has been observed visually via
the formation of “volcanoes” at the interface of the supernatant
and suspension zone at the end of sedimentation.''%'*
The channels are thought to act as vertical paths for fluid flow,
allowing water to escape the settling suspension at a high rate,
thus increasing the interface settling velocity.'* Channels paths
have previously been seen using glass wall cells, or in com-
pacted mud when cut open.®’°'> Some studies have also
shown that particles moving up through the channels towards
surface, leading to the development of volcanoes at interface of
the supernatant and suspension zones." %% gettling char-
acteristics and consolidation microstructure of sediments can
be strongly affected by channels and such factors as confined
flows, interparticle forces, or activated transitions in colloidal
suspensions/dispersions.** ! Some approaches based on inter-
action of kaolinite materials with water have been developed®*?
to model settling velocity in sediments and microstructure of
kaolinite suspensions. The phenomena of channelling has been
studied for such materials as calcite, aragonite, talc, attapulgite,
activated sludge, calcined kaolin, hydrous kaolin."*'®'! Kaolin
is a mixture of the mineral kaolinite (rich in kaolinite) and other
minerals, e.g., quartz, anatase, feldspar, muscovite. Kaolinite is a
clay mineral with the chemical composition Al,Si,O5(OH),. Itis a
layered silicate mineral, with tetrahedral sheets of silica (SiO,)
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linked through oxygen atoms to octahedral sheets of alumina
(AlOg). Kaolin platelets have a negative charge on the basal
surface, due to substitution, and a positive change on the surface
edges due to broken bonds.

Magnetic Resonance Imaging (MRI) has the ability to non-
invasively image nuclei with a non-zero magnetic moment, such
as "H in water molecules. Thus, MRI is allowing three dimen-
sional imaging of opaque media and yielding their internal
structure. Though often associated with clinical diagnosis, MRI
has been widely used to investigation phenomena in the physical
and engineering sciences, such as oil recovery, reactors, rheol-
ogy, and riverbed dynamics.** Indeed, MRI has previously been
used to study various sedimentation processes.*>*

Here we use MRI to non-invasively image the sedimentation
of kaolin in situ, allowing the formation and evolution of voids/
channels to be monitored. Further, the effects of kaolin concen-
tration and pH on the rate of settling and microstructure were
investigated.

[l. Materials and methods

A. Preparation of samples

The anhydrous kaolin (Al,Si;0,4(OH)s) used in this study was
supplied by Merck Ltd (SIGMA-Aldrich). Solutions with various
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values of pH were prepared using alkaline/acid additives (KOH,
HCI) and buffers and checked with a Benchtop pH meter using
standard laboratory calibration solutions with buffers. The
suspensions were placed in glass bottles of cylindrical shape
(height = 48 mm, diameter = 25 mm) with caps. Eight different
kaolin concentrations have been tested, ranging from 22.9
to 90.7 g L™, at six values of pH: from pH 1.9 to pH 13.0. To
ensure proper mixing, the samples were placed in a vibration
mixer (with frequency of 6 Hz) for 5 min. After vibration, the
samples were quickly fixed inside the RF coil and placed inside
the bore of the MRI scanner.

B. MRI setup and measurements

MRI experiments with kaolin suspensions were carried out on a
horizontal Bruker PharmaScan Avance III imaging system
operating at 300 MHz for protons (Bruker, BioSpin, Germany).
T,-weighted imaging was performed using a rapid acquisition
with relaxation enhancement (RARE) pulse sequence. To image
the whole cylindrical sample volume, 17 horizontal cross-
section slices were acquired, each with a slice thickness of
2 mm, with the top slice imaging the top of the supernatant,
and the bottom slice imaging the bottom of the sample.
Examples of cross-sectional images are shown in Fig. 2 and 9.
MRI cross-section scanning was performed with following
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(a): Schematic diagram of kaolin suspension showing supernatant, suspension, and consolidation zones. (b) Example images demonstrating the

effect of pH on the rate sedimentation, images acquired between 11-13 min after the start of sedimentation (22.9 g L™* kaolin). The supernatant zone is
nearly pure water and shows white, the sedimentation zone shows grey and the consolidation zone shows black.
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experimental parameters: field of view (FOV) = 2.70 x 3.20 cmy;
repetition time (TR) = 5000 ms; echo time (TE) = 34.1 ms; Matrix
108 x 128; number of averages (NA) = 4; RARE factor = 12; scan
acquisition time (TA) = 2 min 20 s. Acquisition of the 17
horizontal slices are performed simultaneously, not slice by
slice. The in-plane spatial resolution of the cross-sectional MRI
images was 0.25 mm x 0.25 mm. It should be noted that the
MRI signal is averaged over the 2 mm thickness of the MRI slice.

To visualised vertical sections of the kaolin samples, 4 vertical
slices were imaged. These 1 mm thick slices were centred
covering the middle of the circular cross-section, see Fig. 3.
MRI vertical scanning was performed with the following experi-
mental parameters: FOV = 5.0 x 3.20 cm; TR = 5000 ms; TE =
17 ms; ST = 1 mm; Matrix 200 x 128; NA = 1; RARE factor = 4;
TA = 2 min 40 s; NS = 4. The in-plane spatial resolution of the
vertical MRI images was 0.25 mm x 0.25 mm. Examples of
vertical section images are shown in Fig. 1, 2(top), 3, 7 and 10.

The temporal evolution of the sedimentation process was
monitored by alternately acquiring the horizontal images (scan
time 2 min 20 s) and then the vertical images (scan time 2 min
40 s). This alternation was continually repeated over a 4 h period.

The MRI signal comes solely from the hydrogen nuclei
present within water molecules. However, this signal is weighted
by the loss of signal due to T,-relaxation, where the rate of
relaxation R, (R, = 1/T,) increases with increasing concentration
of kaolin. The MRI signal, S, from a particular voxel is given by,

S =Syfe <ﬁ) 1)

where S, is the signal from a 100% water filled voxel, f is the
fraction of water within the voxel and T3 ¢ is the relaxation time of
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water for a water fraction of f. On T,-weighted MRI images, water
shows bright white (high signal) and the kaolin suspension as
grey (moderate signal). At high kaolin concentrations, the T,
relaxation is sufficient to completely kill the MRI signal. This can
be seen in Fig. 1, 3 and 7, where there is no signal from the
consolidation zone.

C. Image and data analysis

Fig. 1(a) presents a schematic diagram of a kaolin suspension
showing supernatant, zone of sedimentation and consolidation
zone. To quantify the sedimentation of kaolin particles, the
height H was measured from the bottom of sample to the
position of interface between supernatant and suspension zone
(upper interface) using the vertically sliced MR images. For
example, Fig. 1(b) presents several images of vertical slicing at
settling kaolin suspensions (22.9 g L™"), showing how the rate
of kaolin sedimentation decreases with increasing pH.

To measure the number of channels seen in the cross-
sectional MRI images (Fig. 2) and in vertical MRI slicing
(Fig. 1(b) and 3), the MRI slices were combined to form a 2D-
data matrix. The signal intensities of the voxels were then
normalised using the average signal of the voxels in the super-
natant. The average signal of the supernatant was considered as
representing the signal from a 100% water filled voxel. The
normalised data matrix was then threshold (90%) to identify
clusters of voxels forming channels. It should be noted that the
number of channels identified by this approach was slightly
sensitive to the threshold applied (e.g. 85%, 87%, 90% were
tried). However, this did not change the trend, whereby the
number of channels increased with pH.

cross-section O
cross-section 1
cross-section 2
cross-section 3
._cross-section 4

cross-section 0 cross-section 1

cross-section 2

cross-section 3 cross-section 4

Fig. 2 Example cross-sectional slices showing the channels formed in the suspension zone (25.0 g L™ kaolin, pH 8.8, sedimentation time 10 min.
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Slice 3

Fig. 3 Schematic diagram, showing the position of the four vertical slices. Example vertical images demonstrate the formation for vertical channels
(25.0 g L™t kaolin, pH 1.9, sedimentation time 13 min). The central slices 2 and 3 were used for analysis. The supernatant zone is nearly pure water and shows
bright white, the sedimentation zone shows grey, and the consolidation zone shows black. Vertical channels within the suspension zone show white.

lll. Results
A. Rate of sedimentation: effect of pH and kaolin concentration

A series of sedimentation experiments were performed using
different initial kaolin concentrations and different solution
pH, with the rate of sedimentation clearly dependent on both
parameters. Fig. 1 shows how the rate of kaolin sedimentation
slows with increasing pH. Also, this study showed that the
lower interface, between the suspension zone and the consoli-
dation zone, is much less district than the upper interface
between the supernatant and suspension zone. Fig. 4 shows
how the height, H, of the upper interface of the suspension
zone, varies with time and pH.

The results shown in the Fig. 5 demonstrate how H varies
with pH, for a varying concentration and a fixed sedimentation
time. At lower kaolin concentrations, sedimentation becomes
slower at increasing pH. Whereas, as kaolin concentration
increases, the effect of pH decreases, until at the highest
concentrations (e.g., 60.7 and 90.7 g L") pH has little effect
on the rate of sedimentation. The same dataset is plotted in a
different fashion in Fig. 6, demonstrating how H varies with
kaolin concentration, for a fixed sedimentation time. For
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Fig. 4 Dependences of interface H (mm) in images of kaolin suspensions
with solid concentration of 22.9 g L™! in the samples with different pH
(from pH 1.9 to pH 13.0) on the sedimentation time.
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instance, for low kaolin concentrations (22-32 g L™ 1), Fig. 6(a)
shows that the curves of H-dependences on kaolin concen-
tration are different for various acidities in the range of pH 1.9-
8.8. The larger the pH value, the steeper the slope of the curve.
Note, attempts were made to image kaolin concentrations
below 22.9 g L', however, the sedimentation process was too
fast. This meant that the kaolin suspension had already settled
before the sample could be transferred to the MRI and scanned.

B. Channelling and voids in the kaolin suspensions

The kaolin did not always settle uniformly, under certain
conditions channels, layer and voids were seen to form. Fig. 7
presents a phase diagram showing which structures (channels,
layers, or voids) were formed at different initial kaolin concen-
tration and pH. On the T,-weighted MRI images of vertical
slices, water shows bright white (high signal), the kaolin
suspension as grey (moderate signal) and the consolidated
kaolin shows black (low signal). On the cross-sectional 7,-
weighted images (Fig. 2), the water channels and voids show
up clearly as hyperintense, i.e., high water and low kaolin content.
Fig. 3 shows the channels occurring in all 4 vertical slices for one
example of kaolin suspension with solids 25.0 g L™" at pH 1.9.
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Fig. 5 The dependences of interface H in the images of kaolin suspen-
sions for first measurable scans (11-13 min after placement of sample in
the magnet) on pH at various solids from 229 g L™ t0 90.7 g L™%.
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Fig. 6 The interface H in images of kaolin suspensions at sedimentation
time of 11-13 min (a) and 23 min (b) as a function of kaolin concentration
atvarious pH: (a) pH 8.8; 7.0; 4.8; 1.9; (b) pH 13.0 and pH 4.8. Initial value of
H (before MRI scanning) was 36 mm for all samples.

Channelling. For low initial kaolin concentrations (~23 g L™ ")
vertical channels formed at the top of the suspension zone, starting
at the interface and moving down. Examples of such vertical
channels are shown in the T,weighted MR images presented in
Fig. 1(b) and 3. The length of the channels ranged from approxi-
mately 0.5 mm to 7 mm. The diameter of the channels cannot
accurately be measured from the MR images, as it was close to the
in-plane resolution of the MR images (300 um). However, we
estimate the diameter varied from ~0.3 mm to 2 mm.

Analysing the cross-section images of the 22.9 g L™" kaolin
suspension, we found that the number of vertical channels, N,
increased with increasing pH (Fig. 8). At higher kaolin concen-
trations (27.1-46.4 g L™'), the channels become less vertical
and more curved/tortuous. Examples of this are shown in Fig. 7.

Complex layers and voids. At intermediate kaolin concentra-
tions (46-61 g L™ '), individual channels could not be identified,
instead complex layers/patterns of different kaolin concentrations
formed in the suspension zone. Cross-section images presented
in the Fig. 9 for kaolin suspensions with solids amount 46.4 g L "

160 | New J. Chem., 2023, 47, 11156-11164
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Fig. 7 Phase diagram showing the relationship between the initial solid
concentration, pH value and the four types of behaviour that were
observed (i.e. vertical channels, curved channels, layers/voids and voids)
Top: Example images exhibiting the four different types of behaviour seen
during kaolin sedimentation.

for various pH (pH 7.0, pH 8.8 and pH 13.0), show complex
pattern with layers and voids without ordered structures. Though,
voids of water can be seen in some cross-sectional images, these
did not show as channels that ran through multiple cross-
sections. Hence, a quantitative comparison of the number of
channels N in these images was not possible.

Voids. Finally, at high kaolin concentration (~90 g L),
approximately spherical regions of water, voids of kaolin (termed
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Fig. 8 The number of vertical channels, N, was calculated from the matrix
data using a 90% threshold, for an initial kaolin concentration of 22.9 g L™*
(sedimentation time 11-13 min). Plot is shown for the data of first row
(black squares, pH 1.9-7.0) and second row (black circles, pH 4.8-13.0) of
matrices data describing the images, i.e., those rows of cell array which are
nearest to interface between supernatant and suspension zone.
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Fig. 9 The images of kaolin suspensions at solid concentrations 46.4 g L™ with different pH: pH 7.0, pH 8.8, and pH 13.0.

“voids”), formed in the suspension zone, see Fig. 10. These voids
were found to be stable over the whole MRI scanning time (~24 h).
Fig. 10 shows the images of vertical slices for the suspensions
with largest initial kaolin amount (90.7 g L) in studied samples.
At these kaolin concentrations, there was no clear interface separ-
ating the suspension and consolidation zones. In the MRI images
most of the sample below the supernatant was black, i.e. no signal.
This does not mean there is no water present, just that this water
has experienced rapid T relaxation due to the high concentration
of kaolin. However, several bright spots with intensities comparable
with that found in supernatant were observable. These bright spots
have very low kaolin concentration (i.e. void of kaolin), and were
stable over several hours, hence we have termed them ‘“stable
voids”. These stable voids were discovered for all studied pH values
for the highest initial kaolin concentration studied (90.7 g L™%).

V. Discussion
H,SiO; < Si0;*™ + 2H" (2)

Kaolin is rich in kaolinite (Al,05-2Si0,-2H,0), when in contact
with water the surface of SiO, groups interacts with water, result-
ing in a particle with a negatively charged surface, compensated by

ions of opposite charge present in the liquid phase (electric double
layer). There have been numerous previous studies investigating
the sedimentation of kaolin suspensions."'*''*>?% For example,
the work of Nam et al.'® employed kaolin concentrations in the
range of 1.01 to 1.2 g em > (with KCI). At these high kaolin
concentrations, the rate of sedimentation is very slow and inde-
pendent of pH. Here particles are close together and electrostatic
interactions are strongly repulsive, which slows sedimentation and
overwhelms the effect of solution pH. Furthermore, during gravity
sedimentation of kaolin, the formation of water channels has been
previously observed.'®™ Initially, the presence of water channels
was indicated by the formation of “volcanos” on the surface of the
suspension zone,"* where the volcanos are formed from kaolin
particles transported upward by flow of water in the channels.
However, in later experiments, the channels have been visually
observed by employing glass windows.'® It has been argued that
this channelling effect is linked to the flocculation of kaolin
particles at these high concentrations, whereby the water channels
provided a path to reduce excess pore pressure and a means for
the exit of water upwards."""?

For the first time, this study uses MRI to non-invasively
image the sedimentation process both dynamically and in situ.
However, it should be stressed that the range of initial
kaolin concentrations employed here (22.9 to 90.7 g L"), are

pH 2.8

pH 4.8
Fig. 10

pH 7.0 pH S8

Images of kaolin suspensions with initial solids of 90.7 g L™ for various pH values: pH 2.8, 4.8, 7.0, and pH 8.8. At this high kaolin concentration stable

kaolin voids (bright white spots) were observable which did not change during several hours of MRI scanning. Yellow arrow points to examples of stable voids.
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an order of magnitude lower than in other published
literature."'®***>33 In agreement with previous studies,'® we
found no flocculation of kaolin particles at these low kaolin
concentrations. Further, we found the rate of sedimentation
increases as the initial kaolin concentration is decreased
(Fig. 6), and that the rate of sedimentation is dependent on
pH (Fig. 4). Again, these observations can be explained by
electrostatic interactions, where at lower concentrations the
kaolin particles are further apart and experience less repulsive
forces, resulting in faster sedimentation. In addition, these
lower repulsive forces are now affected by solution pH, with
the rate of sedimentation increasing with lower pH (Fig. 4). For
instance, the typical average velocity of the moving interface at the
time of the first MRI, have been estimated as 1.11 mm min "
(pH 13), 1.41 mm min~ ' (pH 8.8) and 2.18 mm min " (pH 4.8). It
should be noted that very high pH can potentially alter the
micromorphology and micromechanics of the kaolin particles,
which may also affect their sedimentation.*®

MRI is not essential to measure the rate of sedimentation, as
the height H of the supernatant interface can very easily be
visualised and measured with a ruler. Where MRI is special, is
its ability to non-invasively observed the internal spatial dis-
tribution of kaolin during sedimentation. This has revealed
some very complex behaviour, that we have categorised as
either vertical channelling, curved channelling, layer/voids
and voids only. As can be seen in Fig. 7, the type of behaviour
was strongly determined by initial kaolin concentration and
was largely independent of solution pH.

At the lowest initial kaolin concentration (22.9 g L"), we
found that vertical water channels spontaneously formed,
reaching down from the supernatant interface into the suspen-
sion zone. This can be very clearly seen in Fig. 2, where the
cross-sectional images show ~60 vertical channels have
formed, which are approximately evenly spaced. The channels
are of varying lengths and we estimate their diameters range
from approximately 0.3 mm to 2 mm. At higher kaolin con-
centrations (27.1-46.4 g L"), the channels become less vertical
and more curved/tortuous, examples of this are shown in Fig. 7.
At intermediate kaolin concentrations (46-61 g L"), individual
channels could not be identified, instead complex layers/
patterns of different kaolin concentrations formed in the
suspension zone, see Fig. 9. At the highest kaolin concentration
(90.7 ¢ L") approximately spherical regions of water (~1 mm
diameter), void of kaolin, were observed. These kaolin voids
were remarkably stable over several hours. It is important to
note that even at our highest kaolin concentration (90.7 g L™%),
we observed no evidence of flocculation, which occurs at higher
kaolin concentrations.

When considering the MR images, it is worth remembering
that they are weighted by 7, relaxation, the effect of which
increases with increasing kaolin concentration. This can be
seen in Fig. 1, 3 and 7, where there is no signal from the
consolidation zone. This fact is worth bearing in mind when
considering channelling. Once the kaolin has consolidated,
there may still be water channels fixed within the consolidated
structure, but these channels may not be visible on MRI.

1M62 | New J Chem., 2023, 47, 11156-11164
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Water Channel or “void” Kaolin suspension

Fig. 11 Even though kaolin particles are negatively charged and repel, it
has been argued that a particle at the interface must experiences a net
attractive force preventing particles from diffusing into the channel/void
space (i.e., many body attraction).?®

Indeed, in the literature such fixed channel structures have
been observed in consolidated sediment."®"°

Our discovery of approximately spherical regions of water,
void of kaolin (Fig. 10), that form in the suspension zone are
extremely interesting and may help to identify a mechanism for
the formation of water channels. These voids were very stable and
in some cases did not change over several hours. These results are
very similar to previous studies, which found void spaces sponta-
neously occurring in plasma (ionised gas)*® and in highly purified
polymer latex dispersions.”*>® How these voids are able to form
and be stable over long periods of time is fascinating. It has been
argued that the reason a particle at the void/suspension interface
is prevented from diffusing into the void is the presence of net
attractive forces (i.e., many body attraction), see Fig. 11. Warren
has proposed a development of Debye-Huckel theory for highly
asymmetric electrolytes as a theoretical explanation.*

We hypothesise that the spontaneous formation of stable
voids at our highest initial kaolin concentrations (90.7 g L),
provides a mechanism for the formation of water channels seen
at lower initial concentrations. At high kaolin concentrations the
voids were stationary, presumably the buoyancy force on the void
not being sufficient to overcome repulsive force within the kaolin
suspension. However, we speculate that at lower kaolin concen-
tration, the buoyancy force of the void, leads to elongation of the
void, eventually creating a vertical water channel. The effect of
pH on channel formation is also intriguing, with the number of
channels formed increasing with increasing pH (Fig. 8). This
indicates that increased repulsive forces between particles are
favourable to channel formation. Further, it is interesting to note
that the channels do not form at random locations, but rather
show the appearance of being evenly spaced out.

V. Conclusion

Magnetic resonance imaging was employed for the first time
to visualize the sedimentation of kaolin suspensions. This
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approach showed that channelling phenomena occur at much
lower kaolin concentration than previously thought. Further,
we discovered stable ‘“void”’ spaces within the suspension, that
contained low concentration of kaolin. Similar voids have been
seen in both plasmas and suspensions of latex particles, and
have been explained by the presence of many-body attractive
forces. The discovery of such spontaneous voids occurring
during kaolin sedimentation, may provide an explanation for
the formation of water channels.
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