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Sedimentation behaviour study by three optical methods — granulometric
ents, dispersion optical analyser
and electrophoresis measurem
⁎

 

N. Azema 
Centre des Matériaux de Grande Diffusion, Ecole des Mines, 6 avenue de Clavières, 30319 Alès, Cédex, France

Abstract

Taking into account the importance of characterisation of stability of dispersed systems in both fundamental research and industrial technology,
three optical techniques, were used and compared to study sedimentation behaviours of mineral suspensions.
The agglomeration and dispersion phenomena of mineral suspensions in water and ethanol media, has been studied by a granulometric and 

 

sedimentation approach (electrophoresis mobility, particle size distribution, clarifying speed, sediment formation).

So, this experimental work has perfectly shown the necessity to achieve a complementary approach by these three optical methods to
completely investigate the sedimentation behaviours.
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1. Introduction

In various application areas, many industrial products are
dispersed systems, in particular, suspensions. Their stability or
instability represent a significant property for controlling
industrial processes and their environmental impact, product
quality and are strongly affected by polarity of liquid media e.g.
water, ethanol [1,2], which are commonly used.

The aim of the present work is to compare three optical
methods (laser diffraction size analysis, and electrophoresis
measurement, and concentrated dispersion analyser) to study
the sedimentation behaviour of mineral suspensions and the
polarity of liquid medium influence.

The dispersed systems studied are, in particular, used to treat
a metal surface during the braze process and require an
application on the metal surface in a stabilised suspension state.
The solid phase is a mixing of two micron-sized powder of
aluminium fluoride and aluminium hydroxide [3]. On the other
hand, different polarities of liquid medium are obtained by
mixtures of water and ethanol. We can notice that the industrial
composition of a liquid medium was not optimised until this day
to require a stabilised suspension.
⁎ Tel.: +33 4 66 78 53 56; fax: +33 4 66 78 53 65.
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The sedimentation behaviour [4,5] is determined by particle
characteristics such as size, particle–particle interaction,
density of particles which mainly depends on granular,
physicochemical or hydrodynamic conditions, or weight
concentration [6,7]. However, in the micronic size range, the
nature of the solid/liquid interface plays an important role in
the modification of particle size distribution because of
common phenomena such as dispersion, agglomeration,
aggregation, or even dissolution. So, modifications of polarity
of liquid medium may involve variation of potential surface
which, in turn, may influence particle size distribution and
sedimentation behaviours.

Then, the electrophoretic mobility [8] and the particle size
distribution [9] were analysed respectively by electrophoresis
and by laser granulometric measurements according to the
liquid phase composition. Experimental relationships between
both characteristics and the suspension stability were studied
using a new dispersion analyser [10–12].

2. Materials and methods

2.1. Laser granulometry and electrophoresis measurements

The measurements of particle size distribution and electro-
phoretic mobility were performed using respectively a LS230
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Fig. 1. Evolution of particle size distribution as function of alcohol percentage in
the liquid phase.
laser granulometer and a DELSA 440SX electrophoresis
measurement (Beckman-Coulter).

In the laser diffraction technology, the particle size
distribution is determined on the basis of the scattering of
monochromatic light with a wavelength of 750 nm transmitted
through the suspension. The measurement of particle's
diffraction pattern is characteristic of particle size [13]. The
Fraunhofer optical model computes the flux pattern into a
particle size distribution in the range of 0.04 to 2000 μm of
particle diameters. Each analysis is minimum reproduced twice.

The second method, namely Electrophoretic Light Scattering
(ELS) is a technique that combines two technologies:
electrophoresis and laser Doppler velocimetry [14]. The ELS
system also uses laser light scattering. The particles move at
constant velocity due to an applied electric field. They scatter
the laser light with a shift of frequency compared to frequency
of the incident light. This frequency shift is called a Doppler
shift and is proportional to the particle speed. For each analysis
with this apparatus, four measurements are realised simulta-
neously. The measurement of ionic conductivity is possible too.

2.2. Optical analyser

A recent optical analyser was used to study suspension
behaviour and to determine sedimentation speed (Turbiscan
MA 2000). This instrument detects and measures modifications
of concentrated and opaque suspensions. The Turbiscan carries
out step-by-step vertical scanning of the whole sample by a
pulsed near-infrared light source (λ=850 nm) and converts the
macroscopic aspects of the mixtures into two graphics [10].
Acquiring transmission and back scattering data come respec-
tively from the transmission detector which receives the light
going across the sample (at 0° from the incident beam), while
the back scattering detector receives the light scattered
backward by the sample at 135° from the incident beam.

2.3. Samples

The powder corresponds to a mixture obtained by co-
grinding of two micron-size mineral powders (aluminium
fluoride and aluminium hydroxide) with the addition of
surfactant (polyols) [3] in order to obtain a homogeneous
mixture and better flowability of dry powder. Its true density
obtained is 2.8.

The modification of the polarity of the liquid medium is
achieved by a variation of the des-ionised water/ethanol ratios
(% weight of ethanol), since the polar parameters of water and
alcohol are of 16.8 and 8.8 respectively [15].

It can be noticed that the modifications of liquid composition
(density and viscosity of water, ethanol and their mixtures) did
not influence much the theoretical particles' velocity of fall as
according to the Stokes' law [16]. For example, the velocity of
particles with a diameter of twenty microns is 0.39 cm s−1 and
0.41 cm s−1 in water and ethanol respectively.

For granulometric and electrophoresis measurements, the
analysis can only be performed using a very dilute dispersion
(about 0.5% solid weight), whereas the Turbiscan MA2000
analysis requires concentrated dispersions (until 60%wt). In this
study, this last concentration of solid has been fixed at the value
which corresponds to the industrial concentration of 30% (wt).

3. Results and discussion

3.1. Laser granulometry and electrophoresis measurements to
study agglomeration and dispersion phenomena

Changes in the particle organisation as a function of alcohol
percentage in water were studied by laser diffraction analysis
and electrophoresis measurements. In this respect, the water/
alcohol ratios were modified in a range of zero to a hundred
percent alcohol.

Particle size distributions in Fig. 1 (for each analysis, dry
powder is directly introduce in the analysis cell of granul-
ometer), clearly show both increasing mode values and
spreading distribution values as alcohol percentage increases.
Fine particles (mode value at 20 μm) are found in water while
larger particles (mode value at 50 μm) are observed in ethanol.
However, all the intermediate water/alcohol mixtures present
quite similar particle size distribution characteristics. So these
mineral particles are more dispersed in polar medium in
accordance with the principle of compatibility of polarity [1].

Electrophoretic mobility and ionic conductivity were also
studied (Fig. 2). Indeed, the Beckman-Coulter Delsa 440 system
measure the electrophoretic mobility of particle which related to
surface potential (zeta potential) by the Smoluchoowski
approximation [8].

These experimental results indicate that dispersion phenomena
observed in Fig. 1, is conditioned by greater electrostatic repulsive
forces between particles [8], whereas high percentages of alcohol
lead to particle attraction. But for suspensions with water/alcohol
mixtures, and contrary to the granulometric results, the electro-
phoretic mobility depends on water/alcohol ratio.

Moreover, in the case of liquid phases containing a majority
of water, high values of ionic conductivity (1.6 mS/cm) indicate
dissolution of particles or other chemical reactivity between
water and solid mineral phases.

To conclude, in these conditions, the alcohol in liquid
phase favors particle agglomeration, whereas in polar media,
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Fig. 2. Electrophoretic mobility and ionic conductivity variations as function of ethanol percentage.
the suspension is electrostatically stabilised. Moreover, in this
last case, a chemical reaction between solid and liquid phases
may take place. We can point that all alcohol/water mixtures
are characterised by the same intermediate state of particle
organisation, independently of alcohol rate and variations of
electrophoretic mobility values. That is probably due to the
hydrodynamic conditions [17,18] of granulometric analysis
which involve only one granulometric distribution, until an
electrophoretic mobility of approximately −1 μm cm/V.s.

3.2. Turbiscan MA2000 to study the sedimentation behaviour

The three previous different particle organisations may
influence sedimentation behaviour. Therefore the classical
clarifying kinetics and the sediment formation were studied in
order to find correlations between granular characteristics and
sedimentation process. Moreover, the optimum conditions of
stability for industrial use could be found.

Before that, visual observations (Fig. 3) show a sedimen-
tation front between a small clear zone without particles at the
top of the suspension, and a white opaque sedimentation
column. This seems to characterise a compression mode of
sedimentation [4] in which particles form a strong enough
structure.

Moreover, it was observed that the resuspension of solid
seems to become more difficult as the water percentage is
Clarifying zone

White opaque column

Fig. 3. Sample visual observations.
increased. Furthermore, a gelling aspect is observed in aqueous
suspension which confirms the chemical reaction suspected in
the previous chapter (3.1) but which is not studied in this work.
We can however note that the granulometric analysis during
only 30 s, this phenomenon will not almost modify the
aggregates size measurement.

3.2.1. Nascent agglomeration phenomena
The Turbiscan MA2000 optical analyser allows estimating

the sedimentation behaviour, in the white opaque column,
where the suspension presents a visual homogeneousness. This
behaviour is shown by the back scattering profiles versus times,
in Fig. 4. Every 5 min a scan is performed along the cylindrical
cell during 55 s. Each experiment lasted for 55 min and includes
12 scans.

These graphics show a very small clarification zone
characterised by a small peak at the top of the sample (about
65 mm of cell height).

The back scattering values present two abrupt variations, at
the top and at the bottom of the sample, corresponding
respectively to the meniscus (liquid / air interface) and the
plug of the cell. Between these two zones, the sedimentation
column, for each scan, is homogeneous and presents a
constant value of the percentage of back scattering. For this
sample (50% of alcohol) a slight decrease of BS value versus
time (of 15.8 to 15.2%BS) was observed (Fig. 4A) and
corresponds to a beginning of variation of particle size
(agglomeration phenomena) in agreement with following
formulas (1) and (2).

Therefore, the middle zone of the profiles between 20 and
40 mm of cell height, is interesting to study for each suspension.
In this zone, the mean value variations of the BS data in function
of time are determined for each sample and shown in Fig. 4B.
These mean values of BS percentage are approximately
constant for each sample but decrease as alcohol percentage
increases.

In fact, this variation of the diffuse reflectance values (BS)
can be considered to obey the approximate expressions [11]:

BSc1=ðk*Þ1=2 ð1Þ
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Fig. 5. Study of the transmission data in the clarifying zone for a sample
containing 80% of alcohol percentage.
and

k*ðd;/Þ ¼ 2d=½3/ð1−gÞQs� ð2Þ

with, BS (%) is diffuse reflectance at 135° detector; λ⁎ (μm), the
photon transport length; d (μm), particle diameter; ϕ (%), the
particle volume fraction; g and Qs, are two optical parameters in
the theory of Lorenz–Mie [12].

In accordance with the Eq. (2), the mean values of BS
percentage decrease observed in Fig. 4A and B, corresponds to
particle size increasing by nascent agglomeration phenomena
respectively when the times and ethanol percentage increase.
This second variation is in agreement with granulometric
results.

3.2.2. Limit of stabilisation
Using the same approach, the evolution of the maximum

percentage of transmission data corresponding to the scan
realised at 55 min or the relative thickness of this clarifying peak
(Fig. 5), studied as function of alcohol percentage (Fig. 6), show
a critical quantity of alcohol in water about 60% wt. (The
relative thickness (in %) corresponds to the fraction of the
thickness of the clarifying peak at 5% of transmission, to the
total height of the suspension analysed.)

Above 60% of alcohol, suspensions present a sedimentation
front (Figs. 6B and 7). Below this value, the clarifying zone is
insignificant (Figs. 6B and 7).

Then, this critical value of 60% of ethanol corresponds to the
beginning of suspension destabilisation (Fig. 6B) when the
polarity of the liquid medium changes. This result is in full
agreement with the variation of electrophoretic mobility values
which present an “isoelectric point” in this case (Fig. 2).

In order to quantify this destabilisation of the suspensions,
observed at the top of the sample, the absolute thickness versus
elapsed time was measured. From these results, the clarifying
kinetics could be calculated (Fig. 7). It corresponds to the slope
(in mm/min) of the curve of the evolution of absolute thickness
of the clarifying peak (at 5% of transmission) versus elapsed
times.

For suspensions presenting a sedimentation front, clarifying
speed values vary from 0.14 to 0.2mm/min. On the other hand, it
is difficult to determine the clarifying speed when the suspension
is stabilised because of the thinness of the clarifying zone.

To summarise, a limit of stabilisation can be determined as
well by the evolution of maximum percentage of transmission
as relative thickness of the clarifying zone and quantified by
clarifying speed. It corresponds to an “isoelectric point” [8]
identified by electrophoresis measurement.

3.2.3. Two destabilisation behaviours
At the opposite of the clarifying zone, the bottom zone of all

the samples was studied by acquiring back scattering data.



0

5

10

15

20

25

0 20 40 60 80 100

0 20 40 60 80 100

Stability

Sedimentation

Relative thickness (%) 

% Alcohol 

0
10
20
30
40
50
60
70
80

% Alcohol

Transmission (%) 

Critical value

at 55 min 

A

B

Fig. 6. Maximum percentage of transmission (A) and relative thickness (B) of
clarifying zone, at 55 min, versus alcohol percentage.
As shown previously, lowest alcohol ratios lead to
homogeneous sedimentation column, and a back scattering
level increasing with time (Fig. 8A). This effect indicates a
decreasing particle size with time (Eq. (2)). Below 33% wt
alcohol, this last phenomenon is less important as the alcohol
ratio increases. Consequently, there is no sediment formation
and particles dispersed.

For 33% wt of alcohol, the sedimentation column is still
homogeneous and the back scattering level is stable versus times
(Fig. 8B). But from this value and in contrast with the preceding
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samples, this level decreased according with time and propor-
tionally to alcohol quantity (Fig. 8C). This result indicates a
nascent agglomeration state which occurs before the limit of
stability identified in the previous chapter. The electrostatic
repulsion (Fig. 2) becomes insufficient to stabilise the suspension,
but there is no particle migration within the sedimentation
column.

When alcohol percentage is about 70%, a crossing of curves
arises in the bottom zone due to the beginning of particlemigration
(Fig. 8D). Indeed, the back scattering signal represents two
phenomena, the variation of “ϕ” and simultaneous variation of “d”
versus times, which increases as ethanol ratio increases. This leads
to compact on of the column. A large volume of sediment, about
60% of the total suspension height is formed (Fig. 8E).

Therefore, nascent agglomeration phenomena have been
shown by the study of sediment formation, whereas it has not
been possible by electrophoresis measurements or study of
clarifying kinetics.

These results permit to fix at 33% wt of alcohol, the choice
of industrial liquid mixture to obtain a maximum stability while
minimizing the chemical reactivity of solid phase with liquid.

4. Conclusion

A better understanding of sedimentation behaviours of
mineral suspensions has been investigated by three comple-
mentary optical methods of dispersed systems analysis: laser
granulometry, electrophoresis measurements, and concentrated
dispersion analyser. Although these three techniques require
very different concentrations of solid (respectively 0.5 and 30%
solid weight), and different hydrodynamic conditions, the
results obtained are in good agreement.

Laser granulometry and electrophoresis measurements
clearly show that the dispersion of particles is due to two
combined phenomena: a high value of surface potential which
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Fig. 8. Particle size variation and sediment formation in the sedimentation column according to alcohol percentage.
stabilises the suspension by electrostatic repulsive interaction,
and also, chemical reactivity of mineral particles with water
leading to a gelling aspect.

Furthermore, a limit of suspension stability has been identified
by electrophoretic measurements and the study of clarification of
suspension by the dispersion analyser. In this last case, this limit of
stability can be estimated by the clarifying speed measurements,
the values of relative thickness or maximum percentage of the
clarifying peak in transmission profiles.

However, only the study of sediment formation by Turbiscan
MA 2000 has shown that before this limit of stabilisation,
nascent agglomeration phenomena occurs although the suspen-
sion seems globally stabilised. In addition, by this last approach,
two destabilisation behaviours have been identified: one
corresponding to the global migration of particles without
sediment formation which corresponds to compression settling.
The other corresponds to sediment formation due to migration
of agglomerates down the column.

In this work, the complementary use of these three optical
methods seems to be necessary to investigate sedimentation
behaviours. However, the study of sediment formation seems to
be the most relevant parameter which clearly identifies the
beginning of destabilisation. These results can be extended to
characterise all type of suspension.
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