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The inﬂuence of the properties of a slurry on the ﬂocculation behaviour of ﬁne particles in water upon the
application of a DC electric ﬁeld was investigated. In addition, the mechanism whereby particles in water can be
ﬂocculated through the application of the DC electric ﬁeld was clariﬁed. The particle ﬂocculation eﬃciency was
determined for aqueous and non-aqueous slurries to which a DC electric ﬁeld was applied, by measuring the
change in the turbidity of the sampled slurry.
It is shown that, for aqueous slurries, the particle ﬂocculation could be enhanced by applying a DC electric
ﬁeld provided the particles carried a charge and were surrounded by an electric double layer. It was also found
that there was no enhancement of the ﬂocculation for those slurries for which pH = pHIEP, as well as for nonaqueous slurries using rapeseed oil as their solvent, in which case the particles were not charged. In addition,
merely stirring the slurry (thus increasing the number of particle collisions) did not cause the particles to
ﬂocculate, although the particle ﬂocculation could be enhanced by applying a DC electric ﬁeld while stirring the
slurry, thus maintaining a constant particle concentration.
These ﬁndings lead to the conclusion that the enhancement of the particle ﬂocculation in an aqueous slurry
through the application of a DC electric ﬁeld is caused by the charged particles and their counter ions in an
electric double layer forming an electric dipole due to the deformation of the electric double layer, thus creating
an electrostatic attractive force between the particles.

1. Introduction
Gravitational sedimentation has been widely used for solid–liquid
separation in water treatment, mining, and material-recycling processes. The eﬃciency of the sedimentation separation process is closely
related to the size of the particles in the treated suspensions, that is, the
eﬃciency increases with the particle size due to the higher settling
velocity. Thus, a ﬂocculant is usually added to a slurry to cause larger
ﬂocs to form, and these settle more quickly than the original particles
(Bratby, 2006). Flocculants are categorised into two main types: (1)
inorganic ﬂocculants which neutralise the particle surface charge to
form ﬂocs, and (2) organic (polymeric) ﬂocculants which cause the
formation of much larger ﬂocs (Tarleton and Wakeman, 2007). Recently, novel types of ﬂocculants have been devised and developed that
not only to form larger ﬂocs but also form denser ones (Lee et al., 2012;
Nasim and Bandyopsdhyay, 2012; Zahrim et al., 2011).
The addition of ﬂocculants is normally eﬀective from the viewpoint
of separation eﬃciency. However, their use is undesirable from the

⁎

standpoint of recycling the collected particles because the ﬂocculants
remain in the collected particles as a contaminant, that is, they adversely aﬀect the purity of the collected particles. For example, the
excess sludge discharged as a result of the activated sludge treatment of
livestock manure is generally separated into a supernatant and condensed sludge. However, the condensed sludge can only be discarded
due to the chemical content originating in the ﬂocculants, even though
the sludge itself could be used as a fertilizer (Yamamoto et al., 2006).
Similarly, in sewage-treatment systems, the condensed sludge has to be
incinerated, not recycled, due to the inclusion of inorganic ﬂocculants.
Sludge generated by the construction of roads, tunnels, and large
buildings is normally condensed by adding polyacrylamide as a ﬂocculant. Thus, that sludge has very limited applicability since unreacted
monomers of acrylamide adversely aﬀect plant growth (Nishikawa
et al., 1983). In the fabrication of silicon wafers for solar cells, the
wafers are fabricated by scraping a silicon ingot, resulting in large
amounts of scrap material (ﬁne silicon particles) being incorporated
into the waste liquid, which would normally be recycled. However, the
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Nomenclature

uE
μ
ε0
εr
Ψζ
κ

x
k
T
e
NA
Ci
Zi

particle mobility (m2·V−1·s−2)
medium viscosity (Pa·s)
permittivity of free space (F·m−1)
relative permittivity (–)
zeta potential (V)
inverse Debye length (m−1)

use of ﬂocculants is necessary to enable the collection of these ﬁne silicon particles in the liquid, and the presence of those ﬂocculants makes
the particles essentially impossible to reuse.
As a means of overcoming this issue, we have developed a ﬂocculation technique that does not depend on the use of ﬂocculants but
instead uses a DC electric ﬁeld (Mori and Tsubaki, 2016). Other researchers have already addressed the use of this ﬂocculation technique.
For example, Inoue reported that particles in oil could be ﬂocculated by
applying an AC electric ﬁeld to the slurry (Inoue, 1991). Yanada also
reported that silica particles in a liquid could be ﬂocculated by the
application of an AC electric ﬁeld (Yanada, 2002). In those studies, a
relatively high AC voltage was used to generate the electric ﬁeld, while
the technique addressed in the present study uses a relatively low
voltage to generate the DC electric ﬁeld. On the other hand, Kimura
et al. reported that particles in water could be ﬂocculated by using a DC
electric ﬁeld (Kimura, 2011; Kimura et al., 2014; Kimura and Tsuchida,
2017). However, the mechanism whereby particle ﬂocculation occurs
under the inﬂuence of a DC electric ﬁeld has not yet been clariﬁed.
Moreover, the eﬀect of the type of the slurry on the ﬂocculation eﬃciency has not, to the best of the authors’ knowledge, been addressed at
all. Therefore, in the present study, the ﬂocculation behaviour of slurries under the inﬂuence of a DC electric ﬁeld was systematically investigated, changing the types of the particles and the pH of the slurry
to clarify the eﬀect of the slurry properties on the ﬂocculation eﬃciency. In addition, the mechanism whereby particles in water can be
ﬂocculated by a DC electric ﬁeld was addressed.

particle diameter (m)
Boltzmann constant (J·K−1)
absolute temperature (K)
elementary electric charge (C)
Avogadro's number (mol−1)
concentration of ion i (mol·L−1)
valency of ion i, (–)

powder was mixed with 400 mL of deionised water, after which the pH
was adjusted by adding HNO3 aq. and NH3 aq. The electrophoretic
mobility of the powder was measured 10 times and then, using the
average value, the zeta potential was determined using Henry’s equation, as follows(Masliyah and Bhattachrjee, 2006):
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2.3. Flocculation by application of DC electric ﬁeld
Fig. 2 is a schematic of the apparatus used to observe the ﬂocculation caused by the application of a DC electric ﬁeld. The slurry prepared
as described in Section 2.1 was placed in an acrylic container with two
carbon plates as electrodes. Then, a DC voltage of 5.0 V (corresponding
to an electric ﬁeld intensity of 125 V·m−1) was applied to the electrodes, after which the appearance of the slurry in the container was
observed.
In addition, after the DC electric ﬁeld had been applied, the slurry
was sampled at a point 15 mm below the surface, and its turbidity was
measured using a turbidity meter (TR-55, Kasahara Chemical
Instruments, Japan). The measured turbidity was converted into the
particle concentration using a calibration curve, which was determined
by measuring the turbidity of slurries with a known particle concentration in advance.

2. Experimental procedure
2.1. Slurry preparation
Aqueous and non-aqueous slurries were used in this study. The
materials were Al2O3 (AES-12, Sumitomo Chemical, Japan), BaTiO3
(HPRT-1, Fuji Titanium Industry, Japan), SiO2 (SIO07PB, Kojundo
Chemical Laboratory, Japan), CeO (CeO 3 N, Nippon Yttrium, Japan),
and TiO2 (TA-300, Fuji Titanium Industry, Japan). Fig. 1 shows the
particle size distributions of these powders as determined using a particle size analyser (SALD2300, Shimadzu, Japan).
To prepare aqueous slurries, these powders were mixed with deionised water to give a particle concentration of 0.01 vol% (100 vol ppm).
The mixed slurry was dispersed using an ultrasonic homogeniser for
5 min. The pH of the prepared slurry was adjusted, by adding HNO3 aq.
and NH3 aq., to change the particle dispersion state.
To prepare non-aqueous slurries, the powders were mixed with rapeseed oil to give a particle concentration of 0.01 vol% (100 vol ppm).
Again, the mixed slurry was dispersed using an ultrasonic homogeniser
for 5 min.
2.2. Measurement of zeta potential of powder
The zeta potential of a powder is a value that allows us to understand the particle dispersion in aqueous slurries. Therefore, the pH
dependency of the zeta potential of the powder used in the present
study was determined using an electrophoretic-type zeta potential
analyser (Model502, Nihon Rufuto, Japan). A trace amount of the

Fig. 1. Particle size distribution of each powder.
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Fig. 2. Schematic of experimental apparatus.

2.4. Flocculation by application of DC electric ﬁeld while stirring
As explained below, one possible means of enhancing the ﬂocculation of particles in a slurry through the application of a DC electric ﬁeld
is to increase the number of particle collisions by increasing the particle
concentration near the electrode. Therefore, the following experiments
were carried out to clarify the ﬂocculation mechanism. Fig. 3 shows the
experimental apparatus, which is similar to that shown in Fig. 2. In this
case, the slurry was stirred using a magnetic stirrer. The aqueous slurry
prepared as described in Section 2.1 was poured into the acrylic container. Then, the same DC voltage as that described in Section 2.3 was
applied to the slurry for 60 min, while stirring at 200 or 350 rpm. After
that, the slurry was poured into an acrylic cylinder with a diameter of
40 mm and its settling behaviour was observed to evaluate the degree of
ﬂocculation.
Similarly, another sample of the slurry was stirred for 60 min in the
acrylic container shown in Fig. 3 but without the application of a DC
electric ﬁeld. The rotational speed was 200 or 350 rpm. Then, the slurry
was poured into the acrylic cylinder and its settling behaviour was
observed.

Fig. 4. Zeta potential of each powder.

Fig. 3. Schematic of experimental apparatus for investigating the eﬀect of stirring.
121

Minerals Engineering 133 (2019) 119–126

T. Mori et al.

3. Results

the plots exhibited excellent linearity, indicating that the particle concentration determined from the measured turbidity could be used to
discuss the eﬃciency of the particle ﬂocculation. Fig. 7 shows the
change in the particle concentration for all the slurries, both with and
without a DC electric ﬁeld applied. Analysis of the reproducibility of the
test using the Al2O3 slurry with pH 7.1 revealed that the variation in
particle concentration was less than ± 5.0 vol ppm. With the exception
of the SiO2 slurry with a pH of 3.0, the particle concentration at a point
15 mm below the surface of all the prepared slurries decreased more
quickly when the DC electric ﬁeld was applied, attaining the same
particle concentrations at pH = pHIEP, which corresponds to a highly
ﬂocculated slurry. It was also found that no enhancement of the ﬂocculation of the slurry at pH = pHIEP could be observed despite the application of a DC electric ﬁeld, although the particles could ﬂocculate
naturally as a result of the inter-particle attractive force.

3.1. Zeta potential of powder
Fig. 4 shows the zeta potentials of the powders used in the present
study. Zeta potential variations for the same particle subjected to 10
measurements at the same pH were less than ± 5.0 mV. In the case of
the TiO2 and SiO2, the particle surface had a negative charge over a
wide pH range. The isoelectric points, pHIEP, of the TiO2, BaTiO3, Al2O3,
and CeO were about 3.0, 4.0, 8.5, and 8.5, respectively.
3.2. Behaviour of aqueous slurry upon application of DC electric ﬁeld
3.2.1. Appearance of slurry
Fig. 5(a) shows a typical appearance change of a slurry, speciﬁcally,
Al2O3 slurry with a pH of 7.1, upon the application of a DC electric
ﬁeld. In this ﬁgure, the interface between the supernatant and the slurry
can be more clearly observed and its rate of descent was greater when
the DC electric ﬁeld was applied, relative to when no DC electric ﬁeld
was applied, indicating that the application of the DC electric ﬁeld
caused the particles to ﬂocculate.
Fig. 5(b) shows the change in the appearance of the BaTiO3 slurry
with a pH of 7.0 upon the application of a DC electric ﬁeld. In contrast
to the Al2O3 slurry with a pH of 7.1, it was not possible to observe a
clear interface between the supernatant and the slurry.
As a result, it was found that a settling velocity could not be determined for all the slurries used in the present study, since the interface between the supernatant and the slurry was not clear in some
cases. However, a thorough investigation of the deposition behaviour at
the bottom of the acrylic cylinder revealed that the application of a DC
electric ﬁeld caused the particles to ﬂocculate even in the case of a
slurry which did not exhibit a clear interface. Therefore, to qualitatively
analyse the ﬂocculation eﬃciency for all the slurries, regardless of
whether they exhibited a clear interface, we compared the particle
concentration from the turbidity measured at a speciﬁc point in the
container.

3.3. Behaviour of non-aqueous slurry with DC electric ﬁeld
Fig. 8 shows the appearance of the non-aqueous Al2O3 slurry during
the application of the DC electric ﬁeld. Table 1 also lists the turbidity of
the slurry as sampled from a point 15 mm below the surface of the
slurry at t = 0 and 60 min. For all the non-aqueous slurries, no changes
in the appearance and turbidity over time were observed, indicating
that the application of a DC electric ﬁeld could not enhance particle
ﬂocculation in a non-aqueous solvent.
3.4. Eﬀect of stirring on ﬂocculation behaviour
Fig. 9 shows the appearance of the slurries when stirred at diﬀerent
rotational speeds without the application of a DC electric ﬁeld. The
photos in Fig. 9 were taken 12 h after pouring the stirred slurry into the
acrylic tube. This ﬁgure clearly shows that the settling behaviour was
not aﬀected by the stirring, indicating that stirring of the slurry alone
could not enhance the particle ﬂocculation due to the increase in the
number of particle collisions.
Fig. 10 shows the appearance of the slurries when stirred at different rotational speeds with the DC electric ﬁeld applied. Compared to
Fig. 9, the particles settled relatively quickly when the DC electric ﬁeld
was applied at each rotational speed, that is, the particles in the slurry
ﬂocculated. The particles settled most quickly when the slurry was
being stirred at 350 rpm, implying that the particles formed the largest
ﬂocs.
In Figs. 9 and 10, we checked the reproducibility of these phenomena by repeating the tests 5 times.

3.2.2. Particle concentration at a speciﬁc point
The particle concentration of the slurry at a point 15 mm below the
surface, 60 min after pouring the slurry into the container, both with
and without the application of a DC electric ﬁeld, was determined from
the turbidity measurement. Fig. 6 shows the calibration curve for each
powder. The variation in turbidity when measuring the slurry with the
same concentration 3 times was less than 20. For every type of powder,

Fig. 5a. Appearance of aqueous slurries during settling, with and without DC, for Al2O3 slurry at pH = 7.1.
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Fig. 5b. Appearance of aqueous slurries during settling, with and without DC, for BaTiO3 slurry at pH = 7.0.

4. Discussion
4.1. Eﬀect of pH shift of slurry on particle ﬂocculation
One possible reason for the particles in an aqueous slurry ﬂocculating upon the application of the DC electric ﬁeld is the pH shift of the
slurry due to chemical reactions. Previous studies of the electrophoretic
deposition (EPD) of aqueous slurries(Besra et al., 2010; Mishra et al.,
2010) found that particles were deposited and became ﬁxed to the
electrode as a result of a change in the pH close to the electrode, which
caused the particle interaction force to change from repulsive to attractive. If a change in the pH of the slurry during the application of the
DC electric ﬁeld in the present study were to cause a decrease in the
magnitude of the zeta potential of the particles, it would likely be the
main reason for the application of the DC electric ﬁeld leading to particle ﬂocculation. Fig. 11 shows the change in the zeta potential of the
particles of a slurry before and after the application of the DC electric
ﬁeld. The reproducibility of the test using the Al2O3 slurry with pH 7.1
was tested, and the variation in pH was found to be less than ± 0.3.
This ﬁgure shows that, for 7 of the 19 slurries, the absolute value of the
zeta potential increased, while 2 of 19 slurries did not exhibit any zeta
potential change. For 10 of the 19 slurries, the absolute value of the zeta
potential decreased, however, with only 2 of the slurries decreasing by
more than 10 mV. These results imply that the change in the pH upon
the application of the DC electric ﬁeld was not the main reason for the
particle ﬂocculation, because the pH change did not cause the absolute
value of the zeta potential to decrease suﬃciently to enhance particle
ﬂocculation. In addition, the pH change does not explain why the
particle ﬂocculation occurred in every part of the slurry container, with
the particles settling 10 times faster than the primary particles (for
example, in the case of an Al2O3 slurry with a pH of 5.0, the descent
velocity of the interface between the slurry and supernatant, as well as
that of the formed ﬂocs, was 15 mm·h−1, while the settling velocity of
the primary particles was 1.5 mm·h−1). Therefore, we believe that the
change in the pH induced by the chemical reaction that occurs as a
result of applying the DC electric ﬁeld is not the main reason for the
occurrence of particle ﬂocculation in aqueous slurries.

Fig. 6. Relationship between turbidity and particle concentration of slurries.

4.2. Eﬀect of electrophoresis on particle ﬂocculation
Figs. 7 and 8 show that the particles in the slurry did not ﬂocculate
as a result of applying a DC electric ﬁeld when the slurry solvent was
not water but rapeseed oil. On the other hand, Fig. 12 shows the relationship between the zeta potential of the particles and the

Fig. 7. Particle concentration change of slurries, with and without DC electric
ﬁeld. (black: with DC, grey: without DC).
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Fig. 8. Appearance of non-aqueous alumina slurries during settling, with and without DC.

Table 1
Turbidity change of non-aqueous slurries after application of DC ﬁeld for
60 min.
Samples

Al2O3
BaTiO3
SiO2
TiO2
CeO2

Turbidity
0 min

60 min

442
1140
22.0
3120
2380

443
1140
2109
3120
2380

Fig. 11. Change in pH and zeta potential of slurries during application of DC
ﬁeld.

Fig. 9. Appearance of alumina slurries after stirring without DC.

Fig. 12. Dependency of zeta potential on aggregation eﬃciency with DC ﬁeld.

ﬂocculation eﬃciency resulting from the application of a DC electric
ﬁeld. In this ﬁgure, the zeta potential is that value acquired at the pH
prior to the application of the DC electric ﬁeld. The ﬂocculation eﬃciency kf (–), as shown on the y-axis, was determined using the following equation:

Fig. 10. Appearance of alumina slurries after stirring with DC.
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kf =

C0 − Ce,60
C0 − C60

particle ﬂocculation was greatly enhanced, in the same way as when a
DC electric ﬁeld was applied to a slurry without stirring. This implies
that the particles in a slurry would ﬂocculate as a result of applying a
DC electric ﬁeld, even if the particle concentration did not increase, and
instead remained almost constant.
Given the above, we can conclude that the main cause of particle
ﬂocculation when a DC electric ﬁeld is applied to a slurry is other than
the increase in the local particle concentration due to electrophoresis.

(4)

where C0 (ppm) is the initial particle concentration and Ce,60, C60 are
the particle concentrations 60 min after pouring the slurry into the
container shown in Fig. 2, with and without the application of a DC
electric ﬁeld. If the particles ﬂocculate, they settle and are deposited
quickly, causing the particle concentration of the sampled slurry (the
concentration of the particles remaining in suspension) to decrease
considerably, resulting in the larger value of kf. Fig. 12 shows that the
slurry for which pH = pHIEP exhibited the minimum ﬂocculation eﬃciency, while the ﬂocculation eﬃciency increased with the absolute
value of the zeta potential of the particles, regardless of the type of the
particles. It was also shown that the ﬂocculation eﬃciency decreased
slightly when the absolute value of the zeta potential exceeded a certain
value for Al2O3, CeO, and SiO2. From these results, it is clear that the
fact that the particles in the aqueous slurry carry a charge is important
to enhancing particle ﬂocculation by applying a DC electric ﬁeld.
Given that the particles carry a charge, one reason for the application of the DC electric ﬁeld enhancing particle ﬂocculation is the local
particle concentration near the electrode increasing due to electrophoresis, since the number of particle collisions increases with the
particle concentration. If the electrophoresis of the particles is the main
reason for the improvement in the particle ﬂocculation, it might seem
reasonable to assume that particle ﬂocculation would be much more
pronounced near the electrode due to the existence of electrophoresis.
However, as shown in Fig. 5(a), the interface between the slurry and the
supernatant created upon the application of the DC electric ﬁeld was
not inclined but was almost ﬂat. This means that particle ﬂocculation
occurred in all parts of the container, not only near the electrode.
In addition, the same conclusion can be derived from the results
shown in Figs. 9 and 10, which illustrate the eﬀects of stirring on the
ﬂocculation eﬃciency. First, the results of the stirring experiments
without the DC electric ﬁeld, as shown in Fig. 9, revealed that there was
no enhancement in the ﬂocculation resulting from only stirring the
slurry, even though the number of particle collisions increased as a
result of the stirring. Second, the results of the stirring experiments with
a DC electric ﬁeld applied, as shown in Fig. 10, demonstrated that

4.3. Eﬀect of deformation of electric double layer on particle ﬂocculation
Given that charged particles in an aqueous solution appear to be
necessary to the enhancement of ﬂocculation by the application of a DC
electric ﬁeld, and given that the changes in the pH and local particle
concentration in the slurry were not the cause of the ﬂocculation enhancement, it is very likely that the enhancement is a result of the
deformation of the electric double layer surrounding the particle in
water, as shown in Fig. 13(a). With the application of the DC electric
ﬁeld to the charged particles in water, the particles and the counter ions
constituting the electric double layer move in the opposite direction,
resulting in the deformation of the electric double layer, as shown in
Fig. 13(a). This implies that the charged particles and counter ions in
the electric double layer form a kind of electric dipole, with an electrostatic attractive force acting between the dipoles, resulting in the
ﬂocculation of the particles. In a previous study of EPD (Bersa and Liu,
2007), it was found that the charged particles in water were deposited
on the electrode due to the deformation of the electric double layer. It
was also reported that the dynamic electric double layer, that is, the
electric double layer surrounding the moving particles, created an interparticle attractive interaction (Tokoro et al., 2000; Elimelech et al.,
1995; Dukhin, 1993). Therefore, it is thought that the particles ﬂocculated as a result of this attractive force, created by the deformation of
the electric double layer and the formation of an electric dipole in the
slurry.
Fig. 11 shows that, for the slurry for which pH = pHIEP, the application of the DC electric ﬁeld did not produce any enhancement. For the
non-aqueous slurries using rapeseed oil as their solvent, the particles in
the oil did not ﬂocculate as a result of applying a DC electric ﬁeld, as

Fig. 13. Schematic of particle aggregation mechanism in DC ﬁeld (a) pH ≠ pHIEP (in this ﬁgure, the particle has a negative charge), (b) pH = pHIEP.
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shown in Figs. 7 and 8. For both the slurry for which pH = pHIEP and
that for which the solvent was rapeseed oil, the particles in the solvent
were not charged and not surrounded by an electric double layer, as
shown in Fig. 13(b). Therefore, the application of a DC electric ﬁeld did
not produce any enhancement in the ﬂocculation of the particles.
Fig. 11 also exhibits a broad trend whereby the enhancement of the
particle ﬂocculation was more remarkable when the magnitude of the
zeta potential of the particles was increased. This may be because the
charged particles and the counter ions in the electric double layer
strongly polarised, leading to a stronger attractive force acting between
the particles when the zeta potential of the particles was larger.
Consequently, particles in water can be ﬂocculated by applying a DC
electric ﬁeld provided the particles are charged and are surrounded by
an electric double layer. This ﬂocculation enhancement is a result of an
electric dipole being formed by the charged particle and counter ions in
the electric double layer, thus creating an attractive inter-particle force.
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5. Conclusion
The present study set out to investigate the particle ﬂocculation
eﬃciency of various aqueous and non-aqueous slurries when a DC
electric ﬁeld was applied to the slurries. The following conclusions were
reached:
(1) For aqueous slurries, the particle ﬂocculation could be enhanced by
applying a DC electric ﬁeld provided the particles in the water
carried a charge and were surrounded by an electric double layer.
No enhancement eﬀect in the particle ﬂocculation was observed for
a slurry for which pH = pHIEP, in which case the particles were not
charged.
(2) For non-aqueous slurries for which the solvent was rapeseed oil, the
application of a DC electric ﬁeld to the slurry could not enhance the
particle ﬂocculation.
(3) The particles did not ﬂocculate as a result of merely stirring the
slurry, that is, increasing the number of particle collisions. In addition, the particle ﬂocculation could be enhanced by applying a DC
electric ﬁeld even when stirring the slurry. That is, the particle
concentration remained constant.
Given the above, it can be is concluded that the enhancement of
particle ﬂocculation by the application of a DC electric ﬁeld to an
aqueous slurry was the result of the charged particles and counter ions
in the electric double layer forming an electric dipole due to the deformation of the electric double layer, thus creating an electrostatic
attractive force between the particles.
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