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Abstract In the duration of initial flocculation stage, required
time for waiting prior to the gravitational collapse of Na mont-
morillonite suspension in the semi-dilute coagulated regime
(with solid volume fraction of 1.097 x 10~*) was analyzed as a
function of ionic strength for the two different pH values
(pH = 4.0 (acid) and pH = 9.5(alkaline)). The obtained result
clearly demonstrated that the duration time correlates the co-
agulation rate of clay particles. That is, the duration time is
shorter (but not to be zero) for the system undergoing rapid
coagulation which takes place under sufficiently high ionic
strength. In this region, the effect of pH is shielded by the
complete compression of electric double layer. However, the
duration becomes longer with a decrease of ionic strength in
accordance with the decrease of the rate of coagulation. In
addition, under the condition approaching to the region near
critical coagulation concentration, further longer duration is
observed for the case of high pH value as compared to that
obtained for the case of lower pH value. The reason for the
additional increase of duration was ascribed to the elimination
of positive charge along the edge of clay sheet under alkaline
condition. In the case of low pH, on the contrary, the effect of
the oppositely charged edge(+)-to-face(—) interaction is con-
sidered to induce attraction between clay particles which con-
tributes to induce heterocoagulation. This effect will result in
the shorter duration time for the case of low pH than that of
high pH.
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Introduction

Montmorillonite is an important clay mineral for agricultural
and environmental processes as well as industrial applications
[1]. Most of them are related to an aqueous suspension, which
demonstrates very unique and useful characteristics. The re-
markable points for considering the characteristics of this sus-
pension are the shape and the charging behavior of unit parti-
cle in aqueous suspension. That is, the unit of this clay particle
is a sheet of thin layers of alumina silicate with a thickness of
approximately 1 nm and length of facial distances of a few
hundred nanometers [2]. Face of the sheet is negatively
charged due to the isomorphic substitution, and edge of the
sheet is charged either positively or negatively due to pH-
dependent dissociation or adsorption of chemical groups lo-
cated at the edge of sheet [3]. Understanding of macroscopic
physical property or mechanical behavior of suspension in
terms of microscopic interaction between clay particles can
be regarded as one of the most fundamental subjects in the
domain of clay rheology. It is known that the interaction be-
tween clay particles is a function of chemical condition, such
as ionic strength and pH values [4]. On the basis of rheological
data, Abend and Lagaly [5] summarized the sol-gel transitions
of sodium montmorillonite dispersion as functions of volume
fraction and ionic strength. They emphasized that the transi-
tion from the repulsive gel, sol, attractive gel, and to sediment
as the ionic strength is increased. Sedimentation behavior, on
the other side, is more or less related to the rheological data
and is more directly important in the analysis of the transpor-
tation and separation of colloidal particles in the aquatic
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environment. For example, in the control of the discharge of
muddy colloidal dispersion produced by puddling, the predic-
tion of sedimentation behavior of flocculated colloidal soil is
critically important. However, relatively little attentions have
been paid so far on the sedimentation of the montmorillonite
suspension as compared to rheology.

In the previous investigation, we have reported on the rate
of sedimentation using coagulated suspension of sodium
montmorillonite in the semi-dilute regime as a function of
ionic strength for the two different pH values (pH = 4.0 and
pH = 9.5) [6]. Semi-dilute regime is defined by the colloid
concentration where the coagulated dispersed phase initially
demonstrates very slow rate of sedimentation termed floccu-
lation stage, followed by a sudden collapse of coagulated net-
work with maximum sedimentation rate named settling stage
and ended by the long lasting consolidation stage [7]. From
the analysis of the maximum rate of sedimentation in the sec-
ond stage as a function of the volume fraction of colloid [8]
invoking the method of Richardson and Zaki [9], we have
demonstrated that essentially different two types of flocs
which are formed in the domain of attractive gel and the sed-
iment will behave in qualitatively different ways. This differ-
ence was also verified by the tendency of “ultimate” sediment
height brought about by the various chemical conditions.
These results were qualitatively consistent with the picture
proposed by Abend and Lagaly [5].

In the course of measurements and analysis in our previous
study on the sedimentation behavior, we have noted the con-
siderable difference in the duration of initial flocculation
stage. The duration of initial stage corresponds to the lag time
prior to gel collapse and it can be regarded as one of the most
important indexes to characterize gel collapse. So far, gel col-
lapse of many types of aggregation [ 10—14] has been reported,;
the prediction of delayed sedimentation behavior has not been
fully successful. In addition, it can be pointed out that analyses
are rather limited for the system of weakly flocculated disper-
sions in which colloidal flocculation is induced by the deple-
tion effect or by the effect of secondary minimum attraction.
Poon and co-workers have been reported their series of exper-
imental study on the gravitational collapse of colloidal net-
work formed in the colloid and non-adsorbing polymer mix-
ture [15-18]. Bartlett et al. [14] reported the duration time
increases as polymer concentration increases. Buscall et al.
[19] tried to interpret the mechanism of gel collapse by the
interacting potential which characterizes the gel strength.
Developing the concept of gel strength, they reached to the
conclusion to introduce the concept of coarsening effect which
is added to explain the consequence of heterogeneity at the
onset of collapse.

We can say, however, flocculation/coagulation which is
ubiquitous in nature and engineered system are not only lim-
ited to weakly flocculated system and are mostly controlled
irreversibly by the rate process; the criteria on the basis of only
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interacting potential are not sufficient. Using kaolinite suspen-
sion dipped in 1 M NaCl, Nakaishi et al. carried out careful
observation of the sedimentation behavior of clay suspension,
reporting significant effect of container size [20]. Clay parti-
cles are expected to have more or less anisotropic nature with
respect to shape and charging behavior; these factors can be
considered to be affected in the sedimentation. Very recently,
Ali and Bandyopadhyay [21] tracked the collapsing interface
of sodium montmorillonite gel prepared for different ionic
strengths by applying optical method. They confirmed that
duration of initial stage will decrease by increasing ionic
strength and also pointed out the importance of edge(+)-to-
face(—) attractive interactions. Tombacz et al. [22] reported
systematic analysis of the stability of montmorillonite suspen-
sion based on the surface characterization by classical titra-
tion. That is, the edge(+)-to-face(—) heterocoagulation can re-
duce the value of CCC (critical coagulation concentration) in
the acidic condition where the pH value is lower than that of
PZC (point of zero charge) of the sheet edge, while more
probable situation of face(—)-to-face(—) homocoagulation at
alkaline condition can enhance the colloidal stability of the
montmorillonite suspension. These two reports [21, 22] are
critically important to understand the sedimentation behavior
of montmorillonite gel. In order to confirm their validity, one
needs to design the experiment to measure the settling velocity
of coagulated montmorillonite suspension as a function of
ionic strength and pH with rather large-scale setup taking into
account the result of [20] and size of individual flocs.

In the present study, we restrict our attention to the early
stage of sedimentation for different pH and ionic strength to
clarify if the microscopic heterogeneous interaction between
clay particles will influence the macroscopic behavior of sed-
imentation. For this purpose, we focus on the duration of
initial stage sedimentation of sodium montmorillonite flocs
as function of ionic strength and pH.

Experimental section
Determination of the flocculation time

When studying the mechanics of coastal cohesive sediment,
Imai [7] classified three patterns of sedimentation behavior
based on the concentration of solid in the dispersion. They
are free settling, zone settling, and consolidation. The three
regimes can be, in other words, called as dilute, semi-dilute,
and concentrated, respectively. Here, we focus on the second
regime. In this regime, the sedimentation can be recorded
simply by the location of boundary between the region occu-
pied by coagulated floc and supernatant. As schematically
illustrated in the previous study [6], the sedimentation process
can be separated into three stages. The first stage is character-
ized by very slow or apparently zero-velocity of the boundary.
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Duration of this stage is called as the flocculation time. As
demonstrated in Fig. 1, this time was determined by the cor-
responding time to reach the cross point of the two tangent
lines of the first stage and the second sedimentation stage
where the maximum sedimentation rate is observed [16].

Materials

High-purity montmorillonite powder (Kunipia-F) was pur-
chased from Kunimine Co. Ltd., Tokyo. The powder was
dispersed in the deionized water, and the suspension was left
undisturbed to remove the coarse components by sedimenta-
tion. Sufficiently, high concentration of NaCl (1.0 M) was
used to replace the exchangeable cations with Na*. The dis-
persion was dialyzed against distilled water until the electrical
conductivity of the percolate decreased to 2 ps/cm. After di-
alysis, the dispersion was stored in a refrigerator as the stock
dispersion. Prior to use, the stock dispersion was stirred for
30 min and then ultrasonicated for another 30 min.

Sample preparation

The solid content in suspension (1.097 x 1074, v/v) was deter-
mined on the basis of preliminarily experiments beginning
with zone settling at the highest ionic strength (1.5 M NaCl)
in this study. The pH values of the samples were adjusted at
9.5 = 0.3 and 4.0 = 0.3 by the addition of NaOH solution,
guaranteeing that the edges were charged negatively and pos-
itively, respectively [22]. The NaCl concentration was lowered
down to 50 mM (just above the CCC in case of suspension
under acidic condition [3, 22]. The initial height of the
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Fig.1 The schematic drawing for determination of temporal scale for the
flocculation stage (the flocculation time, #; min) of the suspensions as
intersection point of tangents at linear parts between the first stage as
flocculation process and the second stage with maximum sedimentation
rate in the plots of the boundary (between supernatant and sediment)
location (H, mm) vs. the elapsed time (7, min)
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Fig.2 Location of the boundary as a function of elapsed time (¢, min) for
different ionic strengths at pH 4.0 (a) and at pH 9.5 (b). Initial height of
the suspensions H, = 15.8 cm, inner diameter of the cylinders
Dy = 5.0 cm, volume fraction of Na-montmorillonite ¢ = 1.097 x 10
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Fig. 3 Flocculation time as a function of ionic strength for the different
pH values (pH = 4.5 and pH = 9.0). Due to the un-coagulated suspension
under the condition of pH 9.0 and ionic strength 0.05 M NaCl, the relative
movement of boundary between supernatant and coagulated suspension
could not be recorded in Fig. 2. Therefore, the duration time at the
condition (pH 9.0 and NaCl 0.05 M) cannot be calculated
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suspensions was 15.8 cm (the inner height of the cylinder was
20.0 cm), as in the previous study [23]. The cylinder diameter
was 5.0 cm to take into account adequate elimination of the
“wall effect” and hydrodynamic wake capture [24]. The mix-
tures containing chemicals and solids were rotated end-over-
end for five times at a frequency 1/2 [Hz]; then, the suspension
was immersed in a water tank for 1 min and subjected to
ultrasound at 100 kHz. The sonication time was included in
data acquisition. The room temperature was maintained at
20 = 1 °C. The settling curve at each pH value and ionic
strength was obtained from the plot of boundary position be-
tween sediment and supernatant against elapsed time.

Results

Locations of the boundary between flocculated sediment and
supernatant are plotted as a function of elapsed time for dif-
ferent ionic strength in Fig. 2. Figure 2a represents the result at
pH 4.0 and Fig. 2b at pH 9.5, respectively. The demonstrated
result for the high pH value agreed with those reported by
Miyahara et al. [23, 25]. As demonstrated in these figures,
not only the rate of sedimentation [6], but also the duration
of initial flocculation stage is strongly influenced by the ionic
strength. As the main experimental manifestation of this study,
the duration of initial flocculation stage for the serial variation
of pH and ionic strength is summarized in Fig. 3. As demon-
strated in this figure, the time declines abruptly in the range of
NaCl 0.5-0.75 M with an increase of ionic strength. In con-
trast to the condition of lower ionic strength, the effect of pH is
diminished under the condition of higher ionic strength.

There are two points which should be focused on in the
result of the duration time for the lower ionic strength. One is
that the duration time is much longer than the case of high
ionic strength. The other is, in the region of low ionic strength,
the remarkable difference of the duration of time was con-
firmed by the difference of pH. That is, longer duration was
detected in the case of high pH. In addition, for the case of
high pH, clear boundary between sediment and supernatant
was not observed for the case of lowest ionic strength c.a.
0.1 M.

Discussion

Understanding of the macroscopic behavior in terms of mi-
croscopic interaction between colloidal particles can be
regarded as one of the most important subjects of the rheology
of colloidal dispersion. Our focus of the macroscopic behavior
in the present study is the duration of initial flocculation stage
in the sedimentation of flocculated suspension of montmoril-
lonite. This issue is related to so-called gravitational collapse
of gel network which has attracted many attentions mainly

@ Springer

% %‘bo &&&é%%%

Fig. 4 Schematic representation for the temporal variation of initial
flocculation stage prior to gel collapse. a Just after mixing, small flocs
composed of the lamellae of montmorillonite are formed and suspended
independently. In this stage, the rate of sedimentation is essentially small
due to the small size flocs. b Secondly, the formed flocs connect each other
to form the network structure spanning-fill throughout the container. The
stress-carrying strand marked as dotted black circles will resist against the
compression by self-weight of network. Due to this resistance, apparent
rates of sedimentation are essentially low. Particles or clusters colored in
gray will contribute to the self-weight. White particles or clusters do
contribute either self-weight or strength of network. ¢ In the process of
flocculation stage, the size of flocs indicated with a dotted circle will
grow due to the collision with suspended clusters. The size of flocs in the
gel network will also increase by the rearrangement process between
neighboring flocs in the sediment. By the progress of initial flocculation
stage, stress concentration will be taken places. This situation is illustrated
as dotted circles in the right figure of (c)
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Fig. 5 Morphology of sediment pH4.0,0.05M

0.25M

0.5M 0.75M

taken at the end of coagulation
stage for different pH and ionic
strengths. The upper line is the
result for pH 4.0. The bottom line
is the result for pH 9.5. The white
band on the top of each sample is
scaled as 5.0 cm. Hy = 15.8 cm,
Dy=5.0cm, ¢=1.097 x 107

under the condition of weakly flocculated system [10-21].
Based on the observation throughout the experiments in the
present study, the scenario of gel collapse for weakly floccu-
lated suspension can be drawn as follows.

In Fig. 4, the schematic representation on the progress of
sedimentation in the initial flocculation stage is outlined. In
the beginning, when the mixture of dispersion was left to
stand, small flocs are suspended independently as illustrated
in Fig. 4a. The rate of sedimentation at this stage is very slow
reflecting the small size of flocs composing the system.
However, each floc will touch and stick each other upon col-
lision induced by sedimentation or weak fluid flow or
Brownian motion to form a weak network as depicted in
Fig. 4b. When the concentration is sufficiently high, the
formed network will soon fill the space of the container.
With this situation, a certain part of floc structure will act as
a stress-carrying strand which will essentially resist against the
compression due to self-weight of sediment. Consequently,
the rate of sedimentation becomes apparently small.
However, the sticking between flocs is not completely rigid
allowing the relative motion of the two touching clusters to
result in the growth of flocs as illustrated in Fig. 4c. An in-
crease of floc size will result in the generation of big pore and
the concentration of stress in the strand which is depicted in
dotted black particles in the right figure of Fig. 4c. Under such
condition, channeling and densification of flocs due to the
rearrangement between clusters will be also enhanced. If the
concentrated stress overcomes the yield strength of gel struc-
ture at this stage, a big deformation that was induced by the
breakup of a developed floc to induce the gel collapse will be
induced. Probably, this sequence starting from the first break-
up to big deformation is a kind of feed-forward system.
Coarsening effect due to heterogeneity suggested by Buscall
et al. is presumably related to this scenario.

This scenario is rather speculative; however, it is consistent
when we regard that the duration time is an index of time
when the system reaches the certain degree of coagulation.
That is, the faster the rate of coagulation, the shorter the

duration becomes. The difference of the observed duration
time between that of higher salt concentration (higher than
0.75 M) and that of lower salt concentration is consistent with
this picture. In addition, in the comparison of the slow coag-
ulation regime, the rate of coagulation under low pH is faster
than that under high pH as being analogous to the analysis of
colloidal stability in montmorillonite suspension [22]. That is,
the faster rate of coagulation is because of higher probability
of edge-to-face collisions due to positively charged sheet edge
at low pH in this work. Our results of the duration time ob-
tained for lower ionic strength (lower than 0.5 M) are qualita-
tively consistent with this picture. In the analysis of colloidal
stability, the approach of two particles to overcome the elec-
trostatic repulsion is discussed. In this sense, the situation
which the two particles touching each other making a contact
after the consequence of successful approach is slightly differ-
ent. Our experimental result can be regarded as an evidence of
the validity of the stability analysis for the extensive use in the
flocculated region.

In addition, there seems a qualitatively remarkable differ-
ence of floc strength against compaction. That is, flocs formed
in the region of salt concentration higher than 0.75 M have
stronger bonds which result in the large or coarse floc as
compared with that those formed in the region of lower salt
concentration as demonstrated in Fig. 5. It can be considered
that this difference can be corresponded to the boundary be-
tween sediment and attractive gel noted by Abend and Lagaly
[5]. Further investigations on the direct observation of mor-
phology of sediment under gravitational collapse with the res-
olution level of individual flocs [26] are necessary.

Conclusions
Gel collapse or gravitational collapse in sedimentation process
of flocculated colloidal suspension is conveniently defined as

experimental phenomenon of abrupt increase in settling ve-
locity of boundary between sediment and supernatant. In the
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present study, coagulated suspension of sodium montmoril-
lonite in semi-dilute regime was chosen for the analysis. In
this regime, the initial stage is essentially regarded as a dom-
inative stage of flocculation. In this stage, flocs grow keeping
suspended state until a certain degree of coagulation is with-
standing against large deformation by self-weight. When the
rate of flocculation of suspending particles is faster, the re-
quired time to reach the certain degree of flocculation be-
comes shorter. Alternatively, the duration of this stage can
be regarded as an index of the rate of flocculation. In this
context, the sedimentation behavior was observed as a func-
tion of NaCl concentration ranging from CCC to 1.5 M for
two different pH values (pH = 4.0 and 9.5). From the result of
experiment, it was confirmed that (1) increase of ionic strength
reduces the duration time and (2) effect of pH is remarkable in
the range of low ionic strength with the longer time at pH 9.5
than at pH 4.0. In the latter, positively charged edges are
considered to attract to negatively charged face of montmoril-
lonite sheet. However, the difference becomes negligibly
small for the system of sufficiently high ionic strength.
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