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Dynamic behaviors of unstable colloidal dispersions are reviewed in terms of floc formation. Geometrical structure of flocs in
terms of chemical conditions and formation mechanics is a key to predict macroscopic transportation properties. The rate of
sedimentation and rheological properties can be described with the help of fractal dimension (D) that is the function of the
number of contacts between clusters (Nc). It is also well known that the application of water soluble polymers and polyelectrolytes,
which are usually used as a conditioner or flocculants in colloidal dispersions, critically affects the process of flocculation. The
resulted floc structure is also influenced by the application of polymer. In order to reveal the roles of the polymers, the elementary
rate process of polymer reaching to colloidal interface and subsequent reconformation process into more stable adsorption state
are needed to be analyzed. The properties of permeable flocs and adsorbed polymer (polyelectrolyte) layers formed on the colloidal
surfaces remain to be worked out in relation to inhomogeneous porous structure and electrokinetics in the future.

1. Introduction

Owing to the increasing social interest in environmental
issues, interfacial phenomena and the behavior of colloidal
particles have attracted attention [1]. Numerous colloidal
particles exist in soil, water, and air environments. These
particles have a large specific surface area where various
chemicals can be adsorbed. Even substances that do not dis-
solve in water, such as dioxin, can be adsorbed and concen-
trated on the surface of colloidal particles with hydrophobic
nature. If the colloidal particles are allowed to move with
the water flow, they can be regarded as carriers for insoluble
substances. Hence, it is important to analyze transport prop-
erties of colloidal particles to predict and control the move-
ment and the fate of chemical substances in the environment.
The dynamic behavior of colloidal particles depends criti-
cally on the way of flocculation. Therefore, the relationship
between the microscopic flocculation process of colloidal
particles and the macroscopic dynamics of the resultant
flocculated system has been regarded as one of the most
fundamental issues when considering the state and dynamics

of chemical substances in aquatic environment. Figure 1
shows the relationship between various factors which control
the flocculation process and macroscopic properties asso-
ciated with flocculation. As shown in this figure, transport
characteristics such as the rate of separation and rheological
properties of the colloidal dispersion are largely affected by
the structure of flocs. Consequently, many problems related
to the transportation of colloidal particles are addressed by
controlling the geometrical structure of flocs through kinet-
ics of flocculation. As will be discussed later, an application of
water soluble polymers and polyelectrolytes with an affinity
to colloidal surfaces will critically influence flocculation
processes. However, this process is not fully understood. In
the present article, we introduce our effort using mono-
dispersed spherical colloid as model system to establish the
scheme of the study of the dynamics of unstable suspension
placing an emphasis on the formation of colloidal flocs.
Even though natural colloid does not obviously satisfy this
condition, our strategy turned out to be useful to introduce
the concept of fractal, to analyze the system on the basis of
rate theory and evaluation of the role of polymer flocculants.
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Figure 1: A correlation diagram of physical properties of a floc.
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Figure 2: Schematic representations of a diffuse electrical double
layer and the mechanism of generation of repulsive force by
increasing the osmotic pressure. The chart was drawn on the basis of
the ratio of the curvature radius of a colloidal particle to the Debye
length κ−1 to be 30.

2. Natural Flocculation and Behavior of
Colloidal Particles

Colloidal dispersions encountered in natural environments,
such as suspension of clay minerals and organic substances in
soil or turbid water, are usually thermodynamically unstable
by themselves. If colloidal particles come close together, a
universal van der Waals attractive force starts to interact
between the particles. Because of this reason, when colloidal
particles are brought close to each other by the effect of
Brownian motion, fluid motion, and/or gravitational force,
the colloidal particles start to flocculate and eventually form
large flocs or aggregates.

The process of flocculation is usually analyzed by means
of the rate theory. If all particle-particle collisions lead to
flocculation, the flocculation rate is limited by particle-
particle collisions; this type of flocculation is called rapid
flocculation (or diffusion-limited aggregation). However, it
is not always in reality, since a colloidal particle in water is
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Figure 3: Potential between two particles and the coagulation
velocity. When the salt concentration is low, the osmotic pressure
results in the potential generation that causes positive repulsion
(dotted line) with the expansion of a diffusion section of the elec-
trical double layer. The coagulation velocity decreases because the
particles overcome the potential.
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Figure 4: Biological primary production on the land and in the
ocean.

Figure 5: Coagulation inhibition by the steric hindrance of adsorp-
tive polymers. When the polymer is adsorbed on colloidal particles,
the protective effect hinders the particles from aggregation.

present with a considerable charge, thus attracting counter
ions around the surface of the particles forming an ionic
atmosphere. The development of the diffusive layer of ions
will induce the increment in the osmotic pressure of the
solvent in the gap region between the surfaces of two particles
which are brought close together. Figure 2 shows a schematic
representation of this situation. The development of the ionic
diffusive layer prevents particles from adhesion. In other
words, the flocculation of particles is inhibited by an energy
barrier; hence, flocculation will take place at a significantly
lower rate than that of rapid flocculation. This type of floccu-
lation is called slow flocculation (or reaction-limited aggre-
gation). Figure 3 shows schematically the relation between
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Figure 6: The single particle model (Vold) and the cluster-cluster
addition model (Sutherlands).

Figure 7: Rearrangement of collided clusters and increase in the
number of their contacts.

the interacting potential and the rate of flocculation. In a low
salt concentration, a positive potential that causes repulsion
between particles is generated; hence, the rate of coagulation
will become slow. The salt concentration corresponding to
the point of inflection from slow to rapid flocculation is
called the critical coagulation concentration (CCC).

In the case of slow coagulation, clear flocculation is
not always induced. With a decrease of ionic strength, the
tendency to remain cloudy will be increased. Even if the water
in a freshwater area downstream near the river mouth is
turbid, the transparency of water increases as it approaches
to the marine environment. This is because the flocculation
of colloidal particles or turbid components does not occur in
water with a low salt concentration and the suspensions of
small impalpable particles with a low sedimentation velocity
can be maintained. On the other hand, the salt content of sea
water is higher than CCC because of which the ionic diffu-
sion layer gets compressed to induce rapid coagulation; thus,
large flocs of the turbid components settle. Figure 4 depicts
the process of biological primary production as summarized

by Odum [2]; significantly high biological production is
observed in a tidal flat in a coastal zone. The tidal ebb
and flow causes the mixing of seawater and freshwater; the
oxygen supplied by this mixture greatly contributes to the
high biological production. In addition to this, aggregation
of nutrient salts collected in flocs greatly contributes to a
significant increase in the biological production capacity.

On the other hand, the seawater in contaminated areas
such as Tokyo Bay does not always become transparent even
when the salinity is high. This may be because organic mat-
ters adhere to the surfaces of the turbid colloidal particles.
For instance, when organic macromolecules such as surface-
active agents and proteins are adsorbed on the surfaces of
colloidal particles, the thermal motions of their molecular
chains, which have a fixed end and are projected like sea
grass, prevent coagulation of the colloidal particles (Fig-
ure 5). This coagulation inhibition caused by the steric
hindrance of the absorbed macromolecules is called the
steric stabilization by absorbed polymer chains. Hunter et al.
reported that water-soluble natural organic matters such as
humic substances were adsorbed on colloidal particles such
as clay minerals and metal hydroxides, thereby hindering the
coagulation of the colloidal particles in the estuary [3, 4].

In the coagulation and settlement processes involved in
the water treatment, the physicochemical conditions in the
region containing colloidal particles are artificially modified
to induce flocculation of the particles. Generally, in wastew-
ater, the particle surfaces are contaminated. Hence, a floccu-
lant is added in order to modify the particle surfaces and to
increase/promote coagulation. A water-soluble polymer (or
polyelectrolyte) is widely used as a flocculating agent to form
large flocs of the colloidal particles. As will be discussed later,
the details of the mechanism behind the formation of floc
structures including the effect of the properties of a polymer
flocculant [5] have not been fully understood.

3. Fractal Structure of the Floc

A floc of colloidal particles has a very high void ratio and an
irregular shape. As a floc grows, its density decreases expo-
nentially as a function of the floc diameter. The exponential
reduction of the density reflects the fractal structure of the
floc. The geometrical property of such flocs can be analyzed
by methods such as the computer simulation by Monte Carlo
method. In particular, since 1980s, a vast amount of data on
the geometrical properties of flocs has been obtained with
the development of the concept of fractals. However, the
original model, other than the current fractal model, of the
floc simulation was reported already in the late 1950s. Vold
[6, 7] proposed a model involving a single particle addition
in which individual spherical particles on a randomly
selected straight line collide sequentially with the mother floc
positioned at the origin, and a flocgrows when the particles
are fixed at the point of the first contact with the mother
floc. Flocs made of up to 60 particles were numerically
reproduced. The flocs had random and irregular shapes.
However, the exponential reduction of their densities with
the growth of the floc could not be reproduced in their study.
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(a) (b)

Figure 8: Floc model developed using ping-pong balls (number of particles: 256). (a) One cluster-to-cluster contact model. (b) Two cluster-
to-cluster contacts model [13].
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Figure 9: Relationship between the diameter and the settling velo-
city of kaolinite flocs [15].

Sutherland and Goodarz-Nia [8, 9] improved Vold’s
model and proposed a model of cluster-cluster aggregation
by assuming that two clusters of colloidal particles collide
repeatedly in sequence resulting in the growth of the floc;
they proposed this model on the basis of computer simula-
tions performed by applying the rate theory of coagulation
developed by Smoluchowski [10], and they succeeded in
reproducing the exponential reduction of the density with
the floc growth (Figure 6). On the basis of the results
obtained, the number of the colloidal particles in a floc is
expressed in terms of a floc diameter function, as follows:

i =
(
Df

d0

)D

, (1)
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Figure 10: Relationship between the maximum diameter (Dm99) of
the floc of polystyrene latex particles existing in the agitating tank
and the strength of agitation. G is the practical shearing velocity and
μ is the viscosity coefficient. �; Nc= 1;©: Nc = 2; �: Nc= 3 [17].

where d0 is the diameter of primary particle and D is
the fractal dimension. From the simulation performed on
the basis of Sutherland’s model, D is determined to be
approximately 1.83; however, experimental results [11] are
greater than this value and distributed. Considering that the
difference between these values is a result of the way of for-
mation of clusters, the authors proposed a two-point contact
model. In this model, the clusters can roll and move to the
next point of contact after a collision (Figure 7) [12, 13].
Figure 8 shows the result of the simulation in which ping-
pong balls were considered. From the figure, it is apparent
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Figure 11: Cluster-to-cluster adhesive force calculated by a fracture
experiment for contractile flow through the orifice. The experiment
was conducted with a floc of polystyrene latex particles of the
diameter of 2.8 μm.
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Figure 12: Analysis of the shear thinning viscosity of flocculated
suspension of polystyrene latex with our model [19].

that by using the two-point contact model, a floc made of
dense packing of particles can be obtained. Meakin and Jul-
lien [14] performed the same simulation and confirmed that
the fractal dimension increased to 2.13, 2.18, and 2.19 as the
number of contacts between clusters (Nc) was increased to 2,
3, and 4, respectively.

4. Fractal Structure and Physical
Properties of Flocs

The settling velocity of a single floc, Vf , is an indicator used
to design a settling tank in the process of water and waste
water treatment or to evaluate the transport diffusion of
coagulated contaminants in the aquatic environments. Vf

can be obtained by analyzing the force balance involving
terms for gravity, buoyancy, and the fluid resistance acting
on a floc with fractal structure as follows [15]:

Vf = g

18αμ

(
ρs − ρw

) · d0
3−D ·Df

D−1, (2)

where ρs and ρw are the densities of the colloidal particles
and water (known), μ is the viscosity coefficient, and g is
the acceleration due to gravity, respectively. α is a coefficient
reflecting the floc shape; for a spherical floc, the value of this
coefficient is 1. Figure 9 shows an example of experimental
measurement of the settling velocity of flocs as a function of
the floc diameter. On the basis of (2), the fractal dimension
of the structure is determined from the slope of the plots
presented in this figure.

As can be easily understood, the determination of the
floc diameter at a given flow field is the most important
issue to evaluate the rate of sedimentation. This is a so-called
problem of floc strength and has been worked out for many
years [16]. Kobayashi [17] proposed a simple model on the
fracture strength of a floc that exists in a turbulent flow. That
is, the floc will break up when the shear force Fhyd of the fluid
acting on the floc in the flow field exceeds the force retaining
the floc Ffloc:

Fhyd ≥ Ffloc. (3)

The force retaining the floc is assumed to be the product of
the adhesive force per contact between clusters ( f ) and the
number of cluster-to-cluster contacts (Nc):

Ffloc = f ·Nc. (4)

On the other hand, the shear force of the fluid acting on the
floc is expressed by substituting the term for shear stress per
unit area into the expression for the surface area of the floc:

Fhyd ∝ μGD2
f , (5)

where μ is the viscosity coefficient and G is the substantive
velocity gradient. By assuming (3) to be the condition for the
fracture, Df is derived as follows:

Df ∝
(
Nc

G

)0.5

. (6)

Figure 10 shows the size of the floc in a turbulent flow as
a function of the fluid mixing intensity. The experimental
result was plotted on a master curve by applying different Nc

values to flocs with different fractal dimensions. This result
validates the concepts expressed in (4) and (5).

Equation (4) was validated by a floc fracture test by con-
sidering a contract flow through an orifice. The adhesive
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Figure 13: Flocs of polystyrene latex particles of the primary diameter 1.356 μm formed in a turbulent flow (a) and flocs of the same particles
formed by the rapid Brownian coagulation (b).
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Figure 14: A typical conformation of a polymer chain adsorbed on
the surface.

strength per contact within the floc was estimated to be of the
same order as that of the adhesive force, including AFM mea-
surements between surfaces (Figure 11) [18]. It is also inter-
esting to note that (4) and (6) can be easily incorporated into
a rheology model owing to simple forms of the terms used in
these equations and can be used to describe non-Newtonian
flows such as softening of materials (Figure 12) [19, 20].

5. Rearrangement of Floc Structures

As mentioned in the previous chapters, the number of con-
tacts between clusters (Nc) and the corresponding fractal
dimension (D) characterizing floc structures are of essential
importance in settling/sedimentation and transport phe-
nomena. However, physical mechanisms by which these
factors are determined have not been fully understood as
well as their contributions to floc formation. Meakin et al.
[14, 21] ascribed the rearrangement of clusters to the con-
dition of reaction-limited (or slow) coagulation, That is,
there exists interparticle repulsion within a cluster, and
demonstrated that the resulting flocs in this condition are

more compact than those formed by diffusion-limited (or
rapid) coagulation. On the other hand, we observed a clus-
ter-to-cluster rearrangement when the initial particle con-
centration is high [22, 23] or the fluid flow is involved,
even under the region of rapid coagulation (Figure 13) [24].
That is, interparticle repulsion is screened by the presence of
concentrated salt ions. As indicated in Figure 13, the presence
of the shear flow would induce rearrangement of the flocs
leading to the formation of dense flocs.

6. Formation of Flocs Enhanced by Polymers

For polymer-induced flocculation, the presence of polymers
additionally influences rearrangement and corresponding
floc properties. In fact, water soluble polymers are often
utilized as flocculants in water and waste water treatments
to enhance the rate of flocculation and produce large, dense,
and strong flocs to facilitate solid-liquid separation. When
the flocs are large in size, having a nearly spherical, dense, and
packed structure, they are referred to as pellet flocs. Napper
[25] conducted experiments varying physicochemical condi-
tions during flocculation operation and reported that pellet
flocs are formed in the concentrated colloidal suspension
only when a certain level of polymer is mixed under a pro-
per stirring intensity. The fractal dimension of pellet flocs
approaches to 3.0 since branching structures within a cluster
are diminished. Formation of these pellet flocs provides obvi-
ous evidence for rearrangement of interacting clusters. It is
noteworthy that they are formed only in the presence of shear
flow. This observation leads us to a possible explanation
that the contact points of the clusters are flexible due to
the adsorbed polymers in between so that the clusters can
rearrange themselves quite easily driven by the shear force.

Let us now summarize the process of floc flocculation
enhanced by adsorbing polymers. Two flocculation mecha-
nisms are well known: bridging and charge neutralization.



International Journal of Polymer Science 7

(a)

Polyelectrolyte

adsorption

(b)

Figure 15: Flocculation mechanisms: (a) bridging and (b) charge neutralization. The dashed line represents the electric double layer.
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Figure 16: A mosaic-like distribution of highly charged polyelec-
trolytes on a particle of the oppositely charge.
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Figure 17: A schematic diagram of flocculation with adsorbing pol-
ymers [40].

Whether which mechanism is dominant is markedly depen-
dent on the conformation of adsorbing polymers at colloidal
surfaces. Once a polymer chain is adsorbed onto the surface
of a particle, the attached chain undergoes a conformational
change (referred to as reconformation) after a characteristic
time toward a more stable configuration with loops, tails,
and trains (Figure 14) [26]. If the adsorbing polymer has
a high molecular weight, or the polymer chain is long,
it is likely to result in the formation of protruding loops
and tails extending into the solution side. These protruding
segments on a particle can reach to other particles and ad-
sorb thereon, thus bridging the particles together as a floc
as illustrated in Figure 15(a). Flocculation on this basis is
referred to as bridging flocculation, which is firstly proposed
by Smellie Jr. and La Mer in 1958 [27]. For bridging there
must remain an unoccupied portion on the surface where
polymer chains adsorbed on another particle can attach to,
otherwise the particles will be stabilized and flocculation
will not take place. A very first work on the efficiency of
bridging flocculation with an account of the surface coverage
was proposed by Fleer and Lyklema [28]. According to their
concept, the probability of bridge formation is proportion-
al to the fractional surface coverage θ and the uncovered
fraction (1−θ). Although this model accounts for the exper-
imental observation that the formation of bridges is more
facilitated when the surface coverage is low, a quantitative
estimation based on this idea is hardly achieved since nu-
merous kinetic factors regarding adsorption are involved
as well as complex structures of adsorbed polymers which
make the measurement of surface coverage complex. The
extending polymer chains must have a greater than twice the
thickness of the electric double layer κ−1 around a particle to
form a bridge. That is, bridging flocculation can take place
if the extent of the adsorbed polymer layer δ is greater than
2/κ, while no bridging flocculation develops as δ < 2/κ. This
is confirmed experimentally, for instance, by Gregory [29].

Another mechanism of flocculation is called charge neu-
tralization. Adsorption of a charged polymer onto the surface
of an oppositely charged particle results in the reduction
in the net charge of the particle. The neutralization of
the surface charge lowers electrostatic repulsion acting bet-
ween the particles, thus induces flocculation. Figure 15(b)
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Figure 19: The end-over-end rotation apparatus to generate stand-
ardized mixing with a small volume of samples. After the mixing of
a predetermined period, samples are taken up to be monitored by
the rate of flocculation, the electrophoretic mobility and the mor-
phology of flocs.

shows a schematic representation of this mechanism. One
can imagine that the charged surface may not be completely
covered with adsorbed polyelectrolytes even if the net elec-
tric potential of the particle is neutralized. In this case, mosa-
ic-like distributed polyelectrolytes can interact with unoccu-
pied surfaces of other particles to form a floc (Figure 16). The
attraction in this manner is called electrostatic patch effects,
which is proposed by Higashitani et al. [30] through a floc-
culation experiment of polystyrene particles with strongly

charged cationic polyelectrolytes. Electrostatic interaction
acting between a particle and polyelectrolyte is a function
of the ionic strength of the solution as well as the charge
density of polyelectrolyte; accordingly, the process of charge
neutralization is affected by both parameters.

Each of the flocculation mechanisms described above
is governed by the process of polymer adsorption and col-
lision of colloidal particles, which markedly influence the
conformation of the polymers at the surfaces. A schematic
diagram of flocculation induced by polymer addition is
shown in Figure 17. When polymers are added to the col-
loidal dispersion, the system is brought to the state far from
the equilibrium. As seen in the diagram, the flocculation
procedure consists of following several elementary processes
under the mixing conditions, which usually is the turbulent
flow:

(i) mixing of the polymeric flocculants into a homoge-
neous solution,

(ii) collision between colloidal particles,

(iii) transportation of a polymer chain toward the surface
of a particle,

(iv) reconformation of an adsorbed polymer chain on the
surface of a particle,

(v) formation of bonds (or bridges) between colloidal
particles,

(vi) rearrangement and breakage of floc structures.

All these elementary processes occur simultaneously. That is,
a cluster fixation would take place at the same time with
or at the early stages of polymer adsorption and collision
of the particles. Variations in floc structures produced in
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Figure 20: The result of the progress of salt-induced rapid coagulation in the standardized mixing. (a) Temporal evolution of the number
concentration of flocs. (b) Reduced rate of coagulation as a function of the particle diameter.
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Figure 21: Concept of the progress of flocculation with addition of
the excess amount of adsorbing polymers [47].

different physicochemical conditions support this idea [23–
25]. Therefore, the analysis of kinetic aspects listed previously
is an essential requirement in order to elucidate the process
of rearrangement of flocs structures.

7. Monitoring Rearrangement of
Floc Structures

Although it is now obvious that the process of particle col-
lision as well as polymer adsorption at early stages of floc-
culation has significant impacts on the floc formation, in-
cluding cluster fixation and corresponding rearrangement of
floc structures, few studies are available on the mechanism
of action. In order to investigate dynamic aspects of colliding
particles under the turbulent flow, the authors developed a
reproducible method of colloidal mixing and applied this

technique to assess nonequilibrium behavior of polymer
adsorption (Figure 18). Assuming that all collisions between
particles lead to coagulation, one can evaluate the turbulent
flow of mixing by monitoring the rate of coagulation. First,
let us consider a monodispersion of colloidal particles under-
going rapid coagulation with a sufficient content of salt.
The rate of coagulation under the mixing flow was worked
out by Adachi et al. [31]. Also, Saffman and Turner [32]
confirmed the correlation of collision efficiently owning to
hydrodynamic interaction derived by van de Ven and Ma-
son [33] evoking the concept of the local isotropy of turbu-
lence proposed by Komogrov. The progress of coagulation
is expressed with a temporal variation of the total particle
number concentration N(t) as

dN(t)
dt

= −1
2
αT

√
8πε
15ν

(2a0)3N(t)2, (7)

where ε, ν, and a0 are the rate of energy dissipation per
unit mass of the fluid, kinematic viscosity, and the rad-
ius of a colloidal particle, respectively. αT is the collision
efficiency reflecting the hydrodynamic interaction. For rapid
coagulation, an approximate expression for αT is derived
by substituting the effective shear rate of turbulent flow in
the numerical calculation result of Adachi et al. [34] taking
into account van der Waals attractive forces in the trajectory
analysis of two colloidal particles in the laminar shear field.
That is,

αT =
(

A

36πμa3
0
√

4ε/15πν

)0.18

, (8)
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Figure 22: ln(N(t)/N(0)) versus time for PEO-induced flocculation [47].
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Figure 23: The thickness of a polymer layer δH as a function of the
interval of polymer supply [47].

where A is the Hamaker constant and μ is the viscosity. If
the discussion is restricted to the early stage of coagulation,
where the volume fraction of clusters can be assumed as

φ = N(t)× 4π
3
× a3

0, (9)

then (7) yields the following approximate solution:

ln
N(t)
N(0)

= −αT
√(

24ε
5πν

)
φt. (10)

Evaluation of mixing flow is now possible by simply measur-
ing the number concentration of coagulating colloidal parti-
cles as a function of elapsed time using the monodispersed
colloidal particles under the condition of rapid coagulation.
In our experiment, an end-over-end mixing device was de-
veloped to realize normalization of mixing flow (Figure 19).
Coagulation was performed with this apparatus and the rate
of coagulation, the electrophoretic mobility, and the mor-
phology of the resultant complex were monitored at each
step of mixing. A typical result of the evolution of coagula-
tion is given in Figure 20.

Furthermore, the authors used the aforementioned tech-
nique to investigate the effect of polymers on the flocculation
of the same system. The temporal evolution of flocculation
is shown in Figure 21. Flocculation is enhanced immediately
after the addition of polymers (stage I) until the surface of
the particles reaches saturation (stage II). Since the floc-
culation rate is greatly dependent on the size of colloidal
particles as seen in (7), the effective thickness of the adsorbed
polymeric layer δH can be obtained from the ratio of the
flocculation rate enhanced by polymers to that of without
polymer addition, using

η = (a0 + δH)3

αTa
3
0

. (11)
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Figure 24: ln(N(t)/N(0)) versus time for flocculation with polyelectrolytes of the concentration of 0.5 mg/L. (a) KCl = 1.0 × 10−2 M. (b)
KCl = 1.0 × 10−4 M. The molecular weights of the polyelectrolytes are (�) 4.9 million, (�) 3.5 million, (�) 1.2 million, (©) 0.49 million,
and (×) 0.16 million.
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Figure 25: Electrophoretic mobility of the polyelectrolyte-PSL particle complexes versus the agitation time. (a) KCl = 1.0 × 10−4 M. (b)
KCl = 1.0× 10−2 M. The molecular weight of the polyelectrolyte was 4.9 million.

When the polymer concentration is high, it is likely that the
particles carry freshly adsorbed polymers, and thus the effec-
tive collision radius is detected higher. Meanwhile, δH will
be detected small if the polymer reconforms to a flattened
structure on the surface when the polymer concentration is
low. The time required for the saturation decreases with the
polymer concentration, as expected. The flux of polymers
toward a reference particle can be quantified by assuming

a simple addition of the diffusion flux by Brownian motion
and the collision induced by the turbulent flow, as

Jp = 4πDOPROPNp +

√
8πε
15ν

(
a0 + ap

)3
Np, (12)

where DOP and ROP are the relative diffusion constant
and collision radius of a polymer chain and a particle,
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respectively, and ap and Np are the radius and the number
concentration of polymers, respectively. The authors con-
ducted a flocculation experiment of polystyrene latex (PSL)
particles induced by the excess addition of polyethylene oxide
(PEO) of a nominal molecular weight of 5.0× 106 g/mol
(Figure 22) [35]. Enhancement of the flocculation rate
provides evidence for bridging flocculation. The initial rate
of flocculation is greater for higher PEO concentration
cases, indicating that δH for the collision radius grows with
the PEO concentration. On the basis of (12) and defining
the projected area of a single PEO chain as a square of
its diameter, the relationship between δH and the inter-
val of the polymer supply is clarified as shown in Figure 23.
One can see that the reconformation of a polymer chain
is disturbed when the surface is crowded with pre-
viously adsorbed polymers, that is, when the flux of polymers
toward a particle is high. Note that the reconformation oc-
curs within the order of a few seconds.

Most polymeric flocculants in practical applications are
polyelectrolytes. They carry charged groups on their seg-
ments and thus have a strong adsorption affinity to the sur-
face of oppositely charged particles. The temporal progress
of flocculation of PSL particles induced by strong polyelec-
trolytes is shown in Figure 24 as a function of the molecular
weight and ionic strengths [36]. The rate of flocculation
is enhanced compared to that of salt-induced coagulation
when the polymeric molecular weight is high because of
formation of bridges; meanwhile the flocculation is not
facilitated greatly when the shorter polyelectrolyte chains are
used. Taking into account the neutralized net charge of the
PSL-polyelectrolyte complex, one can reasonably estimate
that charge neutralization was dominant in the latter case
[37, 38]. Interestingly, the electrophoretic mobility of PSL
particle-polyelectrolyte complexes converges on the same
plateau value regardless of the polymer concentration if
the chain length is the same, except for the cases of high
molecular weight chains under low ionic strength (Figure 25)
[39]. Furthermore, the observation of the morphology of the
complexes produced under the low ionic strength revealed
that the rearrangement of particles is significantly hindered
and the flocs are resulted in an open structure as shown in
Figure 26. The explanation for the aforementioned results
is given as follows. Under lower ionic strengths, polymer
chains are rigidly adsorbed on the oppositely charged par-
ticles while they repel each other with strong electrostatic
repulsion among charged segments, making both polymers
and particles difficult to move as illustrated in Figure 27
[39–41]. In contrast, under the high ionic strength, that is,
when polymer-particle electrostatic attraction and polymer-
polymer repulsion are screened, adsorbed polyelectrolytes
smoothly undergo reconformation and subsequently pro-
duced flocs easily rearrange their structures to have increased
contact points. Interestingly, dependency of ease of rear-
rangement and structures of flocs on the ionic strength is
reversed with and without polymer flocculants. The same
trend is observed in a comparative study on floc structures
of humic acids produced by various dual-coagulants of dif-
ferent electric properties [42]. Experimental results discussed
previously imply the necessity of introducing a new concept

Polyelectrolyte Mw: 4.9× 106

Concentration: 0.6 (mg/l)

KCl: 1× 10−4 (mol/l)

50 μm

(a)

KCl: 1× 10−2 (mol/l)

50 μm

(b)

Figure 26: Microscopic photographs of polystyrene latex flocs
formed by polyelectrolyte flocculants of a large molecular weight.
When the ionic strength is low (a), low-density bulky flocs are
formed. In contrast, high-density flocs are formed when the ionic
strength is high (b) so that adsorbed polyelectrolytes undergo
reconformation smoothly [39].
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Figure 27: Polyelectrolytes adsorbed on the surface of a colloidal
particle. The final pattern is affected by the adsorptive process when
the ionic strength is low and the molecular weight is high.

on the way to fix contact points of clusters instead of a tradi-
tional idea of simple energy barrier.

8. Future Perspectives

We have discussed the importance of floc rearrangement in
the earlier part of this review. Thus far, our discussion had
been based on the fact that floc structures are determined by
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the process of coagulation/flocculation. Interestingly, some
reports suggest that a further growth of flocs leads to the rise
in the rate of coagulation [43, 44]. That is, the floc structure
itself has some influence on the progress of coagulation.
Their interdependency remains to be elucidated. Also, in the
system where flocculation is induced only by salt, the time
scale involved in the rearrangement is estimated to be very
short, possibly less than 1 second. Even for the polymer-
induced flocculation, it is accepted that the rearrangement
of the flocs takes place within a few seconds after adsorption,
as demonstrated in the experiment using PEO as a flocculant
[35]. However, a recent study by the authors [45] revealed
that the order of a few hours is required for a polymeric
layer adsorbed on a single colloidal particle to reach the
state of equilibrium. Analysis on floc structures as well as
factors acting on their determination in a system of well-
proceeding levels of coagulation would be important to
evaluate long-term behaviors of colloidal dispersions, such
as the stability of the system and the breakage and/or re-
grow of the flocs. Electrophoresis, despite the ease of the
measurement, remains unrevealed for the problem dealing
with a particle carrying an ion-permeable polymeric layer
around it. Theoretical work on the electrophoresis of so-
called soft particles has been developed [46], though quan-
titative discussions are still under development including
the charge distribution and internal polymer structures in-
side the polymeric layer and their correspondence to the
experimental results. Furthermore, interior floc structures
and the presence of polymeric interparticle matrix markedly
influence the fluid flow within the flocs. This is regarded as
a great importance for the electrophoretic transport, settling
behavior of flocs, and biochemical interactions such as the
exchange of substrates among microbial cells within a colony,
and we expect further investigations.
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