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Abstract: The characteristics of clayey suspensions, majorly composed of quartz microparticles, in the
presence of anionic and cationic polyelectrolytes were investigated using different techniques. A wide
range of clay concentrations was used, i.e., from 0.07 to 1000 g/L for different experimental techniques,
based on the fact that the clay concentration possible to analyze with selected experimental methods
was significantly different. The optimum flocculant to clay ratio was defined as the ratio that gives the
fastest initial floc growth by static light scattering or fastest initial settling velocity by settling column
experiments. In case of anionic polyelectrolyte, it was observed that the optimum flocculant dose
depends on the amount of cations present in the system. For suspensions made with demi-water,
a lower optimum flocculant dose (<1 mg/g) than for suspensions prepared in tap water (2.28 mg/g)
was observed. At these lower salinities, the supernatant remained turbid in all the experiments and
was, therefore, not a good measure for optimal anionic based flocculation. The equilibrium floc
size at a given shear rate was found to be independent on the shear history of the floc and only
dependent on the current applied shear. This was confirmed by both light scattering and rheological
analysis. In case of cationic polyelectrolyte, the optimum flocculant ratio (5–6 mg/g) corresponded to
the ratio that gives the lowest electrophoretic mobility for each clay concentration and to the ratio
that gives the fastest settling velocity for the highest clay concentrations (12–15 g/L), where static
light scattering measurements were not possible. All investigation techniques, therefore, proved to be
good indicators for predicting the optimum flocculant to clay ratio. For the lowest concentrations
(1.75–8.7 g/L) studied by settling column measurements, the optimum flocculant ratio was observed
to increase with decreasing clay concentration, for fixed mixing conditions. The optimum flocculant
to clay ratio was not always corresponding to the clearest supernatant and the size of flocs at optimum
dosage was dependent on the mixing efficiency. The equilibrium floc size at a given shear rate was
found to be dependent on the shear history of the floc and the current applied shear. This was
confirmed by both light scattering and rheological analysis.
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1. Introduction

Flocculation has been extensively studied in many fields of science and the studies encompasses
detailed modeling of aggregate growth and breakage, in-situ visualization of flocs and laboratory
flocculation studies on well-characterized suspensions as a function of organic matter, pH and
salinity [1–5]. In estuarine systems, the changes in physicochemical conditions from the river side to
the sea side triggers flocculation and leads to estuarine siltation. This is one of the main causes for the
dredging activities in harbors. Organic matter in particular plays a major role in sediment flocculation,
because it can easily adhere to the clay particles of the sediment [3].

Flocs can be formed by the addition of flocculating agents, which are classified as: (i) inorganic salts,
usually referred to as coagulants, and (ii) organic/carbon-based polymers, defined as flocculants.
Organic flocculants are quite common in nature [6,7] and synthetic organic flocculants are widely
used in industry for solid–liquid separation [7]. A routinely procedure in industry is for instance the
comparison of flocculant performances by studying settling rates. Since the flocculation process is
complex, and depends on various parameters like particle and flocculant properties, environmental
conditions, i.e., ionic strength, pH, shear stresses, etc. and, therefore, flocculation optimization in
industry is often done on an empirical basis. The choice for the “best” flocculant is usually related to
factors such as the mineral composition of the particles and the solution chemistry [8]. The efficiency
and type of flocculation have been shown to depend on the flocculant structure, molecular weight,
charge and dose. For instance in a system where bridging is the predominant flocculation mechanism,
a high molecular weight polyelectrolyte will improve the flocculation nearly irrespective of charge [3,9].

Flocculation can also be induced by charge neutralization, i.e., patch mechanism. In that case
the polyelectrolyte is usually of low molecular weight. For cationic polyelectrolyte in the presence of
negatively charged clays, electrostatic attraction is the main driving mechanism [10]. Polymer bridging
in this case leads to stronger and larger aggregates than those formed by coagulation, i.e., aggregation by
salt. However, the breakage of these flocs is irreversible and the flocculation performance is very
sensitive to the applied mixing conditions [11–13]. As anionic polyelectrolytes are abundant in
nature, they have been studied extensively in disciplines like sanitary engineering, i.e., drinking water
treatment and biochemistry [14–16]. They are also widely used as flocculating agents in industry,
in combination with coagulants. Contrary to the cationic flocculant, which binds easily and irreversibly
to negatively charged sediment, the anionic flocculant needs a cationic agent to bind to the sediment [4].
This cationic agent is provided by the dissolved inorganic salts in the system. Most studies are,
therefore, done on flocculation in presence of both salt and polyelectrolytes. In natural environments,
where particles migrate from fresh water to saline water or vice versa, the flocculation is influenced by
the mixing order of the flocculating agents, i.e., flocculants and coagulants.

Even though flocculation has been studied extensively in engineering disciplines like sanitary
engineering, process industry, contaminated sediments management, mineral processing, oil drilling
and recovery [14–16], the study of flocculation in the frame of natural sediment dynamics is still
ongoing [4,17]. When flocs are formed in natural environments, they are subjected to different
constrains than flocs created in an industrial context. The shear stresses experienced by the flocs are
very different, as the in-situ shear rates are usually much lower than those encountered in process
plants where slurries are transported in pipes. In-situ shear stresses are, however, strongly spatially
and seasonally varying. Moreover the formation of flocs in natural environments is very complex as
the availability of primary particles that will compose the flocs and the water composition is both
time and space dependent. The study of floc properties in-situ is usually limited to light scattering
data, which enables one to determine concentration and particle size distribution as a function of time
and space. In order to model the sediment dynamics, it is however important to be able to assess
other important properties such as particles settling velocities, aggregation and break-up coefficients.
These parameters can be obtained in the laboratory by performing systematic studies as a function of
the environmental conditions observed in-situ.
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In the present article, we concentrate on the aggregation, break-up, recovery and settling of flocs
obtained in conditions that are as much as possible representative for in-situ conditions. We studied
two types of polyelectrolytes with opposite surface charge, i.e., one anionic, the other cationic, as they
lead to two different aggregation mechanisms. Well-defined synthetic polyelectrolytes are used as
a flocculant so as to provide a reference for further studies where natural polyelectrolytes will be
used. Contrary to most studies in mineral processing, oil drilling and recovery, we have chosen to
work at an extremely low salinity, which is therefore representative for lake or river-like conditions.
The main objective of the current study is to investigate the characteristics of flocculated suspensions
using different techniques and also to compare the optimum flocculant dosage obtained by different
investigated techniques.

Using four different techniques, we:

1. Investigated the aggregation/break-up dynamics of flocs for a large range of shear rates using
static light scattering (SLS) measurements in time, as a function of polyelectrolyte concentrations.
Rheological studies were also performed to analyze the structural break-up and recovery of flocs.

2. Investigated the settling of flocs that are formed at extremely low shears (not measureable by
SLS) by the column inversion method. Both clay particle concentrations and the relative ratio
between clay and flocculant concentration were varied.

3. Investigated the electrokinetic charge of clay particles in the presence of the polyelectrolyte
by electrophoresis for different particle concentrations and the relative ratio between clay and
flocculant concentrations.

2. Experimental

2.1. Clay

The clay used in all the experiments, referenced K-10.000, was purchased from the company VE-KA
(Werkendam, The Netherlands). The original clay lump had a water content of 35.7% and a sand content
of 21%. The clay was dispersed in demineralized water, the obtained suspension having conductivity
less than 0.005 mS/cm. The clay composition was obtained by X-ray powder diffraction (XRPD).
Patterns were recorded in Bragg–Brentano geometry in a Bruker D5005 diffractometer equipped with a
Huber incident-beam monochromator and Baraun particle size detector (PSD). The samples of about
20 mg were deposited on a Si 510 wafer and were rotated during measurement. Data collection was
carried out at room temperature using monochromatic CuK α1 radiation (λ = 0.154056 nm) in the
2θ region between 5 and 90◦, step size 0.038 degrees 2θ. Data evolution was done with the ruker
program EVA. The composition of the clay sample is presented in Table 1. The clay was also analyzed
with a Phillips XL30 environmental scanning electron microscope (ESEM), from Microlab in the Faculty
of Civil Engineering and Geosciences, TU Delft. During the ESEM measurement the sample was under
vacuum, with a beam acceleration voltage of 20 kV, with the backscattered electrons imaging mode and
a spot size of 4. The magnification is shown Figure 1a. The particle size distribution of the clay was
determined by using static light scattering (SLS) technique by means of a Malvern Mastersizer 2000.
The results of the particle size distribution of clay are presented in Figure 1b, with a mean diameter
(D50) of 5.6 µm.

2.2. Flocculant

Anionic and cationic polyacrylamide-based polyelectrolytes, referenced as Zetag 4110
(medium anionic charge with high molecular weight) and Zetag 7587 (high cationic charge with medium
molecular weight) respectively, were supplied by BASF Company as a dry powder. These flocculants
are principally used for conditioning municipal and industrial effluents prior to mechanical or static
solid/liquid separation. The apparent viscosity of anionic and cation flocculant was 1700 and 2200 mPas,
respectively, at 1% concentration (10 g/L). The dry powder flocculant was suspended in demineralized
water to form stock suspensions. The fresh flocculant sample was always used, i.e., less than 3 days old.
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Table 1. The composition of clay analyzed by the X-ray diffraction technique.

Mineral Weight %

Quartz 24.0
Alkali Feldspar 3.5

Plagioclase 4.0
Calcite 9.6

Mg-Calcite 2.9
Aragonite 2.7
Dolomite 0.6
Ankerite 0.2

Rutile 0.1
Anatase 0.1
Gypsum 0.1

Pyrite 0.6
Halite 0.8

Kaolinitic 3.2
Chloritic 1.2

2:1 Layer silicates 46.5

Figure 1. (a) Environmental scanning electron microscope (ESEM) picture and (b) particle size
distribution of the clay.

2.3. Solvent

The suspensions of clay and flocculant, at the desired concentrations, were prepared with Milli-Q
water (conductivity <0.01 mS/cm). Some samples were also prepared by using tap water with a
conductivity of 0.5 mS/cm. The relevant tap water specifications are listed in Table 2. These specifications
were obtained from the local drinking water company Evides for the months during which the
experiments were performed.

Table 2. Tap water specifications.

Parameter Value Units

pH 8.2–8.7 -
Bicarbonate 188–225 mg/L

Sulphate 24–30 mg/L
Sodium 51–59 mg/L
Calcium 45–49 mg/L

Magnesium 8.2–8.4 mg/L
Chloride 48.6–49.1 mg/L



Minerals 2020, 10, 999 5 of 24

2.4. Static Light Scattering Experiments

2.4.1. Particle (Floc) Size Distribution

The particle size distribution (PSD) of the samples was measured by the static light scattering (SLS)
technique by means of a Malvern Mastersizer 2000. The software evaluates the volume-based particle
size distribution using Mie theory of light scattering, by assuming that the particles are spherical [18].
This theory, therefore, does not take into account the irregularity in the shape of flocs. A clay suspension
of 0.7 g/L was used for all the particle (floc) size measurements. The clay concentration of 0.7 g/L was the
highest concentration at which detection was possible by the laser of SLS equipment, i.e., obscuration
of 30%. The flocculation experiments were performed in a JLT6 jar test set-up provided by VELP
Scientifica, Italy. The dimensions of the jar were: inner diameter of 95 mm with the height of 110 mm.
The suspension was stirred using a single rectangular paddle. The paddle was 25 mm high and 75 mm
in diameter. It was placed 10 mm above the bottom of the jar in the suspension. The suspensions
were pumped through the Malvern Mastersizer 2000, with the help of a peristaltic pump, from the
mixing-jar to the Mastersizer and then back to the mixing-jar (see Figure 2). This set-up allowed us to
control independently the speed of the pump and the paddle of the mixing-jar. The internal diameter
of the connecting tubes was 5 mm and the total length was the shortest possible allowed by the set-up,
i.e., 2400 mm from the jar and back to the jar). The average shear rate in the jar was the lowest possible
shear rate, i.e., 75 rpm, which corresponded to less than 50 s−1 [19] to prevent the settling of particles in
the jar. The discharge for pumping the sample into the Mastersizer was 1.92 mL/s, the lowest possible
to prevent the settling of particles in the pipes. Using these low shear rates, we expected to minimize
the floc break-up in the jar and connecting tubes. With this set-up, it was possible to record a full
particle size distribution (PSD) after every 30 s.

Figure 2. Sketch of the experimental setup.

2.4.2. Shear Stress Experiments

The same set-up, as detailed above for the jar test, was used during the shear stress experiments,
but the discharge rate from the pump was varied. For each step, we waited until the mean floc size
reached a steady state value. The shear rate in the connecting tubes for each discharge rate was
calculated by using the following relation:

.
γ =

4Q
πr3 (1)

where Q is the discharge rate and r is the radius of the connecting tube (2.5 mm). Preliminary
experiments, done by varying the shear stress in the jar and connecting tube, confirmed that the change
in the size of flocs mainly occurred in the connecting tubes. The discharge rate was increased in four
steps from 1.92 (150 s−1) to 15 mL/s (1220 s−1) and then decreased again, to investigate if the flocculation
process was reversible. The floc size was recorded using the SLS technique as the flocs entered the
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measurement chamber connected to the tubes. The clay concentration was always 0.7 g/L in shear
stress experiments.

2.5. Settling Column Experiments

The settling experiments were carried out in 500 mL glass columns with a diameter of 4.5 cm and
length of about 27 cm. These experiments were performed for different clay concentrations, ranging
from 1.75 to 15 g/L. The flocculant was added to each clay concentration in different doses (mg/L),
to determine the optimum flocculant dose per clay concentration (mg/g). After adding the flocculant
to the clay suspension, the settling column was inverted 10 times by hand (this protocol we termed as
“column inversion standard procedure”). Immediately after the end of inversions, when the column
was placed on a table, pictures were taken after every 5 s during the whole time of settling until the
consolidation phase was reached. A fresh sample was prepared for each experiment. The settling rate
(mm/s) was determined from the initial slope of the interface versus time. The shear rate using this
method was estimated by the following equation:

.
γ =

du
dz
'

√
2g∆h
R

(2)

where g is the gravity constant, R is the radius of the column (2.25 cm) and ∆h is the distance between
the liquid/air interface of the suspension and the top of the column. This gave an estimated shear rate
of 60 s−1 for all the measurements.

2.6. Electrophoretic Mobility and ζ-Potential

The electrophoretic mobility of the suspensions was measured using a Malvern ZetaNano device.
The mobilities were expressed in zeta potential units (ζ) using the Smoluchowski formula [20],
given as follows:

ζ =
ηµ

ε
(3)

where µ is electrophoretic mobility of the particle, η is the viscosity of the suspending liquid and ε is
the dielectric constant of the suspending medium. The applied voltage during the measurements was
50 V, which was found to be an optimal value for these types of measurements [21]. The electrokinetic
charge or zeta potential of a particle is minimum, i.e., close to zero when the interaction energy between
two particles is minimal. The point of zero (electrokinetic) charge therefore indicates the ratio between
clay and flocculant concentrations at which flocculation should be optimal for well-mixed conditions.
The zeta potential was measured at different clay concentrations and as a function of flocculant dose.
Prior to each measurement, the flocculant was added to the clay suspension. The suspension was then
gently stirred for 10 s in a 50 mL beaker and injected immediately in the measuring cell. The zeta
potential of the clay, suspended in demi water, was −17 ± 2 mV at pH 8.

2.7. Rheological Measurements

The rheological properties of flocculated clay suspensions were analyzed using a HAAKE MARS
I rheometer (Thermo Scientific, Germany) with vane-in-cup geometry. Structural recovery test [22]
was performed to effectively break the flocs and to analyze the structural recovery after shearing
action. The structural recovery test was started with a waiting time of 100 s, i.e., oscillatory time sweep
within the linear viscoelastic (LVE) regime, after reaching the measurement position, to eliminate the
disturbances created by the geometry and also to estimate the storage modulus before the structural
breakup. The steady shearing step was then performed at a shear rate of 100 s−1 for the duration of 500 s.
After that, structural recovery was carried out by performing oscillatory time sweep experiments within
linear viscoelastic regime at the frequency of 1 Hz for 500 s. During each experiment, the temperature
was maintained at 20 ◦C using a Peltier controller system. The rheological experiments were performed
at different concentrations of clay ranging from 430 to 670 g/L, i.e., from 30 to 40 wt %, which were
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high enough to have interactions between the articles, in order to assess the rheological fingerprint of
the suspensions. The flocculant amount was also varied to estimate the effect of flocculant dosage on
the structural recovery of flocs.

3. Results and Discussion

3.1. Static Light Scattering (SLS) Measurements

3.1.1. Particle Size Evolution as a Function of Time

Anionic Flocculant

The flocculation behavior of the clay with anionic and cationic flocculants was studied by
measuring the particle size distribution (PSD) as a function of time by static light scattering (SLS).
For each polyelectrolyte concentration, a new fresh sample was prepared, i.e., polyelectrolyte was not
added to a previously flocculated sample. The flocculant was added in all the experiments at a time
t = 0 s. The particle size distribution of pure clay before the addition of flocculant is represented as
“Clay”. The changes in the particle size distribution as a function of time for flocculated suspensions in
the presence of anionic flocculant below, at and above the optimal dosage are shown in Figure 3a–c.
The optimal dose of flocculant was evaluated from these experiments and was defined as the dose for
which the initial slope dD50/dt was the highest. This definition is in accordance with the definition
found in the literature [23].

Figure 3. Particle size distribution for 0.7 g/L clay concentration with (a) 0.05 mg/g, (b) 0.25 mg/g and
(c) 2.5 mg/g anionic flocculant. “Clay” represents the particle size distribution (PSD) of pure clay before
addition of flocculant and t = 0 s corresponds to the time when the flocculant was added.

Contrary to the flocculation with cationic flocculant (discussed below), it was noted that a
substantial amount of small particles (< 10 µm) remained in suspension over time, indicating that these
small particles were not taken up by the larger flocs (see Figure 3a–c). As a consequence, a bimodal
(or multimodal) distribution over time was observed. This was also reflected by the higher turbidity of
suspensions having anionic flocculant, even at optimal dosage. The largest particle size was <20 µm for
all the experiments with short experimental times. Sample in Figure 3a was continuously stirred in the
jar and remeasured after 24 h (86,400 s). Some particles were grown until 1 mm, but 55% (in volume)
was still below 200 µm. The formation of large particles was attributed to the fact that the sample was
only stirred in the jar, i.e., not pumped through the measurement chamber, and therefore the particle
growth was not limited by the size of the connecting tubes and the shear within.

The estimation of the highest dD50/dt slope was difficult, see Figure 4a, and, due to the bimodal or
even multimodal nature of the PSD, the use of the D50 as the representative floc size, besides leading
to erratic values as a function of time, is questionable. From the initial slopes of the D50 curves as a
function of time, it was estimated that the fastest initial growth and, therefore, the optimal flocculant
dose was below 0.5 mg/g, flocculant to the clay ratio. It can be seen from Figure 4b that the floc size
decreased by increasing the flocculant dosage higher than the optimal flocculant dosage. At large
times, however there was an overall trend between floc size and flocculant dosage, i.e., the D50 value
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was decreasing with flocculant dosage (see the data for t = 600 s in Figure 4b). Note that the initial
growth rate for all the dosages below 0.5 mg/g are roughly the same, as can be seen in Figure 4c.

Figure 4. (a) Evolution of D50 as a function of time for clay concentration of 0.7 g/L with different
concentrations of anionic flocculant, (b) evolution of D50 as a function of flocculant to the clay
ratio (mg/g), and (c) dD50/dt as a function of flocculant to the clay ratio (mg/g). Bars represent
standard deviation.

The aggregation can be done through the neutral parts of the polyacrylamide through hydrogen
bonding. Mpofu et al. [24,25] found, for example, that the hydrogen bonding between the silanol and
aluminol at their smectite clay particle surface and the amide groups of the polymer, was the reason of
their observed flocculation.

Several authors have suggested a “cationic bridging” mechanism to explain the binding of
negatively charged clay with the negatively charged polyelectrolyte [4,10,26,27]. Following this
mechanism, divalent cations are required to make a link between the negatively charged clay and
the negatively charged polymer. At the same time, in the presence of salt, the Coulombic repulsions
between particles and flocculant reduce dramatically as compared to a (nearly) salt-free situation,
favoring van der Waals attraction. As the clay suspension we used is not dialyzed, it is expected
that some cations (and anions) are part of the solvent, and, therefore, that part of the flocculation
mechanism may be attributed to cation bridging.

At low flocculant dosage, where we observed larger flocs at long times (Figure 4b) two effects might
play a role: the radius of gyration of a polyelectrolyte at low polyelectrolyte concentration is higher,
leading to a better capture efficiency. At the same time the flocculation efficiency by cation bridging or
hydrogen bonding of a clay particle by a polyanion is higher at a low polyelectrolyte dosage than at
higher polyelectrolyte dosage, where interparticular repulsion, i.e., polyelectrolyte–polyelectrolyte and
polyelectrolyte–clay is a limiting factor.
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Cationic Flocculant

The particle size distribution as a function of time for cationic flocculated suspensions, below
(0.5 mg/g) and near the optimal dosage (2.5 mg/g), are shown in Figure 5a,b. During flocculation,
the amount of small particles (<10 µm) was considerably reduced, indicating their binding to the
larger flocs. This was also reflected by the clarity of suspensions where large flocs were observed in
clear water. The size of the largest flocs, obtained with 2.5 mg/g flocculant dosage, became smaller
in time (Figure 5b). This phenomenon was also observed for higher flocculant doses, as can be seen
in Figure 6a. This was attributed to the reconformation of flocs due to the shearing action and was
confirmed by a 15 min visual observation of a stirred sample at optimal flocculant dose and 8.7 g/L
clay content. In time, the large loose flocs reconformed into dense spherical balls.

Figure 5. Particle size distribution for 0.7 g/L clay concentration with (a) 0.5 mg/g and (b) 2.5 mg/g
cationic flocculant. “Clay” represents the PSD of pure clay before addition of flocculant and t = 0 s
corresponds to the time when the flocculant was added.

Figure 6. (a) Evolution of D50 as a function of time for clay concentration of 0.7 g/L with different
concentrations of cationic flocculant, (b) evolution of D50 as a function of flocculant to clay ratio
(mg/g), (c) dD50/dt as a function of flocculant to clay ratio (mg/g) and (d) schematic representation of
flocculation of clay at under-dose, optimal-dose and over-dose of flocculant. Grey circles represent the
clay particles and blue lines represent the flocculant. Bars represent standard deviation.
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In Figure 6a, typical D50 as a function of time for a large dosage range (covering under-dose,
optimal-dose and over-dose flocculant) are presented. The steepest initial slopes (dD50/dt) were found
for t <200 s. Figure 6b,c show that both D50 and dD50/dt reached a maximum value at about 5 mg/g
flocculant dose. This indicated that at optimal flocculant dose (5 mg/g), the flocs were largest along
with having the fastest growth rate. For flocculant amounts higher than the optimum dosage, the
time to reach the largest D50 (D50max) increased, as can be seen in Figure 6a,b. This was attributed to
the fact that there was a substantial amount of flocculant in suspension, i.e., not bounded to the clay,
and therefore, the flocculation was inhibited by the electrostatic repulsion between the polyelectrolyte
tails of the flocculated clay particles and the free polyelectrolytes in solution (see Figure 6d).

3.1.2. Reversibility Upon Shear

Anionic Flocculant

The influence of shear rate on the floc size and the reversibility upon shear was investigated by
the method detailed in the experimental section and the results for suspensions flocculated with a
polyanion are presented in Figure 7.

Figure 7. Variation of equilibrium (steady state) floc size (D50) as a function of shear rate for clay
concentration of 0.7 g/L with 0.5 mg/g of the anionic flocculant. The red circles represent flocs initially
grown at a higher shear rate and the black squares denote flocs initially grown at a lower shear rate.
The filled symbols indicate flocs created at the onset of experiments whereas the open symbols indicate
flocs already experienced shearing action. The dashed line represents the Kolmogorov length scale.

It was estimated that the Reynolds number was larger than 2000 for shear rates higher than 500 s−1

implying that for lower shear rates the regime was in good approximation of laminar flow. It can be
observed from Figure 7 that:

• Flocs created at a lower shear rate were large, i.e., about 1 mm (filled squares in Figure 7) and
their dependence on the shear rate was nearly completely reversible, as indicated by the empty
squares in Figure 7. Only for the lowest shear rates the flocs regrew to half of their original size
(i.e., about 500 µm).

• Flocs created at higher shear were always smaller (filled circles in Figure 7) than the flocs created
at lower shear and a complete reversibility in floc size as a function of shear rate was observed
(empty circles in Figure 7).
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The dependence of floc size upon shear rate can be given in terms of the following empirical
relation [28]:

d = C×
( .
γ
)−α

(4)

where d is the floc diameter,
.
γ is the shear rate and C and α are the empirical parameters. Usually the

exponent α is found experimentally to be close to 0.5 at a higher shear rate, which is to be related to the
Kolmogorov microscale L, i.e.,:

L = (v/
.
γ)
−1/2 (5)

where v is the kinematic viscosity of the fluid. Flocs created at a high shear rate follow the Kolmogorov
microscale in the turbulent regime, i.e., for shear rates larger than 500 s−1. The values of α, obtained
by fitting the data (solid lines in Figure 7) were found to be 1.31 and 1.13 for 150>1220 s−1 and
1220 > 150 s−1 datasets respectively, which are close to the values reported in the literature [28].

The difference in floc sizes created at higher or lower shear rates was attributed to the change in
conformation of the polyelectrolyte. At a lower shear rate, the polyelectrolyte can significantly extend
into the solution and the flocs created at low shear were, therefore, large and open. When the shear
rate was increased, the polyelectrolyte detached from the clay without being broken, as the cationic
links and the hydrogen bonding are weak forces. The flocs also reconformed, i.e., became denser as
their tails and loops collapsed onto their surfaces. By decreasing the shear rate then, the flocs could
open-up and the detached parts could regrow. However, the regrowth was not completely reversible
due to some permanent reconformation of the polyelectrolyte at high shear.

On the other hand, the aggregation/flocculation was totally different for the flocs created at a
higher shear rate. At higher shear, the entanglement of the polyelectrolyte chains was pronounced
at the onset of flocculation and the flocs were, therefore, denser. This resulted in the fact that flocs
created at high shear were smaller than flocs created at low shear rate. By reducing the shearing action,
the flocs were able to grow larger, due to cationic bridging and hydrogen bonding and also due to the
fact that parts of the loops and tails of polyelectrolyte can extend better in the solution.

Cationic Flocculant

The floc size reversibility as a function of shear rate was also examined for cationic flocculated
suspensions and the results are shown in Figure 8. It was found that:

• Flocs created at a low shear rate at or above optimal flocculant dose (see 10 mg/g flocculant dosage)
were large, i.e., about 1 mm (filled squares in Figure 8) and the floc size dependence on shear rate
was not at all reversible, as indicated by the empty squares in Figure 8.

• At underdose flocculant (0.1 mg/g) the flocs created were small and close to the Kolmogorov
length. The flocs regrew to their initial steady-state value upon a decrease in shear, except at the
lowest measured shear, where they regrew to a size of 86 microns instead of a size of 145 microns.

Only part of the broken flocs was observed to subsequently regrow at high flocculant dosage,
as seen in Figure 8a. As during the regrowth phase, the PSD was bimodal (Figure 8b), the D50 value
was not an appropriate parameter for the mean floc size. Therefore, one of the consequences was the
existence of a “hump” around 700 s−1 in the D50 value as a function of decreasing shear rate (see open
circles in Figure 8a). This implies that Equation (5) cannot be applied for the regrowth phase.

In case of salt-induced flocs, a complete reversal of floc size by the increasing and decreasing shear
rate was observed in the literature, which then followed the Kolmogorov microscale as a function of
shear [5,29]. Polycation-induced aggregates are much stronger, which implies that during the growth
phase, the elastic properties of the polyelectrolyte prevent the flocs of being disrupted by the low shear
stresses. Their size was, therefore, larger than the Kolmogorov microscale. At higher shear stresses,
however, the flocs were broken and a collection of microflocs was formed. These microflocs were not
(or only poorly) reflocculated upon a decrease in shear, due to the fact that their steric repulsion was
not compensated by the addition of new flocculant or coagulant [30].
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Figure 8. (a) Variation of equilibrium (steady state) floc size (D50) as a function of shear rate for clay
concentration of 0.7 g/L with different amounts of cationic flocculant. The filled symbols indicate
the flocs created at the onset of experiments whereas the open symbols indicate the flocs already
experienced shearing action. The dashed line presents the Kolmogorov length scale, (b) particle size
distribution for 10 mg/g flocculant to clay ratio at a steady state (t = 9000 s) for

.
γ = 600 s−1 during the

growth phase and for
.
γ = 300 s−1 (t = 3000 s) during the regrowth phase.

3.2. Settling Column Measurements

3.2.1. Anionic Flocculant

To study the settling behavior of flocculated suspensions, experiments were done for clay
concentrations ranging between 1.75 and 15 g/L. A series of experiments with varying flocculant
dose were performed, following the column inversion standard procedure, from which the optimum
flocculant dose could be estimated by determining the initial fastest settling rate. An example of
the settling behavior of clay suspension (7 g/L clay) in the presence of different doses of anionic
polyelectrolyte is given in Figure 9. The optimal flocculant dose, for this clay concentration, was found
to be 2.28 mg/g. Below the optimal flocculant dose, a single settling rate was observed whereas
delayed settling appeared after 40 s (“second rate” in Figure 9a) above the optimal flocculant dose.
Similar delayed settling rates were also reported in the literature for the settling of activated sludge in
the presence of anionic polyelectrolytes [31,32]. These authors associated this change in the settling
rate, referred to as the “speed up” process, with the flocculation process occurring during the settling.
Some aggregation was also visually observed in our settling columns for these flocculant doses
during settling, leading to complex hydrodynamic patterns. All initial settling rates (“initial rate” in
Figure 9a) displayed an increasing trend with increasing flocculant dose below the optimum level
while further increase in the flocculant amount beyond the optimum dosage caused a decrease in the
initial settling rate.

The initial settling rate as a function of flocculant dosage for different clay concentrations is
presented in Figure 9b. The initial settling rate increased for all the clay concentrations with increasing
flocculant dosage until about 2.28 mg/g, where the highest initial settling rate was observed. This
settling rate corresponded to the optimum flocculant dose and also to the lowest turbidity of the
supernatant, even though the suspensions remained quite turbid.
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Figure 9. (a) Clay–water interface as a function of time for 7 g/L clay suspensions in the presence
of anionic polyelectrolyte for various flocculant to clay ratios (mg/g) and (b) initial settling rate
(initial slope) as a function of flocculant to clay ratio (mg/g) for different clay suspensions in the presence
of the anionic polyelectrolyte.

In the first set of experiments, clay stock solution prepared in demineralized water, flocculant and
tap water was mixed to obtain the required clay concentration. From a simple linear interpolation,
assuming that the amount of cations available for each experiment was proportional to the added tap
water volume V, one can estimate the optimal flocculant to the clay ratio from the following expression:

Copt =
V
V0

C1.75
opt (6)

where 1.75 g/L sample was used as a reference, for which C1.75
opt = 2.28 mg/g and V = V0 = 233 mL.

The optimal doses for samples 1.75–7 g/L were then found to be about 1.9–2.18 mg/g, as most of the
water in the column was then tap water. For the 15 g/L sample, on the other hand, a significant amount
of demineralized water is present in the column (added tap water V = 133 mL), which is reflected in the
behavior of the sample labeled (demi + tap) in Figure 9b, where we found Copt = 1.3 mg/g. In a second
set of experiments, a new clay stock suspension was prepared in tap water instead of demineralized
water and the results for the 15 g/L sample were labeled (tap water) in Figure 9b. As expected, the value
of Copt was then quite close to 2.28 mg/g.

It was observed that the settling rate was significantly larger for the 15 g/L samples compared
to the other clay concentrations for a given flocculant to clay ratio. This was due to the fact that
for these high clay concentrations, the flocs were in contact with each other and the suspension had
a gel-like structure. Therefore, the initial settling rate was not the representative of free settling of
the flocs but the collapse of the structure under its own weight. Due to the displacement of large
volumes, the water/structure interface settled down much faster than the free settling case. The lowest
settling rate observed for the 1.75 g/L clay concentration was due to the lack of collision frequency at
the timescale of the experiment, i.e., the standard inversion procedure lasts for about 30 s. The clay
suspension remained very turbid and it was difficult to find the supernatant/settling clay interface.

3.2.2. Cationic Flocculant

Settling experiments were performed for cationic flocculated suspensions with varying flocculant
dose and clay concentrations. The clay-water interface as a function of time for 8.7 g/L clay concentration
and different flocculant concentrations is plotted in Figure 10a. Figure 10b shows the settling rate
as a function of flocculant dosage for different clay concentrations. The optimum flocculant dosage,
for cationic polyelectrolyte, was found to be about 5-15 mg/g depending upon the clay concentration.
As for the anionic polyelectrolyte, the settling rate decreased with increasing cationic flocculant dose
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beyond the optimal dosage. This decrease in settling rate was in agreement with other studies [33,34].
For instance Wen et al. [35] observed that the flocs obtained with optimum dose of cationic polyelectrolyte
in clay sludge had the same size but were denser than the flocs obtained at higher dosage.

Figure 10. (a) Clay–water interface as a function of time for 8.7 g/L clay suspensions in the presence of
cationic polyelectrolyte for various flocculant to clay ratios (mg/g) and (b) initial settling rate as a function
of flocculant to clay ratio (mg/g) for different clay suspensions in the presence of cationic polyelectrolyte.

The optimum settling rate was observed to be about 20 mm/s (dotted line in the Figure 10b)
for all the clay concentrations except for 1.75 g/L. In that case, the suspension was so dilute that,
as stated above, the standard inversion procedure did not last enough to properly induce flocculation
and, hence, we could not clearly distinguish the supernatant from the settling bulk. The optimum
flocculant dosage showed an increasing trend with decreasing clay concentration. For lower clay
concentrations, the interparticle distance became more important and the standard mixing procedure,
i.e., column inversion was not appropriate for optimal mixing. The insufficient mixing was, therefore,
compensated by using a larger flocculant dose in order to achieve an optimal settling rate, except for
the 1.75 g/L clay.

3.3. Electrophoretic Mobility Measurements

The simplest relation between zeta potential and flocculation is given as: flocculation should
be optimal when the zeta potential is lowest in absolute value [20]. According to the DLVO
theory, Van der Waals interactions will ensure aggregation of particles by having zeta potential,
i.e., electrokinetic charge, close to zero. In case of polymer-coated particles, non-DLVO forces
like hydrogen bonding and steric forces play a (major) role, also in environmental conditions [36].
In particular, the extension of polymer layer coated on a clay particle into the solution can happen
beyond the shear plane, i.e., where the zeta potential is defined. The zeta potential would then in
principle not be representative of the flocculation ability, as it is the extended polymer tail that will
aggregate with other clay particles in suspension, i.e., bridging mechanism. The objective of the present
electrophoretic mobility, i.e., zeta potential study was to investigate if a link could be found between
the electrokinetic surface charge of polymer coated clay particles and the flocculation behavior.

3.3.1. Anionic Flocculant

The zeta potential values of anionic flocculated suspensions as a function of flocculant dosage
for different clay concentrations are presented in Figure 11a. Coating of clay particles with anionic
polyelectrolyte increase, as expected, their negative charge, i.e., absence of zero surface charge. The zeta
potential showed a strong dependency on clay concentration only above 0.35 g/L. Below 0.35 g/L of clay,
the same (optimum) coverage of clay particles by the polyelectrolyte was achieved. This can be explained
by the low concentration of cations present in the solvent and, therefore, the strong electrostatic repulsion
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between clay and polyelectrolyte particles (all negatively charged). Above 0.35 g/L, the binding of
flocculant to the clay particles, for the given experimental time (a few minutes for sample preparation
and measurement), decreased as a function of clay concentration.

Figure 11. (a) Zeta potential as a function of anionic flocculant concentration for different concentrations
of clay and (b) zeta potential as a function of flocculant to clay ratio.

The data of Figure 11a is replotted in Figure 11b by estimating an average flocculant to clay ratio
from linear interpolation. Three different regions can be identified from Figure 11b: (i) flocculant–clay
ratio <1 mg/g: represents the optimum binding of flocculant to clay particles, (ii) flocculant–clay
ratio = 1–25 mg/g: shows a linear decrease in electrophoretic mobility, i.e., zeta potential due to less
binding of flocculant to clay particles and (iii) flocculant–clay ratio >25 mg/g: displays an even stronger
decline in zeta potential. This decrease, however, does not correspond to the adsorption/binding of the
polyelectrolyte to the clay particles. At high polyelectrolyte concentrations, a significant amount of
polyelectrolyte remained in solution and hereby increased the suspension’s viscosity that even started
to form a gel, as evident by the experiments. This increased viscosity should in theory lead to a decrease
in absolute values of the electrophoretic mobility, which is, see Equation (3), inversely proportional to
the solvent viscosity. However, this relation between electrophoretic mobility and suspension viscosity
does not account for gel electroosmotic flow mobility [37]. The gel mobility has to be subtracted from
the measured particle mobility, in order to obtain the particle “true” mobility, i.e., as measured in an
immobile solvent. No information about polyelectrolyte binding can, therefore, be obtained from the
third region.

3.3.2. Cationic Flocculant

The electrophoretic mobility of clay particles flocculated with cationic polyelectrolyte is shown in
Figure 12a,b. The binding of the flocculant to the clay particles is clearly limited by the amount of
flocculant available for each clay particle. When higher amounts of flocculant were added, the zeta
potential for a given clay concentration increased and eventually crossed the zero zeta potential line.
The addition of flocculant also resulted in higher viscosity of suspensions, although not enough to
make a significant change in the measured mobility, as, in contrast to the anionic flocculant case,
most of the polyelectrolyte has then bound to clay. Petzold et al. [38,39] observed a similar increase in
zeta potential values as a function of cationic polyelectrolyte concentration for kaolinite flocculation.
An optimum flocculant dosage can be defined corresponding to a zero electrophoretic mobility,
i.e., zero electrokinetic surface charge. The concentration of the flocculant needed to get a zero zeta
potential is almost independent of the clay concentration and found to be in the range 5–6 mg/g clay
except for low clay concentrations, i.e., <0.17 g/L, which is attributed to an insufficient mixing of the
samples at the experimental timescale of the order of a few minutes, see Figure 12c. The measured zeta
potential is, therefore, representative for the surface coverage of a clay particle by the polyelectrolyte.
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Figure 12. (a,b) Zeta potential as a function of cationic flocculant concentration (mg/L and mg/g
clay) for different concentrations of clay. The dotted line represents the optimum flocculant dosage
required to get the zero value of the zeta potential, (c) optimum flocculant dosage as a function of
clay concentration.

3.4. Rheological Analysis

The structural recovery in flocculated suspensions, based on anionic and cationic polyelectrolytes,
was investigated using structural recovery experiments. Two different concentrations, i.e., 30 and 40 wt %
of clay, were considered for this analysis, in order to have enough interactions between the particles,
as indicated by the rheological analysis of pure clay suspensions (see Supplementary information).
The flocculant amount was varied to have the flocculant/clay ratio below, at and above the optimal
flocculant dosage determined by the other investigated techniques discussed in the sections above.

3.4.1. Anionic Flocculant

Figure 13 shows the outcome of structural recovery tests for the suspensions flocculated by anionic
polyelectrolyte, in terms of normalized storage modulus as a function of time, after the pre-shearing
step. For all the investigated suspensions the structural recovery was either closer to or higher than the
initial structural level of the suspensions (G′/G′0 ≥ 1). This result confirmed the shear reversibility
of clay–polyanionic flocs, as was found from the SLS measurements. For a low concentration of clay
(30 wt %, Figure 13a), the structural recovery was found to be significantly high in the case of a low
flocculant amount. We have shown (see Figure 9 and related discussion) that at a low clay/flocculant
amount the experimental time of the standard mixing procedure, i.e., column inversion was not enough
for optimal mixing in the settling column experiments. It can, therefore, be hypothesized that the
pre-shear step provides this necessary time for a proper mixing of the clay–polyelectrolyte suspension,
which eventually resulted in higher structural recovery. This higher recovery of structure may also be
linked to the de-mixing of the suspension, i.e., settling of clay particles at such low clay content and
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flocculant amount. The experimental data of storage modulus as a function of time was fitted by using
Equation (4) and the values of the fitting parameters are presented in Table 3.

Figure 13. Normalized storage modulus as a function of time, after the pre-shearing step, for different
clay suspensions having (a) 30 wt % and (b) 40 wt % clay with different amounts of anionic flocculant,
solid lines represent the empirical model fitting.

Table 3. The values of the fitting parameters of Equation (4) for anionic polyelectrolyte based
clay suspensions.

Flocculant Dosage G
′

∞(Pa) Standard Error tr(s) Standard Error d (-) Standard Error G
′

∞/G
′

0

30 wt % clay

0.25 mg/g clay 421 3.1 334 24 0.99 0.04 55
0.5 mg/g clay 1098 21.2 115 6 0.64 0.02 12
1 mg/g clay 1511 33.6 230 16 0.52 0.01 4

40 wt % clay

0.05 mg/g clay 266 1.7 117 5 0.86 0.03 2.3
0.25 mg/g clay 378 2.8 213 15 0.94 0.03 1.2
0.5 mg/g clay 888 15.8 165 17 0.70 0.02 1.1
1 mg/g clay 1799 36.5 136 6 0.60 0.01 1.2

3.4.2. Cationic Flocculant

The results of the structural recovery of clay suspensions flocculated by cationic polyelectrolyte
are shown in Figure 14. For a low concentration of clay (30 wt %, Figure 14a), the structural recovery
was high in the case of a flocculant amount lower than the optimal dosage, which may again be linked
to the fact that the pre-shear step provided a better mixing of clay–polyelectrolyte and higher structural
recovery. At flocculant amounts equivalent to or higher than the optimal dosage, the structural
regrowth was significantly lower, which confirmed the SLS measurements that there is an irreversible
breakup of clay–polycationic flocs as a result of the shearing action. For higher clay concentration
(40 wt %, Figure 14b), the irreversible breakup of clay–polyelectrolyte flocs was also evident by a
smaller recovery in the storage modulus. Even below the optimal dosage of flocculant (1 mg/g),
the recovery for clay suspensions, having 40 wt % clay, was quite lower due to the combined effect
of irreversible breakage of clay–polyelectrolyte flocs and the existence of two levels of structure,
i.e., two-step yielding, as shown in Figure S1a. The oscillations observed in the structural recovery
behavior, particularly for higher clay/flocculant concentration, are attributed to the elasticity of the
polymer [22,40]. The absence of this oscillating behavior for 30 wt % clay and 1 mg/g flocculant
dose is linked to the fact that at these concentrations the suspended flocs had minimal interactions.
Equation (4) was used to fit the data of storage modulus as a function of time and the values of the
fitting parameters for cationic polyelectrolyte based suspensions are presented in Table 4.
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Figure 14. Normalized storage modulus as a function of time, after the pre-shearing step, for different
clay suspensions having (a) 30 wt % and (b) 40 wt % clay with different amounts of cationic flocculant,
solid lines represent the empirical model fitting.

Table 4. The values of the fitting parameters of Equation (4) for cationic polyelectrolyte based
clay suspensions.

Flocculant Dosage G
′

∞(Pa) Standard Error tr(s) Standard Error d(-) Standard Error G
′

∞/G
′

0

30 wt % clay

1 mg/g clay 1866 38.1 448 35 0.82 0.03 2.31
5 mg/g clay 14,142 654.2 79 5 0.85 0.03 0.50

10 mg/g clay 27,774 1129.4 146 8 0.72 0.02 0.55

40 wt % clay

1 mg/g clay 5914 195.4 134 6 0.40 0.01 0.59
5 mg/g clay 18,306 845.3 163 17 0.61 0.02 0.48

3.5. (Micro) Structural Observations

The difference between the flocculation mechanisms for the anionic and the cationic flocculants
can be seen in Figure 15a,d, respectively. The flocculated samples were stirred in a 1 L jar at a shear rate
of 25 s−1 and the picture of the jars was taken 10 min after the stirring was started. Cationic flocculant
acts through charge neutralization while anionic flocculant acts through the bridging mechanism.
Since the amount of cations present in the demi-water was insufficient for optimal flocculation,
the water remained turbid (Figure 15a) and the overall negative charge of the anionic flocs prevented
the reconformation of the flocs, as it was observed for the cationic flocs (Figure 15d).

Figure 15. Images of the jars taken after 10 min of stirring at 25 s−1 for (a) anionic polyelectrolyte and
(d) cationic polyelectrolyte based suspensions. Micrographs of (b) anionic floc and (e) cationic floc.
Scale bar represents 70 µm. Pictorial representation of (c) anionic floc and (f) cationic floc based on the
micrographs. All experiments are done in demi-water.
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In order to examine the shape of the clay–polyelectrolyte flocs created with either anionic or
cationic flocculants, a parallel plate microscopic system reported in detail elsewhere [41] was used.
The flocculated sample was placed on the bottom plate of the device and a gap of 100 µm was set
between both plates. The shearing of samples was performed in the oscillatory mode at 1 Hz with the
amplitude of 0.4 mm of the bottom plate. The micrographs of the flocs are presented in Figure 15b,e,
respectively. It can be seen from the micrographs that the anionic flocculant formed thin and compact
flocs (Figure 15c) while the cationic polyeletrolyte created spherical and open flocs (Figure 15f).

3.6. Discussion

3.6.1. Anionic Flocculant

From the results presented in the previous sections for the anionic polyelectrolyte, we found that
time is an important variable in the study of flocculation by anionic polyelectrolyte, as compared to
the cationic one. Small experimental times (< 200 s) for both SLS measurements and electrophoretic
mobility (EM) measurements indicated a fast aggregation of the anionic polyelectrolyte to the clay.
In both cases, it was observed that the optimal flocculant to clay dosage (corresponding to the initial
fast increase in floc size for SLS measurements and a polyelectrolyte adsorption independent of clay
concentration for EM measurements) was below 1 mg/g clay. The flocculation process nonetheless
continued for hours and shear-dependent equilibrium sizes were obtained by SLS. From settling column
measurements, it was apparent that the flocculation dynamics was time-dependent, as demonstrated
by the presence of a second settling rate for large doses of flocculant (see Figure 9). The reason for this
long flocculation time is coupled to the fact that flocs were limited in growth during mixing and, hence,
were observed to grow further at the onset of the settling. This was also confirmed by rheological
analysis, where it was shown that a higher structural recovery was found after a pre-shearing step as
compared to the structure before pre-shearing. It is hypothesized that a better (longer) flocculant/clay
mixing occurs during pre-shearing. The exact relative roles of cationic bridging and hydrogen bonding
during the whole flocculation process cannot be determined, but since cationic bridging is related to an
attractive Coulombic force, one may suppose that cationic bridging played an important role at shorter
experimental times.

For the SLS and EM measurements, demi-water was used to prepare the samples whereas for
settling column experiments, tap water was used to prepare the stock suspension before dilution,
which resulted in the presence of a higher amount of cations. When pure demi-water was used to
study the settling behavior, the interfaces were very difficult to recognize, as the suspensions remained
highly turbid. The main force in the system was then electrostatic repulsion, which in particular led
to the extended polymeric structures observed by eye and video microscopy. Using tap water led to
a new optimal flocculant to clay ratio of 2.28 mg/g and the settling rates were fairly independent of
clay concentrations below 7 g/L clay, indicating that flocculation was not limited by the amount of
cations present, as was the case during the experiments with demi-water. It remains to be investigated
if changing the electrolyte composition, i.e., from fresh to sea water composition, would lead to
differences in flocculation. The influence of the type of cations on the flocculation behavior was
investigated by other authors, who found that divalent cations particularly promote flocculation [4,42].

Contrary to flocculation by the cationic polyelectrolyte, the floc growth at the onset of settling
and the shear independent floc sizes studied by SLS indicated that the links between the anionic
polyelectrolyte and clay were weak enough to have reversible binding with the clay at different
shearing levels without damage. This was confirmed by rheological measurements, as for all the
investigated suspensions the structural recovery was either closer to or higher than the initial structural
level (G′/G′0 ≥ 1).
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3.6.2. Cationic Flocculant

The interactions between the polyelectrolyte and clay were driven by electrostatic attraction in
the case of polycations/clay mixtures. This resulted in extremely fast aggregation mechanisms and
the timescale for the standard column inversion procedure (30 s) was usually enough to have the
sample flocculated. This is confirmed by SLS measurements, where more dilute samples were used,
but even then less than 100 s were required to achieve the largest observed D50. For the highest clay
concentrations (12 and 15 g/L) the optimum flocculant to clay ratio was close to 5 mg/g, as observed by
settling column experiments. For clay concentrations ranging from 1.75 to 8.7 g/L, the mixing using
the standard column inversion procedure was not optimum, which implies that higher flocculant
doses were required to achieve an optimum initial settling rate. The optimum flocculant dose, in that
case, for fastest settling did not correspond to the maximum clarity of the supernatant, as is usually
assumed. At optimal mixing, however, optimal settling and optimal supernatant clarity were found
for the same flocculant dosage for a given clay concentration. The link between zero electrophoretic
mobility and supernatant clarity maximum has been reported in the literature [43]. We found from EM
measurements that the optimum flocculant dose was close to 5 mg/g for 0.35–3.50 g/L clay, which is
the same dose as the one found by settling column experiments, at optimum mixing. For lower clay
concentrations (0.07 g/L and 0.17 g/L) we found, by EM measurements, in line with settling column
experiments, that larger flocculant doses were necessary. Even though the supernatant clarity was not
maximum, the best supernatant clarity, nonetheless, corresponded to the expected optimum flocculant
to clay ratio, in case of poorly mixed suspensions (1.75–8.7 g/L).

The equilibrium floc size was found to strongly depend on shear history. This was confirmed
by the observations made in the jar and by video microscopy, where, under the action of shear the
flocs were seen to coil and form dense spherical aggregates (Figure 15). This was also confirmed by
rheological measurements, as for all but one experiment, the structural recovery was lower than the
initial structural level (G′/G′0 < 1). Only for the lowest flocculant dose with lowest clay concentration,
G′/G′0 = 1.56 was found, implying that the structural recovery was complete.

4. Conclusions

Clayey suspensions, majorly composed of quartz microparticles, in the presence of anionic and
cationic polyelectrolytes, at very low salinity, were investigated. The clay concentration was varied
from 0.07 to 15 g/L for static light scattering experiments, from 1.75 to 15 g/L for settling column
experiments, from 0.07 to 3.5 g/L for electrophoretic mobility analysis and from 110 to 1000 g/L
for rheological investigation. The suspensions were studied at extremely low shear by the column
inversion method and higher shear (even though the lowest possible with the method) by static
light scattering. The optimum flocculant to clay ratio was defined as the ratio that gives the fastest
initial floc growth by static light scattering and the fastest initial settling rate during setting column
experiments. It was, in particular, found that all the experimental techniques agreed well with each
other, and despite the wide range of clay concentration and shearing level, general conclusions could
be drawn. Of particular importance for further research on in-situ flocculation with polymeric agents,
the following findings were found:

• The presence of cations in the water was determinant for the flocculation efficiency and flocculation
dynamics of clay in the presence of anionic polyelectrolyte. The shape of the flocs was found to be
very elongated in cation-poor water. It remains to be investigated how this conformation would
change in saline water, and how the flocculation dynamics would be affected. Preliminary studies
have shown that the order in which the polyanionic flocculant, clay and electrolyte are mixed has
a large influence on the obtained flocs. This is of particular importance for estuarine conditions,
where changes from fresh to saline water take place. Even though it is not discussed in the
present article, the fact that particles are elongated also lead to problems in the analysis of the light
scattering data, as most software are made for the analysis of spherical shaped objects. It is known
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that the interpretation of in-situ light scattering data is in particular affected by the presence of
elongated particles.

• The size of flocs obtained by the anionic flocculant is reversible upon shear, implying that these
are independent of shear history. The main reason for this reversibility is that the clay and
polyelectrolyte attach through cation bridging, which is a weak interaction. It remains to be seen,
in the case of natural polyanions, like humic substances of low to moderate molecular weight
(which can be surface active), if other forces for instance steric forces could play an additional role
and lead to different aggregate structures and flocs of different sizes and strength.

• The large flocs obtained by the cationic flocculant were formed by a strong electrostatic attraction
and their shape and size was extremely shear-dependent, making them history dependent:
their properties depend not only on the shear level but also on the time that a given shear is
applied. The fact that flocs can reconform under shear, i.e., become denser without loss of clay
and polymer mass, has consequences in terms of modelling, as aggregation models are based on
the fact that particles can change their size upon aggregation or break-up but not because of a
change in volume without a loss of mass.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/11/999/s1,
Rheological analysis (i.e., by performing stress ramp-up, frequency sweep and structural recovery tests) and
settling behavior of clay suspensions without flocculant as a function of clay concentration. “References [44–62]
are cited in the supplementary materials”.
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