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Applying a logistic growth
equation to model flocculation
of sediment in the presence of
living and dead organic matter

Zeinab Safar1*, Zhirui Deng2 and Claire Chassagne1*

1Section of Environmental Fluid Mechanics, Department of Hydraulic Engineering, Delft University of
Technology, Delft, Netherlands, 2Guangdong Research Institute of Water Resources and Hydropower,
Guangdong Engineering Laboratory of Estuary Hydropower, Guangzhou, China
In the present study, we aim to parameterize a flocculation model, based on a

logistic growth equation, by conducting laboratory experiments. The

flocculation experiments are performed using two types of natural sediments

and different flocculating agents: salt (monovalent and divalent), extracellular

polymeric substances, and living and dead microalgae Skeletonema costatum. It

was found that the median size of flocs (D50) did not exceed the Kolmogorov

microscale when salt-induced flocculation was performed (in the absence of

organic matter), which is in line with previous studies. Flocs with organic matter

reach sizes that are larger than the Kolmogorov microscale, and both their

growth and steady-state size are salinity-dependent. In particular, divalent salts

are shown to promote flocculation of sediment to organic matter. The logistic

growth model can be used to study either the evolution of a class volume

concentration as function of time or the change in size of a given class as

function of time. The fine particle volume concentration decreases in time,

whereas the coarse particle volume concentration increases, during the

flocculation process. The mass balance between the two classes as defined by

Chassagne and Safar (Modelling flocculation: Towards an integration in large-

scale sediment transport models. Marine Geology. 2020 Dec 1;430:106361)

is estimated.

KEYWORDS

logistic growth, flocculation, population balance equation, clay, EPS, microalgae
1 Introduction

It has been shown that flocs in estuaries are composed of mineral sediment and organic

matter. This organic matter can be either “dead” organic matter that includes exopolymers

and organic debris or “living” organic matter, i.e., microorganisms such as microalgae

(Alldredge et al., 1993; Logan et al., 1995; Passow et al., 2001; Passow, 2002; Lai et al., 2018).

Organic matter such as polysaccharides and proteins fall under generic name of
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extracellular polymeric substances (EPSs) that are complex high–

molecular weight mixtures of polymers. These particles can be < 1

mm up to >100 mm in size. As these substances are mostly excreted

by diatoms and phytoplanktons, their concentrations and

abundance are seasonally dependent. Because of their large size

and high stickiness, they promote flocculation of solids. The size

evolution and effective density of flocs are depending on these

constituents and on the dissolved salts that are naturally present in

seawater and on the local shear stresses. This is why flocculation

plays an important role in coastal regions where fresh and saline

water meet and ought, therefore, to be included in sediment

transport models. Many studies have been conducted to model

flocculation using population balance equation (PBE) models in

view of their implementation in large-scale sediment transport

models (Jackson, 1990; Winterwerp, 1998; Winterwerp, 2002; Lee

et al., 2011; Mietta et al., 2011a; Cuthbertson et al., 2018; Zhang

et al., 2019).

The earliest and simplest PBE originates from the work of

Smoluchowski (around 1917) and has been improved ever since

(Elimelech et al., 2013). PBE models describe the flocculation rate of

suspensions using a growth (KA) and a breakup (KB) rate. The

generic form of a PBE is given by

dN
dt

= KA − KB (1)

where N represents the number of particles in a given size class

and t is the time. Most models assume that the particles are hard

spheres and that the flocs keep their shape during the flocculation

process. Some studies considered time varying floc size, which

introduces new parameters in the PBE model (Selomulya et al.,

2003). The general breakup term in PBE usually accounts for binary

breakup by shear, which results in the “birth” of two small particles

by the “death” of a large one (Winterwerp, 1998; Winterwerp, 2002;

Jeldres et al., 2015; Jeldres et al., 2018).

PBE models have been successfully applied to salt-induced

flocculation (Selomulya et al., 2003; Maggi, 2005; Mietta et al.,

2009). However, when polymers are involved in the flocculation

process, the decrease in size is predominantly caused by the coiling

of polymers, leading to aggregate restructuring and densification

(Jeldres et al., 2018) rather than breakage, due to the elasticity of the

polymers. Modifying the PBE to account for this effect would

introduce new variables that cannot properly be measured, and,

therefore, this step would not add to the system understanding.

Modifying the PBE to account for organic matter–induced

flocculation requires, for instance, the inclusion of parameters

such as the sticking probability of a specific EPS or its

reconformation under shear.

In addition, there is a problem in defining the properties of a

particle within a given size class, as each particle in a size class may

have a different composition (Chassagne et al., 2021). This implies

that particles of same size can have (very) different settling velocities

as they have different effective densities. For this reason, an open

research question remains, which is whether a given size class can

be associated with a specific (average) settling velocity.
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In view of simplification, some researchers model flocculation

using a single equation that represents the change in size of the

average particle size (the D50) (Winterwerp, 1998; Winterwerp,

2002; Maggi, 2009; Chen et al., 2018). This approach has the

advantage to be easy to implement in large-scale models but the

disadvantage to not properly account for the sediment (mineral) mass

conservation, as discussed in (Chassagne and Safar, 2020). The model

introduced by Chassagne and Safar in (Chassagne and Safar, 2020)

makes use of logistic growth equations and enables to account for mass

conservation. It could be implemented in large-scale sediment

transport models as detailed in (Chassagne et al., 2021). The new

model, however, needs to be parameterized, and this can be done by

laboratory experiments, where the mass of clay during flocculation is

constant over time, as the flocculation is performed in a jar. It is the aim

of the present article to report such parameterization. Using the model,

insight in flocculation characteristic timescales can be obtained.

After briefly describing the logistic growth model and the mass

transfer between classes, the materials and methods used in the

study will be presented. The time evolution of floc sizes is studied

under controlled laboratory conditions by using different natural

organic matter (living and dead) at different salinity concentrations.

The experiments are subsequently analyzed using the model, and

the kinetics of mass transfer between classes are discussed.
2 Theory

2.1 Logistic growth theory for flocculation

The analytical model introduced by Chassagne and Safar in

(Chassagne and Safar, 2020) is derived from the logistic growth

theory. Logistic growth equations are used to describe the time

evolution of a living population (Lambert, 2005; Chen et al., 2018;

De Boer, 2018; Jin et al., 2018), with “birth” and “decay” parameters.

Every size class in a flocculating suspension can be seen as a

“living” population that is growing or decaying in time depending

on other classes and external parameters. Standard logistic growth

models account for either growth of population, until a steady state

is reached, or decay of a population, until a steady state is reached.

For populations that experience first a growth and then a decay,

specific growth and decay functions should be given. We here

present the model introduced in (Chassagne and Safar, 2020).

During flocculation, each class has a number of particles (N),

which is changing in time (t). The decrease of number of

particles with time is associated to the decay function d(t), and

their increase is associated to the birth function b(t). The change in

time of N is given by

dN
dt

= ½b(t) − d(t)�N (2)

The production (birth) rate and the decay rate are given by

b(t) =
1
tb
:

abexp   ( − t=tb)
1 + abexp   ( − t=tb)

(3)
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d(t) =
1
td
:

adexp   ( − t=td)
1 + adexp   ( − t=td)

(4)

where ab, ad , tb, and td are parameters to be fitted. The analytical

solution for the differential equation is

N(t) = N∞
1 + adexp   ( − t=td)
1 + abexp   ( − t=tb)

(5)

where N∞ represents the number of particles at very long times,

when equilibrium is reached. In this study, the logistic growth

model is used to fit either the time evolution of the volume

concentration (rather than particle concentration) of a size class

or the time evolution of a specific particle size, for any size class.

These functions are measured by static light scattering experiments

and can be shown to obey the same logistic growth model

(Chassagne and Safar, 2020). The birth and decay functions are

depending on parameters that, in our case, should be found by

modeling the results of flocculation experiments as function of

suspension composition and environmental conditions. This will be

done by analyzing experiments performed in the laboratory, where

conservation of the total clay mass concentration as function of time

is ensured. From these experiments, the order of magnitude of the

different parameters and their dependence on relevant variables will

be presented.
2.2 Mass conservation

As the mass concentration of clay (mclay = Mclay=Vtot , where

Mclay is the mass of clay in the experiment and Vtot is the volume in

which the clay particles are dispersed) remains constant in the

system (the experiments are performed in a jar), the mass

concentration of clay in each size class decreases and increases

depending on the availability of other classes. From static light

scattering experiments, the volume concentration of each size

classes is obtained. By converting the volume into mass, a mass

balance between the classes can be established. To set up the mass

balance, we make use of the two classes: Class 1, which represents

unflocculated (mineral) clay or Port of Rotterdam (PoR) sediment

particles, and Class 2, which represents flocculated particles.

The mass transfer between Class 1 and Class 2 corresponds to

the mass of clay (inorganic sediment) transferred and is

expressed as
dm1
dt = −d1(t)�m1

dm2

dt
= b2(t)�m2 (6)

where m1 = M1=Vtot and m2 = M2=Vtot are the masses of clay

within Class 1 and Class 2 per unit of total volume, respectively. As

the clay concentrationmclay is constant, the mass concentrations are

related by the following equations:

mclay = m1(t = tstart)

mclay = m1(t) +m2(t) (7)
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from which follows that

dm2

dt
= −

dm1

dt
(8)

Using the clay density and the volumes obtained from the static

light scattering measurements, an estimation for m1can be done

using

m1 = rclay
V1

Vtot
(9)

where rclay is the absolute density of clay (about 2,600 kg/m3)

and V1 is the volume occupied by Class 1 particles. The static light

scattering experiment results are given in percentage volume

occupied by a given class. This implies that one can define

V1,% =
V1

Vclasses
(10)

where V1,% is the percentage volume occupied by Class 1 and

Vclassesis the volume occupied by all classes. The quantity Vclasses=Vtot

is linked to the obscuration measured by the laser. The estimation of

m2 is extremely difficult to make considering the fact that the

particles in Class 2 are composed of clay and organic material and

that the density of the Class 2 particles (flocs) not only depend on

the type and concentration of organic matter but also on external

parameters such as shear and salinity. From the flocculation rate

dm1=dt , an estimation of m1 as function of time can be given. For

the estimation of m2 , which requires the estimation of r(t), i.e., the
density of Class 2 particles (flocs) over time, it was decided to use

m2 = rclay
V2(t)
Vtot

(11)

A rclay of 2,600 kg=m3 (clay mineral) was used. This rclay is

probably higher than the average density of Class 2 particles.
3 Materials and methods

3.1 Materials

A table summarizing the experiments presented in the article is

given in Table 1.
3.1.1 Sediment
Two different sediments were used in the experiments. One is a

clay referenced K-10.000, which was purchased from the company

VE-KA (The Netherlands). The original clay lump has a water

content of 35.7% and a sand content of 21%. The clay was

dispersed in demineralized water, and the obtained suspension has

conductivity of less than 0.005 mS/cm. The other one was a natural

sediment that was obtained from PoR, which was used as such. Two

samples of these sediments were analyzed with a Phillips XL30

Environmental Scanning Electron Microscope (ESEM), from

Microlab in the Faculty of Civil Engineering and Geosciences, TU
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Delft. During the ESEM measurement, the sample was under

vacuum, with a beam acceleration volt age of 20 kV, with

backscattered electrons imaging mode and a spot size of 4

(Figure 1, left panel). Further clay characterization was done for the

work presented in (Ibanez Sanz, 2018) using the same clay and was

not repeated for this study.

3.1.2 Suspending medium
Demineralized water and filtered seawater were used separately

as suspending medium. For salt flocculation, monovalent NaCl and

divalent CaCl2 and MgCl2 were used in different concentrations in

demineralized water.
3.1.3 Dead organic matter
EPSs and frozen-dried algae (FDA) were used as dead organic

matter. The EPS was obtained from the municipal waste water

extractions. It contained proteins (200 mg/L), humic acids (40 mg/

L), and polysaccharides (110 mg/L). It is worthwhile to note that the

proteins and humic substances are negatively charged, whereas the

polysaccharides are positively charged (Zhang et al., 2013). The

FDA was obtained from NIOZ (Royal Netherlands Institute for Sea

Research). This FDA was analyzed by ESEM to identify its

composition. The ESEM analysis is shown in Figure 2.
Frontiers in Marine Science 04
3.1.4 Living organic matter
Living algae Skeletonema Costatum was used in this experiments

in combination with either clay or Port of Rotterdam (PoR) sediment.

This algae species was chosen because it is a common algae species in

coastal waters. The living algae was obtained from the company

Roem van Yerseke (The Netherlands) for algae and oysters

cultivation. The algae samples were taken directly from the

incubation tank and stored in culture medium in a dark

environment at room temperature. The algae bulk concentrations

was 5 × 105 cells/L. Every two weeks a fresh batch of this algae was

obtained. Experiments were completed within 24 hours after the

batch was brought to the lab to minimize changes in bulk

concentration. The suspending medium in the experiments was

filtered seawater, to keep the living algae in good condition.

Additional experiments were performed using algae alone (without

any clay or PoR sediment) to check their flocculation ability.
3.2 Experimental setup

Flocculation experiments were carried out in a jar that was

connected with tubes to a static light scattering device (Malvern

MasterSizer 2000) for measuring particle size distributions (PSDs).

Shear rate and clay concentration were kept constant for all of the
FIGURE 1

ESEM pictures of clay (left panel) and PoR sediment (right panel).
FIGURE 2

FDA ESEM analysis: The elemental concentration in weight % in the table corresponds to the circled spots in the FDA image.
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experiments. The shear rate was optimized and chosen as the best

shear rate for optimal flocculation with this setup. It was found to be

a pump rate at 10 rpm, which corresponds to about 12 s−1The clay

concentration was 0.7 g/L, and the PoR sediment concentration was

0.2 g/L. The flocculation experiments were performed in a JLT6 jar

test setup from VELP Scientific. The dimensions of the jar are 95

mm for the inner diameter and 110 mm for the height of the fluid.

The suspension was stirred using a single rectangular paddle at 30

rpm. The paddle was 25 mm high and 75 mm in diameter. It was

placed 10 mm above the bottom of the jar. The suspensions were

pumped through the Malvern MasterSizer 2000, in which the static

light scattering measurements are performed, with the help of

aperistaltic pump from the mixing jar to the MasterSizer and

back again to the mixing jar. This setup allowed us to control
Frontiers in Marine Science 05
independently the speed of the pump and the paddle of the mixing

jar. The internal diameter of the connecting tubes is 6 mm and the

shortest total length allowed by the geometry of the setup (2,400

mm from the jar back to the jar). A general overview of the

concentrations is given in Table 1.
4 Results

For each experiment, the flocculating agent (salt and/or organic

matter) was added at the time defined arbitrary to be 1 s (as at t = t-

start, the curve represents the unflocculated clay or PoR sediment,

except stated otherwise).
TABLE 1 Experimental setup: Constituents and their concentrations.

Salt flocculation

Salt type Concentration (M) Medium Sediment type Concentration (g/L) OM type Concentration

NaCl 0.1 Demi-water Clay 0.7 – –

0.2

0.3

CaCl2 0.005 Demi-water Clay 0.7 – –

0.01

0.02

Mgcl2 0.01 Demi-water Clay 0.7 – –

0.05

0.1

Natural OM flocculation

NaCl 0.2 Demi-water Clay 0.7 EPS 10 mg/g

CaCl2 0.005 Demi-water Clay 0.7 EPS 10 mg/g

Mgcl2 0.01 Demi-water Clay 0.7 EPS 10 mg/g

– – Seawater PoR sediment 0.2 EPS 2 mg/g

NaCl 0.3 Demi-water Clay 0.7 FDA 0.05 g/L

CaCl2 0.005 Demi-water Clay 0.7 FDA 0.05 g/L

Mgcl2 0.01 Demi-water Clay 0.7 FDA 0.05 g/L

– – Seawater PoR sediment 0.2 FDA 0.05 g/L

Flocculation with LA

Skeletonema costatum

– – Seawater Clay 0.7 LA 10% (v/v)

– – Seawater Clay 0.7 LA 30% (v/v)

– – Seawater Clay 0.7 LA 50% (v/v)

– – Seawater PoR 0.2 LA 10% (v/v)

– – Seawater PoR 0.2 LA 30% (v/v)

– – Seawater PoR 0.2 LA 50% (v/v)
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4.1 Clay suspensions

4.1.1 Salt flocculation
The PSD of the experiments performed with three different salts at

different salt concentrations is shown in Figure 3. In the first panel,

flocculation by the monovalent salt NaCl is presented, and, in the

middle and last panels, the flocculation by the divalent salts CaCl2and

MgCl2 is presented. This equilibrium size is in agreement with study of

Mietta (Mietta et al., 2009) who showed that the equilibrium particle

size obtained by salt flocculation cannot exceed the Kolmogorov length

scale. The Kolmogorov microscale was calculated to be between 8 and

23 mm for the conditions used in the experiments.

The difference, however, is in the time needed to reach an

equilibrium size. The characteristic time t-eq is defined as the time

for which the full PSD reach equilibrium. Flocculation with NaCl

takes much more time than with CaCl2 and MgCl2. This confirms

the efficiency of divalent salt in the flocculation of clay (Mietta et al.,

2011b). The t-eq was in the range of ≈150–400 s for divalent salts

and of ≈600–1,000 s for monovalent salt, for the concentrations

used. The way that t-eq is linked to the “birth” and “decay” times tb
and td will be shown in the modeling section.
Frontiers in Marine Science 06
4.1.2 Dead organic matter flocculation
The experiments with clay and added EPS and FDA (both “dead

organic matter”) in demi-water are displayed in Figure 4. After injecting

EPS, no change in the PSD was observed up to 240 s after injection,

indicating that there was no flocculation between the EPS and the clay.

Clay in the presence of FDA displays a similar behavior (see the lower

panel of Figure 4), where the bimodal distribution is caused by the

elongated shape of the strains made by the algae cells. The absence of

flocculation in both cases is expected as both EPS and FDA are negatively

charged and electrostatic repulsion forces prevent flocculation.

Flocculation with anionic (negatively charged) polymers is possible

in case cations can act as bridging agents (Shakeel et al., 2020). After

addition of salt to the clay and organic matter suspensions, flocculation

takes place (see Figure 4), and the peak in PSD increases eventually

exceeding the Kolmogorov microscale of the system. The divalent salts

(CaCl2and MgCl2) produce larger flocs in shorter times, compared

with NaCl. The peak in PSD decreases after reaching its maximum size

Dmax . At this stage, the flocs coil under shear and become denser,

hereby decreasing in size. At the end of the experiment (t-end), the

peak in PSD is, therefore, lower than that in t- Dmax , which is the time

at which the peak value is highest.
FIGURE 3

Flocculation of clay (0.7 g/L) with salt; t-start corresponds to the start of experiment, and t-end corresponds to the time at which the peak in PSD
reached equilibrium.
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4.1.3 Living algae flocculation
LA in seawater at different volume percentages were studied to

check whether the algae cells would flocculate over time. The

corresponding PSDs are shown in the first panel of Figure 5. The

PSDs are multimodal for every algae concentration and do not vary

significantly over time, which indicates that the algae kept their

elongated structure over time. After addition of clay to the

suspensions (see lower panel of Figure 5), flocculation takes place

gradually and the PSDs reached an equilibrium. The flocculation

time (time to reach t-eq) was observed to increase with

algae concentration.
4.2 Natural sediment from Port
of Rotterdam

Natural sediment obtained from PoR was suspended in filtered

seawater and left to flocculate without addition of any flocculating

agent. The left panel of Figure 6 shows the PSD of PoR sediment

that reaches an equilibrium PSD, with a peak value of about 30 mm
after 2,040 s under constant shear. This peak equilibrium size is

larger than the Kolmogorov microscale of the system, which

indicates that the natural PoR sediment might contain some

organic matter or large silt particles.

PoR samples in combination with EPS and FDA are displayed

in the middle and right panels of Figure 6. With EPS, a peak
Frontiers in Marine Science 07
equilibrium size value of about 31 mm is achieved in 1,830 s, which

is virtually the same as when no EPS was added. With FDA, the

achieved equilibrium peak size is about 107 mm at 2,010 s.

PoR sediment was also mixed with a LA suspension in seawater

(see Figure 7). For the 10% LA suspension, the initially bimodal

distribution became rather monomodal at the end of experiment.

This suggests that, while the algae particles flocculate with the sediment

particles, the floc structure changes from elongated cell strains into

rather spherical particles, due to the continuously shearing in the jar.

This is also was could be observed in situ, where algae-rich flocs were

rather spherical (Safar et al., 2022). For the 30% and 50% algae

suspensions, however, the PSDs remain more bimodal after

flocculation with the PoR sediment, indicating that quite an amount

of elongated and unflocculated algae particles remain in suspension.

4.3 Model results

The flocculation results obtained from the experiments were

used to parameterize the flocculation model given by Equation (5).

The model enables to fit both the concentration (in % volume) of a

given size class and the evolution of D10, D50, and D90 sizes as

function of time. The concentrations of 7, 15, 45, and 60 mm as the

function of time and the size evolution of the D10, D50, and D90 are

displayed in Figure 8. The class of 7 mm was chosen because it is

representative for the D50 of the unflocculated clay. In addition to

this class, the class of 15 mm was chosen to represent the first
FIGURE 4

Flocculation of clay (0.7 g/L) with EPS and FDA (natural organic matter) in demi-water, t-start and t-end represent start and end time of the
experiment respectively, t-Dmax represents the time at which peak in PSD reached its maximum value, after which the peak value decreases. This
does not apply for the ’Clay + EPS + 0.2M NaCl’ sample where the peak value grows very slowly in time until the end of experiment. Note that the
FDA (in the lower panel) was added to the sample when it was already flocculated with salt, therefore the t-start is not the pure clay PSD.
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flocculated class, which can occur by aggregation of two 7- mm
particles. The classes of 45 and 60 mm represent the coarse classes

that are formed during the flocculation process by consumption of

the fines. The class of 45 mm can be compared with the D50, as it

shows a similar behavior in most of the experiments. The D10,

however, does not represent the fines, as it displays a behavior that

is different from the classes of 7 and 15 mm.
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4.4 Salt flocculation

From the fits of the curves obtained by salt-induced flocculation,

it can be seen that salt type influences the flocculation timescales (tb
and td ), as indicated in the legend. The model can be used to fit the

experimental results quite accurately. Most of the D50 size classes can

be fitted with values of tb and td , which are very close to each other.
FIGURE 5

Living algae flocculation; top panel, living algae in sea water; bottom panel, living algae in sea water in the presence of clay of 0.7 g/L.
FIGURE 6

PSD of PoR sediment (0.2 g/L) without and with dead organic matter.
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It has been demonstrated (Chassagne and Safar, 2020) that

having tb = td is mathematically equivalent to set ad = 0

[equivalently d(t) = 0 ] and, hence, to consider only a birth term.

Let us define t = tb = td . Equation (5) then results in

N(t) − N∞ad=ab
1 − ad=ab

=
N∞

1 + abexp   (t=t)
(12)

Setting ad = 0 (and using t = tb) in Equation (5) gives

N(t) =
N∞

1 + abexp   ( − t=t)
(13)

Both Equations (12) and (13) are sigmoidal functions and will

display the same time-dependent behavior.

The reason why the d(t) term is not necessary here is due to

the fact that the flocs do not grow larger than the Kolmogorov

microscale and are, therefore, not prone to coil, which would lead

to a size decrease in time. As the shear is constant, neither do the

flocs break. The behavior of the smaller classes in Figure 8 reveals

pair-wise aggregation, as when the 7- mm concentration starts to

decrease, the 15- mm concentration starts to rise. Salt-induced

flocculation can also well be described by PBE models

(Chassagne, 2021). The characteristic time t-eq is the largest of

t h e t im e s tb a n d td f o u n d f r om fi t t i n g t h e s i z e

class concentrations.
4.5 Flocculation with natural organic
matter (EPS)

For organic matter mediated flocculation, d(t) becomes relevant

even at constant shear, because the flocs grow first larger than

Kolmogorov microscale and then decrease in size (see Figure 9).

This decrease is due to the densification of the flocs over time due to

shear. This implies that two different timescales, tb and td , are found

from fitting the data. The 7- mm class does not show decay as this

size class is only consumed (particles of that class aggregate to form

flocs of larger size).

The coarse particle classes display a growth (“birth”) and decay

phase. In the case of CaCl2 , this growth is so fast that it could not be

recorded within the experiment time (see Figure 9, middle panel, 45

and 60 mm). The growth is, however, captured in the MgCl2
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experiment (Figure 9, last row, middle panel, 45 and 60 mm), as

the flocculation with MgCl2 is slightly slower. After reaching their

maximum volume concentration, the volume concentration

decreases again experiencing “decay.” After several hundreds of

seconds, the concentration increases again, which can be seen as a

second “birth,” which is slower than the first one. This second birth

is only fitted for the CaCl22 case, as an example. Both births can be

simultaneously fitted without problem by adding a second b(t)

function to the equation. Although the birth is related to the

aggregation of organic matter with clay, this second birth is

related to the coiling of particles of large size into smaller sizes

(Ibanez Sanz, 2018). Breakage and new aggregation are excluded in

this case as the shear is kept constant.

The experimental data of the PoR experiment were also fitted

with the model, and PoR with EPS was chosen to be compared with

the PoR sediment, as EPS represents the organic matter excreted by

microorganisms. The model data are compared with the

corresponding experimental data in Figure 10. The obtained

characteristic time tbfor the coarse particles does not differ

significantly for the PoR sediment and PoR with EPS. It was

found that different tdvalues can be used to fit the data (whether

the decay at long times is or not accounted for). This had a small

influence of the values found for tb, but tbalways remained within

the same order of magnitude. For the fine particles (which mainly

experience decay), td is the characteristic time, and it was found that

tb could be varied (to account or not for the initial growth) without

changing td significantly.
4.6 Flocculation with living algae

LA flocculation with clay or PoR sediment was fitted, although

the PSDs were bimodal. The fitted classes for the 30% LA

suspension with PoR and clay are shown in Figure 11. The

discontinuities in the class volume concentrations are artifacts

due to the overlap of two size peaks (because the PSDs are

bimodal). The D90 curves are excluded from the figures as the

D90 class is associated with extremely high sizes caused by the fact

that the algae particles are highly anisotropic. In contrast to the

behavior of the same classes in the case of salt flocculation, both 7-

and 15- mm classes display decay at origin. This shows that the
FIGURE 7

PSD of PoR sediment (0.2 g/L) without and with living algae.
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flocculation mechanism is different as particles do not flocculate in

pairs at the onset of flocculation, as was the case with salt

flocculation. During algae-induced flocculation, all the fine

particles aggregate with the large algae particles at the same time,

resulting in the production of large particles.
4.7 Mass transfer between classes

From the static light scattering results, the mass transfer between

classes is estimated. To illustrate the differences between salt-induced

and EPS-induced flocculation, themass decay rate dm1=dt for the finer

fractions is plotted in Figure 12. The curves indicated by < 5 mm, < 7

mm, and < 15 mm represent the masses evaluated using Equation (9),

where V1 represents the sum of all the detected volumes smaller than

≤ 5 mm, < 7 mm, and < 15 μm, respectively. The difference in decay

behavior of salt-induced and organic matter-induced flocculation is

clear. In the clay + 0.2 M NaCl sample, the < 5- mm particles are

mainly consumed, leading to dm1=dt  < 0 for all times. The < 7- mm
and < 15- mm classes start with an increase at onset of the experiment

and then decrease in time. This behavior reflects the well-known fact

that salt-induced flocculation can be described by the Smoluchowski

equation, using pair-wise aggregation.

In the sample with EPS in contrast, the flocculation mechanism

is completely different. At onset of the experiment (t = 30 s), all of
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the fine classes are depleted, and the larger ones are filled. This

behavior is characteristic for bridging flocculation, where large

polymer molecules capture simultaneously several (mineral)

particles. The changes occurring over time, after 50 s, are due to

the restructuring of flocs under shear.

Figure 13 shows the m1 (mass of the fines), m2 (represented by

the mass of the D50), and the total mass, which is obtained by m1 +

m2 as function of time for both clay + 0.2 M Nacl and with

EPS samples.

The total mass should remain constant as the clay concentration

does not change in the system. It can be seen that defining the < 7-

mm class as “Class 1” and the D50 as “Class 2” leads to a relatively

constant (m1 +m2 ) over time. The difference with the expected

value (m1 +m2 = 0:7   g=L ) is attributed to the uncertainty about

the value for the density of Class 2 particles (flocs) over time and

(especially for the case with EPS) the technical issues linked to the

measurements of particle sizes by static light scattering (Safar

et al., 2022).
4.8 Toward in situ flocculation modeling

To calibrate a sediment transport model that includes

flocculation with in situ data, the following parameters, related to

sediment properties, are required (Chassagne et al., 2021).
FIGURE 8

Comparison between the model results (full lines) and the experimental results (circles). The times indicated under the figures are in seconds.
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FIGURE 10

Comparison between the model results (full lines) and the experimental results (circles), for the fines (left panel), coarse (mid panel) and d10-d90
(right panel). The indicated times are in seconds.
FIGURE 9

Comparison between the model results (full lines) and the experimental results (circles), for the fines (left panel), coarse (mid panel) and d10-d90
(right panel). The indicated times are in seconds.
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1. The concentration of inorganic (clay) particles in the

system: This mass can be assessed by removing the

organic matter within a sample taken in situ and

weighting. This experiment is also used to calibrate the

OBS (optical backscatter device used to measure

concentrations in situ).

2. The relative volume concentration of Classes 1 and 2 and

the total volume of measured particles per unit of volume:

These can be obtained from the LISST (Laser In situ

Scattering and Transmissometry device) and OBS data

(Chassagne and Safar, 2020).

3. The average settling velocities associated to unflocculated

inorganic clay particles (Class 1) and flocs (Class 2)

particles: The settling velocity of Class 1 particles can
tiers in Marine Science 12
easily be estimated. The settling velocity of Class 2

particles can only be measured by video microscopy

measurements on samples taken in situ (Safar et al., 2022).
One important process in flocculation is the mass transfer

between Class 1 and Class 2. As shown in this article, this

transfer occurs at timescales that are short compared with the

numerical time scales in sediment transport models (which are in

the range of 1–5 min). In the case of organic matter based

flocculation that is the most important flocculation in situ, it is

found that the flocculation time scales are in order of seconds. It

would, however, not be correct to assume that flocculation occurs

on the same timescales in situ, as the sediment concentrations and

shear rates are lower. Moreover, it was also recently discussed that
FIGURE 11

Comparison between the model results (full lines) and the experimental results (circles). The indicated times are in seconds.
FIGURE 12

Decay rate of the fine classes (dm1=dt) as function of time for salt-induced (0.7 g/L clay + 0.2 M NaCl; left panel) and organic matter–induced (with
EPS; the right panel).
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differential settling plays an important role in estuarine regions

(Deng et al., 2019; Chassagne et al., 2021). The present laboratory

experiments only demonstrate that, in the presence of organic

matter and salt, the collision efficiency (leading to aggregation) is

very high. In particular, this was shown for the aggregation between

mineral clay and a living microorganism (Skeletonema costatum),

whereas most studies concentrate on the aggregation between

mineral clay and dead organic matter.
5 Conclusion

In this study, flocculation experiments were presented and

modeled. Two classes of particles were defined: a class containing

unflocculated mineral clay (Class 1) and the class corresponding to

flocs (Class 2). Laboratory experiments were performed using salt,

natural “dead” organic matter (EPS and FDA), and LA

Skeletonema costatum.

The D50 did not exceed the Kolmogorov microscale, in salt-

induced flocculation experiments in agreement with other studies

(Winterwerp, 2002; Mietta et al., 2011a). Divalent salts flocculated

the clay more efficiently than monovalent salts at short timescales.

There was no breakage as the shear was kept constant, and this

enabled the system to achieve an equilibrium condition.

The flocs with natural organic matter reached higher sizes than

the Kolmogorov microscale also in agreement with other studies

(Cross et al., 2013). Flocculation experiments with EPS and FDA
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resulted in high D50 of about 70–100 mm, and it was demonstrated

that the floc size is strongly composition-dependent. Therefore, for

modeling flocculation in situ, the availability of organic matter has

to be known. This can be done by analyzing samples from the water

column in the laboratory as constituents such as EPS and FDA

cannot be visualized using in situ techniques.

The natural EPS and FDA, however, do not flocculate easily with

the clay, despite their high stickiness and large sizes (Passow, 2002).

This is due to the fact that these polymers are mostly negatively charged

particles and, hence, experience an electrostatic repulsion with the

negatively charged clay. For this reason, the presence of salts and, in

particular, cations is crucial, as these cations will help bridging the

polymer and clay (Palomino et al., 2012). These cations usually become

available in the transition zone between fresh water from rivers and sea

water from the coast. This is why studying floc formation in this

transition zone is important in terms of sediment transport modeling.

The nutrient-rich freshwater is suitable for microorganisms to grow,

and the shallowness of coastal waters provides suitable conditions for

microorganisms to have seasonal blooms and to enrich the water with

organic matter. It was demonstrated that both dead and living

microalgae (Skeletonema costatum) aggregate with mineral sediment

and that different combinations of organic matter and salt strongly

influence the flocculation timescales.

Knowing the source and concentration of the primary particles

(Class 1) in the system, and flocculation agents such as organic

matter and/or algae species and salts, a mass balance can be

established, whereby the mass concentration of Class 1 decreases
FIGURE 13

Mass balance for two samples: 0.7 g/L clay + 0.2 M NaCl (upper panel) and clay 0.7 g/L + 0.2 M NaCl + EPS (10 mg/L; lower panel). The total mass is
calculated using the < 7-µm particles.
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in time by flocculation, and the mass concentration of Class 2 [often

represented in good approximation by the median size (D50)]

increases as function of time.

The model parameterization showed that the flocculation

timescales found by performing laboratory experiments are too

short (in order of seconds to minutes), to be relevant in large-scale

sediment transport models. These timescales are, however, found in

jar test experiments where sediment concentration and shear rates

are different from in situ, due to technical constrains. Moreover, the

residence time of particles in the jar is infinite, and the mixing is

homogeneous. Therefore, these types of experiments do not

correspond to in situ conditions, where differential settling can

play a role (Chassagne et al., 2021). To bridge the gap between jar

scale and in situ, an intermediate scale has to be investigated, which

is the topic of our current research.
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