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ABSTRACT
The sedimentability of the activated sludge can be affected by the presence of a large variety of
coagulants and polymers from a previous physical-chemical process. In this paper, the activated
sludge settling process in industrial wastewater treatment plants where the sludge does not settle
in a conventional way is studied. The two observed constant hindered settling velocity stages
and the instant the intermediate sludge acceleration period occurs are described. A variation of
the Richardson and Zaki model is used to characterize the two stages of constant settling
velocity. The concentration of suspended solids, where a sudden decrease of hindered settling
velocity was observed, is calculated. Finally, a new hypothesis to explain the processes
triggering the collapse of the initial homogeneous sludge structure and the existence of an
acceleration period is formulated.

KEYWORDS
Hindered settling, activated sludge, Richardson-Zaki model, sludge acceleration.

2

1 INTRODUCTION
Many secondary settling tanks design methods are based on the experience acquired in the
design of urban wastewater treatment plants. It is also common to use models to simulate
settling tanks by calculating the hindered settling velocity from standard values or using
empirical formulas obtained from urban wastewater treatment plants. However, in some urban
wastewater treatment plants, and especially in industrial ones, the sedimentability of activated
sludge can be affected by the presence of coagulants and polymers used in a previous physicalchemical process.
In a batch settling test with activated sludge it is usual to find an initial induction stage of a few
minutes. The increase of the settling velocity during the induction stage is due to the dissipation
of the turbulence generated in the filling of the settling column [1]. The presence of cationic
polymers in the sludge reduces the length of this induction period and increases the hindered
settling velocity of the sludge [2,3].
The existence of an induction period in settling tests with flocculate suspensions in the
compression range has also been described. This induction period is due to the initial increase in
the permeability of the suspension resulting from the formation of channels through which the
water rises [4].
Chen et al. [5] studied the activated sludge settling velocity from an industrial wastewater
treatment plant in Taiwan. In the settling tests they observed, for certain solid concentrations,
two stages with constant hindered settling velocity and an intermediate stage where the
acceleration of sludge occurs. They also observed the appearance of large flocs during the
speed-up period starting from a homogeneous sludge.
Zhao [6,7] also described the same acceleration process with primary sludge coagulated with
aluminium sulphate and with an anionic organic polymer. Zhao [6] observed that the sludge
acceleration was higher in the underdose range of the polymer (< 10 mg/l) and that the increase
of settling velocity could be due to the sludge flocculation during sedimentation. According to
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Zhao [6] in the underdose range of the polymer the sludge sedimentability was controlled by the
formation of large flocs and by the progressive decrease of the viscosity. While in the overdose
range of the polymer (>10 mg/l) the sludge sedimentability was controlled by the formation of a
networked sludge structure surrounded by an excess of polymer. Zhao [7] considered that this
networked structure links flocs and seems to cause a packing regime.
An increase in the hindered settling velocity in colloidal suspensions with weak gel structure
was also reported. In a weak gel, the excess of unabsorbed polymer generates weak bonds
between the colloidal particles due to the attractive forces induced by the depletion mechanism.
Weak gels present an initial period of no sedimentation, or sedimentation at constant velocity,
and a later period of gel collapse with a sudden increase of settling velocity [8]. The gel net
undergoes restructuring and weakens over time due to the breakage and the readjustment of the
bonds [9]. In these suspensions the delay time in which the collapse of the suspension occurs
increases exponentially with the concentration of the unabsorbed polymer due to the increase in
bond strength by the depletion mechanism [10]. Kilfoil et al. [10] also showed that an increase
in the volumetric fraction of the solids causes an increase in the delay time due to the reduction
of the free volume in which the unabsorbed polymer is found.
This form of sedimentation has not been studied in detail in activated sludge. Chen et al. [5] and
Zhao [6] did not study the instant in which the process of acceleration of sludge takes place, nor
the possible relationship between the different settling stages. However, in this study the two
stages with constant hindered settling velocity, as well as the relationship between these two
stages and the instant at which sludge acceleration occurs, are described and characterized. The
sudden decrease in final hindered settling velocity in a small range of suspended solids
concentrations, not previously described in the literature, is also studied. Finally, a mechanism
is proposed to describe the collapse of the initial homogeneous sludge structure and the
appearance of the stage of sludge acceleration.
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2 MATERIALS AND METHODS
Activated sludge samples for the tests were obtained from the industrial wastewater treatment
plant Ford Spain located in Almussafes, Valencia (Spain). The plant comprises a set of
physical-chemical treatments, as well as a biological treatment with an oxidation ditch. In the
physical-chemical treatments a large variety of chemical reagents are used: Ca(OH)2, iron and
aluminium salts, and both, anionic and cationic polymers.
Sludge was collected from the oxidation ditch after the surface aerators were activated to obtain
a homogeneous sludge sample. The supernatant used to make the sludge dilution was collected
from the secondary clarifier effluent.
2.1 Settling Tests
The hindered settling tests were performed using two cylindrical columns, 1.1 m in height and
0.12 m in diameter. Preliminary studies (Fig. S1 in the supplementary material) showed the
need of an initial rapid stirring of the sludge for ten minutes to reproduce the settling curves and
eliminate the memory effect of the sludge described by Chen et al. [5]. The initial rapid stirring
of the sludge allows reproducing the hydrodynamic conditions of the treatment plant [11] where
sludge is subject to high turbulences in mechanical aerators of the biological reactor before
reaching the secondary clarifier.
The height of the interface in the settling test was determined as a function of time at the end of
the stirring phase. A slow stirring of the sludge was not performed during the settling test to
avoid interfering with the possible flocs aggregation process [5], or with the collapse of the
initial sludge structure causing the acceleration stage. The sludge concentration (X) was
determined from the concentration of total suspended solids using the Standard Method 2540 D
[12]
To consider the effect of the chemical reagents used in the wastewater treatment plant, two sets
of settling tests were performed with different composition of the supernatant. In experiment A,
5

the dilution of the sludge was performed using the supernatant of the secondary clarifier and in
experiment B with the supernatant diluted to 75%. Settling tests were also carried out by adding
during the fast agitation phase, coagulants and polymers used in the physical-chemical process.
2.2 Density and size of flocs
Sludge samples were taken during the initial stirring process from the settling column. The flocs
in this stage are called primary flocs to distinguish them from those generated during the settling
process. The density and size of the primary flocs was also determined.
The density of the dry sludge (rs) was determined using a pyknometer method [13] and the
primary floc density (rp) with a method based on centrifugation in homogenous density
solutions [14].
Image analysis techniques were used to determine the distribution of floc size. Images were
acquired by light field microscopy using an optical microscope and a digital coupled camera
with a resolution of 10 megapixels. A minimum of 120 images were taken in each test to have a
sample of floc images large enough to be able to perform a statistical analysis later. The analysis
and processing of images was performed with a program developed with MATLAB
(MathWorks®) following the methodology used by [15]. The equivalent diameter (dp), that is,
the diameter of a circle having the floc’s projected area, was determined for each identified
primary floc.
2.3 Nonlinear regressions
The nonlinear regressions of the models under study were performed with the program
Mathematica (Wolfram®). In all the regressions, the residuals were found to have a normal
distribution using the Kolmogoroff-Smirnof test and to be randomly distributed using the run
test. To compare the models, the goodness of fit was established using the Sum of Squares
Residuals (SSR) and the coefficient of determination from nonlinear regressions (R2). The
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parameters of the models were found to be significant (p-value < 0.05) and errors were
estimated using the standard deviation.

3 RESULTS AND DISCUSSION
3.1 Characterization of activated sludge
A dry sludge density (rs) of 1.71 ± 0.04 g/ml and a primary floc density (rp) of 1.046 ± 0.004
g/ml were obtained. The dry sludge density obtained is higher than typical values for urban
wastewater treatment plants, i.e., 1.45 g/ml [1]. This is due to the adsorption by the flocs of the
precipitates, inert colloidal particles, coagulant residues and polymers that escape the physicalchemical process. De Clercq et al. [16] obtained similar dry sludge densities (between 1.7 and
1.9 g/ml) in two urban treatment plants with chemical precipitation of phosphorus.
Experimental data for the equivalent diameter of the flocs after removal of the debris was found
to fit a lognormal distribution. The median of such distribution was used as a measure of the
primary floc size (dp), since the lognormal distribution is not symmetric. A dp value of 9.7 µm
was obtained.
It was also determined that 84.8 % of the flocs had a small size with an equivalent diameter
smaller than 25 µm. This result agrees with microscope observations taken in the treatment
plant, as well as with those taken in the rapid stirring phase of the settling test, where a large
number of flocs with a “pin-point floc” structure was observed. This type of flocs is typical in
extended aeration biological processes where flocs are characterized by being weak and easily
breakable with a low turbulence.
3.2 Setting tests results
Fig. 1 shows the height of the interface between the sludge and the supernatant (h) and the
hindered settling velocity (VS) calculated numerically in one of the settling tests performed. An
initial stage (1) with constant settling velocity (Vi), followed by a stage of sludge acceleration
7

(2) and a second and final stage (3) of constant settling velocity (Vf) were observed. In all
settling tests performed, the three stages described were observed (Fig. 2), as well as the typical
hindered settling interface between the sludge and supernatant. The sludge settling stages
described above appeared also when the initial rapid stirring of the sludge was not performed.

(a)

(b)

Fig. 1. Typical Settling curve h(t) and settling velocity VS(t) of settling tests.
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Experiment A

Experiment B

Fig. 2. Settling curves h(t) of the tests performed in experiments A and B.

Fig. 3 shows the initial and final hindered settling velocity as a function of X. An abrupt decline
of Vf in a small interval of X is observed. This jump is not found in the initial hindered settling
velocity. This apparent discontinuity is a characteristic of the sludge under study since it appears
in experiments A and B, and in any other study performed with the sludge from the treatment
plant.

9

Experiment A

Experiment B

Fig. 3. Initial and final settling velocity as a function of X.

The delay time (td) is obtained as the time corresponding to the intersection point of the two
lines representing the initial and final constant settling velocity (Fig. 1a). The delay time allows
estimating when the sludge accelerates and when the transition between the two stages takes
place. In the tests performed, the delay time varied between three minutes and four hours and
increased exponentially as X increased (Fig. 4a).
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(a)

(b)

(c)
Fig. 4. (a) Delay time (td) as a function of X. (b) Relationship between final settling velocity (Vf) and
initial settling velocity (Vi). (c) Relationship between delay time (td) and initial settling velocity (Vi).

Representing Vf versus Vi, two linear zones separated by a jump can be clearly distinguished
(Fig. 4b). It is worth noting that the relative increase in settling velocity after the accelerating
process is smaller for high X concentrations. On the other hand, the delay time td is linearly
related to Vi so that the accelerating process appears later, when the initial sludge settling
velocity is lower (Fig. 4c).
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The presence of chemical compounds used in the physical-chemical treatment affects the sludge
sedimentability. As an evidence, the settling velocities (Vi and Vf) and the delay time (td) were
found to be affected by the dilution of the supernatant used in experiment B (Figures 3 and 4).
In settling tests performed maintaining the concentration of X it was also verified that addition
of the coagulants and polymers used in the treatment plant during the initial agitation stage
affects Vi, Vf and td (Fig. 5).

(a)

(b)

Fig. 5. Effect of coagulants and polymers used in the physical-chemical treatment on sludge
sedimentability. (a) Addition of ClSO4Fe. (b) Addition of the polymer Gardo TP 55.

3.3 Modelling the initial and final settling velocity
Some of the models most commonly used to describe the activated sludge hindered settling
velocity are Vesilind’s exponential model (VS=k exp(-nX)), Yoshioka’s potential model (VS=k -n)
and Cho’s models (VS=k exp(-nX)/X and VS=k (1-nX)4/X) [17]. The hindered settling velocities
Vi (X) and Vf (X) were studied considering these models and a modification of Richardson and
Zaki model [18] proposed by Font et al. [19]. The latter takes into account the external porosity
of the flocs and a non-laminar regime (Eq. (1)).
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In the modified Richardson and Zaki model, the terminal settling velocity of the flocs (V0) is
related to the diameter (df), the density of the flocs (rf), and Reynolds number (Re < 500). The
diameter of the floc is defined as the equivalent diameter of a sphere with the same volume of
the floc. The density of the flocs is calculated by mass balance with Eq. (2), and Reynolds
number is calculated as rꞏdfꞏV0/μ. The aggregate volume index (j) is defined as the quotient
between the volume of the flocs (vf) and the volume of the solids contained within the flocs (vs).
The model’s exponent (n) is obtained as a function of Re by Eq. (1b), proposed by Garside and
Al-Dibouni [20], which is valid for volumetric fractions of flocs (ff = jꞏX/rs) greater than 1.
Richardson and Zaki parameters of the model (V0 and j) were obtained from experimental data
using nonlinear regressions of Eq. (1a) by performing an iterative process to obtain the
convergence for the value of n. In each iteration, after obtaining V0 and j, df is calculated
numerically from Eq. (3), then Re=rꞏdfꞏV0/μ is obtained and the parameter n is recalculated from
Eq. (1b). Parameters from the other models were obtained by performing nonlinear regressions.
All the models considered have two independent parameters.
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The regressions of Vf as a function of X were performed considering two subintervals of X due
to the apparent discontinuity observed in the experimental data (Fig. 3). For the regressions of Vi
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two subintervals of X were considered too, since the regressions performed with a single range
of solids showed the residuals were not random at high X concentrations (Fig. S2 in the
supplementary material).
From the statistical point of view, the best model to describe Vi (X) and Vf (X) was found to be
that of Richardson and Zaki, since this model gave the lowest value of SSR (Fig. S3 in the
supplementary material) as well as a normal and random distribution of the residuals. In
addition, the model has the advantage of describing the hindered settling velocity as a function
of the characteristics of the flocs. It should be noted that, for all the experimental fittings
performed, the exponent of Richardson and Zaki model was found to have a value very close to
5 (Fig. 3). It was verified that simplifying the model and setting n = 5.0 the regression results
are the same.
3.4 Application of Richardson and Zaki model
Plotting Vi 1/n and Vf 1/n as functions of X (Fig. 6) shows that the sharp decrease of Vf 1/n agrees
approximately with the slope change of Vi 1/n. Xt is the point in the concentration of X where the
transition between zones with different slopes in Vi and the sharp decrease in Vf occurs. Xt is
calculated experimentally as the value of X at which the lines corresponding to the initial
settling velocities Vi1 and Vi2 intersect (Eq. (4c)). Thus, the model is defined considering two
intervals of X: X < Xt and X ≥ Xt (Eq. (4)).
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The model allows classifying the studied activated sludge sedimentability in four zones or
different regimes. Fig. 6 shows four straight zones (i1, i2, f1 and f2) classified according to X
being greater or less that Xt (interval 1 or 2), or depending on the constant settling velocity being
the initial one or the final one. In other studies, the existence of different hindered settling
regimes as a function of X has also been observed [5,21]. However, the sharp decrease in the
hindered settling velocity over a small range of suspended solids concentrations has not been
previously described in the literature.

Fig. 6. Classification of sedimentation zones for the activated sludge studied.

The model used describes the activated sludge sedimentability considering an equivalent system
with the same hindered settling velocity as the activated sludge, formed by spheres with a
diameter equal to the mean diameter of the flocs. The model is an ideal approximation that do
not take into account that activated sludge flocs have different sizes and are permeable and not
spherical. Still, the model can be used to estimate the order of magnitude of the average
characteristics of the flocs and to describe from them the changes in the flocs occurring after the
sludge acceleration process and during the transition from X < Xt to X > Xt.
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3.4.1

Characteristics of flocs

Table 1 shows the values of df, V0, and Re calculated with the model in the different
sedimentation zones. Most of the Re values are outside the laminar regime (Re < 0.2), therefore
the Richardson and Zaki model in laminar regime with n = 4.65 [5] is not suitable for this study.
Thus, it is necessary to correct V0 and n as a function of Re (see Eq. (1)).

Exp.

A

B

Zone

df
(mm)

V0
(mm/s)

Re

i1
f1
i2
f2
i1
f1
i2
f2

0.70 ± 0.04
0.70 ± 0.04
0.097 ± 0.016
0.24 ± 0.04
0.94 ± 0.07
0.99 ± 0.05
0.192 ± 0.013
0.38 ± 0.03

0.40 ± 0.04
0.98 ± 0.06
0.025 ± 0.007
0.14 ± 0.04
0.59 ± 0.09
1.30 ± 0.09
0.062 ± 0.008
0.27 ± 0.04

0.27 ± 0.03
0.68 ± 0.06
0.0024 ± 0.0008
0.032 ± 0.011
0.55 ± 0.10
1.28 ± 0.12
0.012 ± 0.002
0.104 ± 0.017

Table 1. Characteristics of flocs calculated from Richardson and Zaki model in the different settling
zones.

The results obtained allowed to verify that the conditions necessary to apply the model in the
four areas under study (Re < 500 and ff > 0.1) were fulfilled. The effect of the settling column
walls was also found to be negligible. Using the equation proposed by Garside and Al-Dibouni
[20], the relative error in V0 due to the settling column diameter was determined to be between
0.2 and 2%.
The model allows estimating some additional properties of the flocs. The porosity of flocs (εf) is
calculated as the fraction between water volume contained in the floc (vf -vs) and the floc volume
(vf) (Eq. (5)). The floc’s porosity due to the larger pores can be estimated from the porosity
generated by the external water of the primary flocs composing the floc (εext p). This porosity is
calculated by considering the volume of the primary flocs (vp) contained within the floc (Eq.
(6)). Table 2 shows the values of εf and εext p calculated with Eq. (5) and (6).
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A
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(5)

𝜌

𝜌

𝑗 𝜌

(6)

𝜌

Zone
i1
f1
i2
f2
i1
f1
i2
f2

εf
0.9977 ± 0.0002
0.9941 ± 0.0006
0.993 ± 0.002
0.994 ± 0.002
0.9981 ± 0.0002
0.9958 ± 0.0004
0.9957 ± 0.0004
0.9950 ± 0.0005

εext p
0.966 ± 0.004
0.912 ± 0.012
0.89 ± 0.03
0.91 ± 0.03
0.971 ± 0.004
0.938 ± 0.008
0.935 ± 0.009
0.926 ± 0.011

Table 2. Flocs porosities calculated from Richardson and Zaki model in the different settling zones.

The characteristics of the flocs obtained using Richardson and Zaki model, and shown in Table
1 and Table 2, were compatible with the experimental values reported by the literature of
activated sludge flocs.
The εf values in the settling zones under study are compatible with the typical values of porosity
of the activated sludge flocs calculated by mass balance. Chung and Lee [22] obtained activated
sludge porosities between 0.98 and 0.99, while Chu and Lee [23] considered that the porosity
can be even higher than 0.99. Xiao et al. [24] obtained that the porosity of the activated sludge
flocs after a flocculation process was between 0.91 and 0.98. These results are compatible with
those obtained for floc porosity due to primary flocs (εext p).
Hribersek et al. [25] obtained that flocs with an equivalent diameter ranging between 0.15 and
1.7 mm, had terminal settling velocity of the activated sludge flocs (V0) between 0.2 and 2.1
mm/s. Whereas Xiao et al. [24] obtained that flocs with sizes between 1.3 and 3.7 mm, had V0
values between 1.9 and 7.0 mm/s. The terminal velocity of the flocs in the initial settling stage
17

(zones i1 and i2) is much lower than the typical value for activated sludge with similar floc size.
However, after the sludge acceleration process during the final settling stage (zones f1 and f2),
V0 has the same order of magnitude as the expected value for activated sludge.
If it is assumed that all solids are contained within the flocs, then the mean number of flocs per
unit volume (nf) can be estimated as the ratio of the solids volumetric fraction (fs= X/rs) to the
mean volume of solids contained in a floc (vs). Eq. (7) allows calculating, in the four areas under
study, the mean number of flocs per unit mass of X as nf/X.
𝑛
𝑋

6 𝑗
𝜋𝜌 𝑑

(7)

Table 3 shows the calculated ratios between the different settling zones for df, V0 and nf/X. The
calculated ratios between the final and initial stages of interval 1 (f1/i1) and interval 2 (f2/i2)
allow studying the changes produced in the flocs after the sludge acceleration process. The
calculated ratios in the intervals 2 and 1 of the initial velocity stage (i2/i1), and the final stage
(f2/f1) allow studying the difference between the initial and final characteristics of the flocs as a
function of X.

Exp. Ratio

rdf

rV0

rnf/X

f1/i1
f2/i2
i2/i1
f2/f1
f1/i1
f2/i2
i2/i1
f2/f1

1.0
2.5
0.1
0.3
1.1
2.0
0.2
0.4

2.5
5.6
0.06
0.1
2.2
4.4
0.1
0.2

0.4
0.08
116.9
22.6
0.4
0.1
53.6
14 .2

A

B

Table 3. Ratios of flocs characteristics from different settling zones.

18

3.4.2

Initial hindered settling stage and calculation of Xt

Richardson and Zaki model explains the difference between the initial sludge structure in zones
i1 and i2 and lets calculate the Xt value where the sudden decrease of Vf occurs.
The external porosity of the flocs calculated with respect to the total suspension volume (ε’ext f)
represents the porosity due to water outside the flocs (Eq. (8)). Whereas the internal porosity of
the flocs due to the larger size pores calculated with respect to the total suspension volume (ε’ext
p)

is obtained considering the total volume of water external to the primary flocs contained

within the flocs (Eq. (9)). External porosity of flocs decreases with increasing X because the
space between the flocs decreases, whereas the internal porosity of flocs increases due to the
increase in the number of flocs.
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𝜌

𝜌

𝜌

𝜌

𝑋
𝜌

(9)

When the initial agitation process in the settling test ends, a brief period of induction occurs. In
this period, the combined effect of the dissipation of the turbulence and the beginning of the
settling process with large fluctuations in the settling velocity [11], leads to a flocculation
process. Therefore, flocs more porous and larger than the primary ones are generated in zones i1
and i2. The differences in the initial flocs characteristics in experiments A and B can be
explained by the effect on the flocculation process of the different composition of salts and
polymers in the supernatant.
If, during the initial induction period, the external porosity of the growing flocs (ε’ext f) is greater
than the internal porosity (ε’ext p), the flow of water outside the flocs is larger than the internal
flow. In this case, the sludge settling and formation of flocs are both determined by the external
porosity of the flocs. However, if the external and internal porosity have the same order, the
19

internal flow plays an important role, so that flocs formation and sludge settling is conditioned
by the internal porosity of the flocs. In this situation, the flocs will rearrange differently during
the induction stage, forming an initial flocs structure different from the previous one. In
addition, since the distance between the formed flocs and the size of their pores are the same
order, bridges and joints between flocs can arise, generating a structure similar to a weak gel.
The mechanisms of floc formation described above are compatible with those described by
Zhao [7]. Thus, depending on the X concentration, initially either large flocs or a weak gel
structure of smaller flocs will be formed. Richardson and Zaki model describes these two
situations considering that the number of flocs per mass of X formed is greater in zone i2 than in
zone i1 (between 54 and 117 times greater) and the size of flocs smaller (between 0.1 and 0.2
times smaller) (Table 3).
The X concentration that separates the two situations described above corresponds to the point
where the transition between zone i1 and i2 occurs. The value of Xt can be estimated as the
concentration of X where ε’ext f = ε’ext p in zone i1 (Eq. (10)). The Xt errors, experimental and
from the model, have been calculated from Eq. (4c) and (10), considering the experimental
errors of rs and rp, and the estimated errors of the parameters V0 and j of the model. In Table 4,
the Xt values obtained with the model are compared with the values obtained experimentally.
The results show that the model allows estimating the value of Xt where the sudden decrease in
Vf occurs.
𝑋

𝜌
2𝑗

𝜌
𝜌

𝜌
𝜌

(10)

Exp.
A
B

Xt (g/l)
Experimental
2.0 ± 0.3
1.7 ± 0.2

Xt (g/l)
Richardson and Zaki
1.97 ± 0.10
1.68 ± 0.09

Table 4. Xt calculated experimentally and with Richardson and Zaki model.
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It is important to note that both methods used for the calculation of Xt are independent.
Experimentally, Xt is obtained from the results of settling tests of zones i1 and i2 (Eq. (4c)),
while the model calculates Xt from ji1 obtained from the settling tests in zone i1 and from
experimental measurements of rs and rp which are independent of the settling tests.
3.4.3

Final hindered settling stage and sludge acceleration

The initial hindered settling stage and the acceleration process cannot be considered an
induction stage due to the dissipation of the initial turbulence. The induction phase usually lasts
a few minutes whereas, in tests conducted at high solids concentrations, the initial settling stage
lasted several hours (Figures 2 and 4a). In addition, an induction phase before the initial settling
velocity stage was observed in the settling tests.
It was verified that the acceleration phase is not due to the induction process described by [4]
since all the tests were carried out with concentrations of X outside the compression range.
Sedimentation by compression takes place from a concentration of X (Xc) where the flocs begin
to be in contact with each other. The settling tests were performed with an X concentration (1 <
X < 4 g/l) lower than the typical Xc value for activated sludge which is between 5 and 10 g/l
[26]. It is also possible to estimate Xc = 0.64ꞏrs/j assuming that when the contact between the
flocs begins, ff must approach the volumetric fraction in a fixed bed of spheres (ff = 0.64). Font
et al. [19] verified that this approximation is correct in metal hydroxide suspensions. The
approximation was used to verified that in all settling zones being studied X < Xc. On the other
hand, although a weak gel structure can result from the polymer excess, the structure of the
sludge will be completely different from that generated by physical contact of the flocs in the
compression range. The mechanism described by Font and Pérez [4] is based on the initial
formation of channels in the sludge and does not explain the beginning of the acceleration
process after a long period with constant settling velocity.
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The appearance of the period of increasing velocity cannot be explained by a conventional
mechanism of flocculated sedimentation. However, there are similarities between the collapse
of the colloidal weak gels and the acceleration process observed in the activated sludge.
There must be a mechanism triggering the flocculation process after a period of constant settling
velocity, lasting a short time interval. The sludge acceleration phase may be caused by the
fragmentation of the flocs or by the fragmentation of the weak gel structure generated after the
initial rapid stirring stage. This fragmentation process can be explained by the existence of
physical-chemical mechanisms that cause the rupture of bonds between primary flocs.
The flocs formed during the initial induction process and during the acceleration phase can be
considered fragile because the joints between the primary flocs are weak and unstable. Proof of
this is that the memory effect observed in the settling tests is easily eliminated with the initial
agitation of the sludge and that flocs break easily during the tests when entering the
compression zone.
Considering that the bonds between primary flocs are weak, the water flow in the areas where
porosity is higher can lead to the rupture of the weak bonds that exist between the primary flocs.
The rupture of bonds in the more porous areas will increment the porosity of these zones,
increasing the water flow and the fragmentation process. On the other hand, François et al. [11]
showed that there are large fluctuations in the flocs settling velocity with a mean velocity equal
to the activated sludge hindered settling velocity. These fluctuations can generate shear forces
causing a slow breakage of weak bonds between flocs of a weak gel structure. The greater the
initial settling velocity of the sludge the more important the physical mechanisms of
fragmentation will be. These mechanisms explain the delay in the beginning of the acceleration
process with increasing X due to the decrease of Vi, and the linear relationship between td and Vi.
The fragmentation process can also be caused by the instability of the primary flocs bonds. This
hypothesis is compatible with the linear relationship between td and Vi, which suggests that
sludge fragmentation (td > 0) also occurs when Vi = 0. The chemical breakage of bonds explains
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the fragmentation process in tests with high concentration of X where the initial settling velocity
is very low. Another aspect supporting the hypothesis of the existence of a chemical mechanism
is the dependence of the parameters relating linearly td with Vi with the composition of the
supernatant.
Some mechanisms described in the literature may explain the sludge fragmentation over time
when Vi is very low. Depletion mechanisms may be important if considering the presence of
debris particles, small flocs and polymers non-adsorbed by flocs in the sludge coming from the
physical-chemical treatment. Depletion flocculation can generate a weak gel that weakens
progressively due to the breakage of the gel bonds in a similar way to the process described by
Bartlett et al. [9] in colloidal suspensions. There could be also endogenous syneresis processes
within the flocs or shear densification mechanisms, so that the flocs contraction originated by
the expulsion of water [27] favors the rupture of bonds between primary flocs. The densification
process can be caused by the shear due to the buffeting of flocs in sedimentation [28] and/or to
the external and internal water flow through the flocs.
The physical and chemical mechanisms described above can cause the fragmentation of the
sludge structure and trigger a flocculation process leading to the acceleration of sludge. Finally,
when a new equilibrium is reached in the floc structure, the stage with final constant hindered
settling velocity begins. The results on the characteristics of flocs obtained in the final settling
stage can be explained by the proposed mechanisms of fragmentation and flocs formation.
Consequently, the number of flocs per unit volume decreases after the acceleration process
(nf1º0.4ꞏni1 and nf2º0.1ꞏni2, Table 3).
For low X concentrations (zones i1 and f1) the physical breakage of flocs will predominate since
Vi is high. Fragmentation will occur at those few points where the larger pores were initially
located, generating large fragments of the flocs. In addition, with an increase of the initial
settling velocity, the number of collisions and joints between flocs will increase too. The
process of aggregation of flocs will generate eventually large flocs.
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For high X concentrations (zones i2 and f2) the chemical mechanism of flocs breakage will
predominate since Vi is low. The flocs breakage mechanism becomes more homogeneous, so
that fragmentation occurs at many points leading to small size fragments. In addition, the
flocculation process decelerates, generating fewer collisions among the flocs due to the lower
settling velocity. Eventually, the aggregation of flocs leads to more compact and smaller flocs.
The fragmentation and flocculation processes slow down, causing the start of the sludge
acceleration phase to be delayed (high td).
The sudden jump in the final hindered settling velocity (Figures 3 and 4b) is also observed in V0
when moving from zone f1 to zone f2 (rV0 between 0.1 and 0.2, Table 3). The differences
between the initial sludge characteristics in zones i1 and i2 and the conversion from a
predominant physical mechanism for the sludge fragmentation to a chemical mechanism,
explain the formation of flocs with different characteristics in zones f1 and f2 and the
subsequent decrease of V0. On the other hand, the possible existence of a weak gel structure in
the initial settling stage explains that the order of magnitude of V0 at this stage be smaller than
the typical value for the activated sludge flocs.
The proposed Richardson and Zaki model does not allow calculating the final settling velocity
in the transition between zones f1 and f2 considering a discontinuity in Xt (Eq. (4)). Nor can it
explain the presence of several millimeters size flocs observed in zone f1. To improve the
description of sludge settling in the final settling velocity stage, it is necessary to improve the
model taking into account the fractal structure of flocs, their sphericity and the effect of water
flow through the flocs.

4 CONCLUSIONS
Two different stages with constant hindered settling velocity and an intermediate acceleration
process are observed during the settling tests.
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The defined delay time allows estimating the instant when the sludge collapse-acceleration
process occurs. The delay time increases exponentially with increasing X concentration and
decreases linearly with increasing initial hindered settling velocity.
Richardson and Zaki model lets characterize and classify the activated sludge sedimentability in
a settling test with a sludge acceleration stage. It also allows estimating the X concentration
where a sudden decrease of final hindered settling velocity, not previously described in the
literature, occurs.
The existence of two constant hindered settling velocity stages and a sludge acceleration stage
can be explained by the fracture of the initial homogeneous sludge structure and the flocculation
of the generated flocs.
The proposed physical-chemical mechanisms of fragmentation and the initial sludge structure
explain the sudden drop observed in the final settling velocity and the delay in the start of the
sludge acceleration phase.
The additives added in the previous physical-chemical treatment play an important role in the
sedimentation process and in the fragmentation of the initial homogeneous sludge structure.
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APPENDIX A. SUPPLEMENTARY MATERIAL

(a)

(b)

Fig. S1. Results from settling tests. (a) Without previous stirring. (b) With 10 min of previous stirring.
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Experiment A

Experiment B

Fig. S2. Results from initial settling velocity regressions and residuals from Richardson and Zaki model.

27

(a)

(b)
Fig. S3. Mean Sum of Squares Residuals (SSR/N) of the settling velocity adjustments for experiments A
and B. (a) Initial settling velocity (b) Final settling velocity.
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