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ABSTRACT

Due to increasing amounts of wastewater bio-sludges produced worldwide, a lot of research
has been carried out to optimize their treatment in view of reducing their high water con-
tent. Large efforts have been made on bio-sludge conditioning prior to mechanical dewater-
ing. Research about drying is more recent but becomes more and more important in order
to produce pellets that can safely be used in agriculture or that can be incinerated to recover
energy. The consequences of the dewatering step especially, the nature and dosage of the
polymer used for conditioning, on further drying still need to be investigated. However,
such studies require making a large number of experiments at the laboratory scale, which
needs to use a liquid bio-sludge with constant properties in order to get relevant results.
Within this context, this article emphasizes the difficulty of making experiments with an
organic material, by showing dewatering and drying results obtained during two series of
tests. The experiments were conducted with bio-sludge collected after thickening in a local
wastewater treatment plant. During the first test series “W,” experiments, i.e. conditioning,
dewatering and drying, were performed on three samples with one week apart, using the
same initial bio-sludge. For the second series “D,” trials were done each day during a work-
ing week. The Zetag 7587 conditioner was used to evaluate bio-sludge flocculation behav-
iors. The dewatering was made using a normalized filtration-expression cell. Drying
experiments were carried out in a convective micro-dryer. The results indicate that an
increase in storage duration leads to changes in bio-sludge dewatering and drying behav-
iors, leading to poor repeatability of experiments. Consequently, any experimental design
must be completed in a limited time span to obtain relevant results. About shrinkage
response which develops during drying, a two-zone linear model was developed. It was
observed that the first part of the curve was almost similar for all experiments, whereas the
second part reached progressively to lower volumes with increasing storage duration. In
future works, the impact of other polyelectrolytes’ type and dosage at the laboratory scale
on the dewatering and drying processes will be investigated more deeply.
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1. Introduction

According to the directive of the Council of
European Communities concerning urban wastewater
treatment [1], municipalities will have to face with
growing amounts of wastewater bio-sludge, because
of the multiplication of the number of wastewater
treatment plants. This production is expected to dou-
ble in the European Union during the next 10 years
[2]. At the same time, the directive on waste landfill
[3] has planned the progressive reduction of bio-
sludge disposal in dump sites until 2016 [4,5]. At the
present time, two major issues are used for bio-sludge
disposal: energy valorization through incineration and
agriculture valorization through landspreading [5].

Excess bio-sludge which is produced by the bio-
logical treatment of wastewater still contains more
than 99% of water at the bottom of thickeners. A fur-
ther mechanical dewatering step is essential prior to
drying. However, bio-sludge is a colloidal system in
which small bio-sludge particles form a stable suspen-
sion in water, making them very difficult to be sepa-
rated from the water phase. The poor bio-sludge
dewaterability is in great extent related to the presence
of extracellular polymeric substances (EPS) which
induce a negative surface charge of the bio-sludge
flocs [6], bio-sludge solids composition [7] and its
rheological properties. This complex process can also
be influenced by external factors such as the choice of
the dewatering equipment type and driving force
(gravity, pressure and vacuum) [8].

To enhance bio-sludge dewaterability, the addition
of chemical conditioners such as flocculants and/or
coagulants is often necessary to help the bio-sludge
particles to agglomerate into larger settleable flocs
prior to solid–water separation, usually by mechanical
dewatering device. Depending on the dewatering tech-
nique, the so-called bio-sludge cake reaches around
15–35% of dry solids content (DS), which represents
the total solids captured after water removal. Thermal
drying can then be used to remove totally or partially
the remaining water, depending on bio-sludge final
use. This obviously reduces the mass and volume of
waste and, consequently, the cost for storage, han-
dling, and transport. The removal of water to such a
low level also increases drastically the lower calorific
value, transforming the bio-sludge into an acceptable
combustible [9].

Even though the conditioning and dewatering
steps are known to have an impact on bio-sludge dry-
ing behavior, practically no study can be found about
the role of the flocculants’ nature and dosage. Before
studying experimentally the influence of polymer’s
type and dosage on dewatering performances and

subsequent drying behavior, it is necessary to assess
the bio-sludge variability with storage duration
because bio-sludge is a highly fermentable material
whose properties and composition can rapidly change.
Few studies have been performed on the impact of the
storage duration of non-conditioned liquid bio-sludge.
Raynaud et al. [10] showed that good repeatability
could be obtained for three successive days when
liquid bio-sludge, beforehand concentrated and
diluted to the desired concentration, was stored at
4˚C. Some groups focused on the stability of dewa-
tered bio-sludge samples directly collected in a
wastewater treatment plant, with regard to their dry-
ing behavior or associated gaseous emissions. Fraikin
et al. [11] clearly showed the impact of both the stor-
age duration and the temperature on bio-sludge con-
vective drying properties. Ferrasse et al. [12] focused
on indirect agitated drying. They showed that experi-
ments remained repeatable up to 8 or 9 d, but disre-
garded the results of the first two days.

Within this context, the aim of the present work is
to illustrate the impact of non-conditioned liquid bio-
sludge storage duration on its dewatering and drying
behavior, prior to the realization of larger experimen-
tal campaigns. The method to be used consists in
determining the adequate polymer dosage in the
flocculation step and then repeating dewatering and
drying tests with this same polymer concentration on
the same wastewater bio-sludge after different periods
of bio-sludge storage. Although most of the research
(not all) at the laboratory scale showed that bio-sludge
samples have to be stored at 4˚C prior to starting the
dewatering tests, this procedure can be questionable
because the bio-sludge storage temperature maybe
selected according to industrial purposes. For exam-
ple, Bruus et al. [13] have studied the effects of
anaerobic bio-sludge storage prior to dewatering.
These authors stored their bio-sludge samples at room
temperature before starting any experimental tests.
For this reason, it can be argued that 4˚C is not the
only temperature that has to be taken into account
with implication to improving the dewatering and
drying process. In this work, it was decided to keep
the bio-sludge samples at room temperature in order
to stay as close as possible to industrial reality.

In fact, at the industrial scale, there are several
possibilities concerning bio-sludge storage. Within
large WWTPs, the bio-sludge is collected at the bottom
of thickeners. The dewatering process is performed
just after the conditioning of the thickened bio-sludge.
In that case, no real storage is done but a rather con-
tinuous treatment can be done with bio-sludge proper-
ties remaining quite stable. Conversely, in some
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small-/medium-size WWTPs, a continuous treatment
would not be economically relevant. In that case, the
thickened bio-sludge is stored in an aerated tank for
several production days (up to 4). Then the whole
batch is conditioned and dewatered.

2. Materials and methods

2.1. Bio-sludge samples

The study was performed on activated bio-sludge
samples collected after thickening from the wastewa-
ter treatment plant of the Grosses-Battes, located close
to the University of Liège (Belgium). This plant is
designed for treatment of domestic wastewater from a
part of the city of Liège in an amount of 59,041 PE
(population equivalent). Operating on the principle of
activated bio-sludge, the plant has removal of total
organic carbon, nitrogen as well as phosphorous by
biological process. After transportation to the labora-
tory, the bio-sludge samples were stored at room tem-
perature of 25 ± 2˚C in open vessels under continuous
gentle stirring. At this temperature, the industrial
purpose can be well simulated.

2.2. Evaluation of raw bio-sludge characteristics (Standard
Methods)

Before bio-sludge was used in the flocculation step,
its characteristics in terms of dry solids (DS) and
volatile solids (VS) content were determined at the
beginning of each experiment, according to standard
methods [14]. Precisely, the DS and VS content of raw
bio-sludge were, respectively, determined by drying
repetitively the wet material at 105˚C until mass stabi-
lization (usually 24 h), then by calcinating the dried
residue at 550˚C for 2 h, and weighing. Three repli-
cated tests were carried out to evaluate the reliability
of the experiments. Finally, the DS and VS content of
raw bio-sludge as percent (%) were estimated accord-
ing to, respectively, (Eqs. (1) and (2)).

DS ¼ Wd �Wp

Ws �Wp
� 100 (1)

where DS is the total solids content of the control sam-
ple (%); Wd is the total weight of the control including
the weighting dish (g), after drying at 105˚C; Wp is the
tare weight of the weighting dish (g); Ws is the weight
of control, before drying (g).

VS ¼ 1�Wq �Wr

Wt �Wr

� �
� 100 (2)

where VS is the volatile solids content of the sample
(%); Wq is the total weight of the dried sample includ-
ing the weighting dish (g), after calcination at 550˚C;
Wr is the tare weight of the weighting dish (g); Wt is
the total weight of the dried residue obtained at 105˚C
including the weighting dish (g).

2.3. Bio-sludge conditioning

Zetag 7587 provided in powder form (Ciba,
Belgium) was used to evaluate bio-sludge flocculation
behavior. This polymer was chosen for its large use in
wastewater treatments. A diluted polymer solution
(1 g/L) was prepared the day before its use. A classi-
cal Jar test device (Floctest, Bioblock Scientific 82993)
was used to mix the polymer with the bio-sludge.
Samples of 600 mL of bio-sludge were put in a beaker
of 800 mL. The polymer was added rapidly in the stir-
red vessel while the bio-sludge was quite intensely
stirred (120 rpm for 1 min) to promote polymer
dispersion. After this period, the rotation speed was
reduced and the bio-sludge was gently stirred at
40 rpm for 3 min to promote floc growth.

For easiness and quickness, the Jar test method
was used to determine good dosage requirements for
chemical-added polymer. The setup consists in six
axial mixing bladed paddles that are operated by a
single motor, so mixing conditions are the same in the
six beakers, and each one was filled with 600 mL of
the raw bio-sludge sample. A range from 2 to
12 g/kgDS of polymer doses was tested. Visual
observations were used to evaluate the effectiveness of
the dosage such as more stable and larger floc parti-
cles, faster settling and better clarity of the super-
natant. Using this method, the best polymer dosage
was found close to 8 g/kgDS.

2.4. Bio-sludge dewatering

After conditioning, the dewatering process was real-
ized using a normalized filtration-expression cell
(AFNOR 1979). The cell was a 270-mm-deep cylindrical
stainless steel chamber with an internal diameter of
70 mm (Fig. 1). A perforated disk was located at the
bottom of the cylinder in order to support the filter
medium. Filter medium was polypropylene material
with permeability of 8 L/dm2/min and a thickness of
0.70 mm. The flocculated bio-sludge was poured with
the supernatant into the filtration cell. Then, the pres-
sure on the piston was applied and controlled by
pressurized air; it was fixed at 5 bars.

When filtration cell device is filled by the floccu-
lated bio-sludge, a certain amount of the supernatant
flows by gravity: this volume of water is called the
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gravity drainage volume. This amount of water is in
principle not taken into account to estimate the total
volume of filtrate, because at this stage, no pressure is
still applied to the bio-sludge sample (the gravity drai-
nage volume will be subtracted from the total volume
of filtrate at the end of the experiment). The mass of
the collected filtrate was recorded every 10 s on the
personal computer linked to a precision balance
device. The filtration was stopped after a time fixed at
1 h for all experiments.

The data obtained during the dewatering process
were plotted using time divided by filtrate volume
(t/V) as the ordinate and filtrate volume as the
abscissa (Fig. 2). In theory, mechanical dewatering
under a constant pressure drop can be divided into
two successive steps: filtration and expression stages.
The filtration phase is characterized by the linear part
and it corresponds to cake formation due to the
accumulation of the solid particles on the surface of a
filter medium. The second part represents the

expression phase. It describes the removal of water by
cake squeezing [15]. During the filtration phase, the
ability of forming the cake to let the water go through
is commonly characterized by the specific resistance to
filtration (SRF) [15]. This parameter is classically
calculated by the slope of the straight line portion of
the graph according to Carman’s equation (Eq. (3)),
based on Darcy’s law [16].

The end of the filtration phase can be obtained by lin-
ear fitting adjustment. To do so, the mean square error
(MSE) (Eq. (4)) and the correlation coefficient R2 (Eq. (5))
were calculated; then, the fitted curve was determined
using a defined program in Matlab software. A straight
line was adjusted initially on the first five data points,
and then the following points were added one by one.
The end of the linear part corresponds to the experimen-
tal point from which MSE increases and R2 coefficient
drops [17]. Fig. 3 shows the evolution of the two parame-
ters (MSE andR2) as a function of the experimental points
and the transition between the two area parts, indicated
by the black line in the figure.

t

V
¼ l:SRF

C

2PA2
V þ l:Rf

PA
(3)

MSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i ðyi � xiÞ2
n� q

s
(4)

R2

Pn
i¼1ðyi � �xÞ2Pn
i¼1ðxi � �xÞ2 (5)

where xi is the visualized values; �xi is the mean of visual-
ized values; �yi is the fitting values, n is the number of
observations, q is the modeling parameter number.

Fig. 1. Filtration-expression cell.

Fig. 2. Typical dewatering curve showing filtration and
compression stages.

Fig. 3. Evolution of the two parameters (R2, MSE) as a
function of the considered experimental points for fitting
Carman’s equation.
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Before drying, bio-sludge cakes obtained after
mechanical dewatering were extruded through a
circular die of 14 mm of diameter and cut at a height
of 14 mm, yielding cylindrical samples with a mass of
approximately 2.5 g, as used in several industrial belt
dryers.

2.5. Convective drying rig

Convective drying experiments (Fig. 4) were carried
out in a so-called convective “micro-dryer,” specially
designed for handling small extruded samples with a
mass between 0.5 and 5 g. The micro-dryer is a classical
convective rig controlled in relative humidity, tempera-
ture and air velocity, which has already been described
in detail in a previous study [18].

Drying curves representing the drying rate
(kgdry air/s) vs. the water content on a dry basis X
(kgwater/kgdry solids) are obtained from these mass curves
vs. time data. Dividing the drying rate by the external
exchange area yields the so-called Krischer’s curves
commonly used to study drying, i.e. the drying flux
(kgdry air/m

2 s) vs. water content (kgwater/kgdry solids)
depicted in Fig. 5. In accordance with the convective
drying theory, three periods can be identified [19,20]:

� The first period, or the preheating period (AB),
represents a period of adaptation of the sample
to the drying conditions. During this period, the
solid temperature and the drying rate increase
considerably.

� The second period (BC) is called the constant
drying flux rate. During this period, the supplied
heat serves essentially to the evaporation of the
product water. As explained by Deng et al. [20],
the evaporated water in this period is free water.

� The third period (CD) is the long-falling drying
rate period, ending with stabilization in moisture
content at an equilibrium value corresponding to
the end of drying. In this period, the energy
serves to evaporate the product water and to
increase its temperature.

Results reported in this study refer to the following
operating conditions: temperature of 130˚C, superficial
velocity of 1 m/s, and the absolute humidity of the air
fixed at 0.005 kgwater/kgdry air.

Fig. 4. Detailed scheme of the convective micro-dryer.

Fig. 5. Typical drying rate curve (Krischer’s curve).
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2.6. X-ray microtomography

To determine Krischer’s curve, it is necessary to
know the exchange surface developed by the
bio-sludge sample, assumed to be the external sample
surface. Following a method developed inside the lab-
oratory [21,22], it was evaluated using X-ray microto-
mography, acting as a medical scanner. This method
allows the determination of shrinkage curves from ser-
ies of 2D cross section images of the sample. This
results in a reduction in the effective surface exchange
in the course of time. The X-ray microtomographic
device used in this study was a “Skyscan-1074 X-ray
scanner.” The X-ray source operates at 40 kV and
1 mA. The detector is a 2D, 768 × 576-pixel, and 8-bit
X-ray camera giving images with a pixel size of
41 μm. The following sequence was repeated several
times during a drying experiment: drying interrup-
tion–tomographic analysis–drying resumption. These
interruptions have been proved to not have impact on
the drying kinetics [18].

2.7. Mathematical model and statistical analysis

An analysis of variances was used for graphical
treatment of the data to obtain the evolution of the
normalized sample volume V/V0 vs. the normalized
water content X/X0. Statistical tests were performed
using Matlab software version 6.0; only shrinkage
response was evaluated.

The goodness of fit of the model predictions to
experimental values was evaluated under the condi-
tion of the root mean square error (RMSE) and the
mean sum of square of errors (MSE) were used as
criteria for accuracy of fitting. Then statistical signifi-
cance was checked by dividing RMSE under MSE
(RMSE/MSE); this variance ratio is called Fischer’s
F-test. Model terms were selected or rejected based on
the F value that does not exceed a certain theoretical
value (F*). This value was obtained using the desir-
ability function Finv(1 − α, υ1, υ2) available in Matlab
software, where (1 − α) is the confidence interval (CI)
of the test, υ1 and υ2 are the number of degrees of free-
dom which represent the number of data points
associated with, respectively, RMSE and MSE.

Some of these measures can be described as
follows:

(a) Root mean square errors (RMSE)
It is signifying the noise in the data [23,24].

RMSE ¼ S2e ¼
Pn

i¼1

Ppi
j¼1ðYij � YiÞ2Pn
i¼1 pi � n

� � (6)

(b) Mean sum of squares of errors (MSE)
It is defined like the mean square of the deviations

between the experimental and calculated parameter
levels [25].

MSE ¼ S2r ¼
Pn

i¼1ð�Yi � ŶiÞ2
n� q

(7)

where i represents to a particular selection of n inde-
pendent variables; j is the number of replicates Yij; pi
is the total number of replicates; the term ðPn

i¼1 pi � nÞ
is the number of degrees of freedom υ; Yi and Ŷi refer
to experimental and calculated volume levels, respec-
tively (Y = V/V0); N represents the number of experi-
mental data points and q stands for the number of
constants used to calculate Ŷi.

(c) Fischer’s equation (F-test)

F ¼ RMSE

MSE
(8)

2.8. Experimental design

To evaluate the stability period of bio-sludge sam-
ples during storage, two types of experiments were
performed. The experiments consist in performing the
same conditioning, dewatering, and drying experi-
ments on bio-sludge from the same WWTP but with
different storage durations, in order to evaluate the
effect of bio-sludge aging.

The Experiment “W” uses a sequence of one trial
per beginning week. The first trial was done the day
after the sampling to allow the bio-sludge sample to
adapt to its new environment. This experiment was
performed on three samples (a, b, and c) with one
week apart, as shown in Table 1. This method allows
comparing the variability of the sample for two suc-
cessive weeks. Experiment “D” uses a sequence of one
trial per day for one week, as illustrated on the same
table. This experiment was performed on one sample
(d). Because each trial needed a full day to comple-
tion, this constraint imposes that additional replicates
were not performed on the same sample. Furthermore,
the renewal of the sample for Experiment “W” pro-
vided more leanings.

In this article, the name of each sample is com-
posed by one capital letter, one lowercase letter, and a
number remembering, respectively, the name of the
experiment, the name of the sample, and the number
of storage days.
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3. Results and discussion

In order to observe the influence of storage aging
on activated bio-sludge, some bio-sludge parameters
including DS and VS content of raw bio-sludge, SRF,
DS values of dewatered cake are shown in Table 2.

3.1. Impact of storage duration on the bio-sludge physical
characteristics

In Experiment “W,” the DS data of raw bio-sludge
decreased when the storage time increased and
dropped to their lowest at 15 d after storage, dis-
played on column 2 of Table 2. The percentage of dry
solids content loss between the first and fifteenth das
is around 15% for all trials (see Wa, Wb, and Wc for
details).

Looking at the first day of storage for Wa1, Wb1,
and Wc1 samples, we can see that the sample of trial
Wa1 is more concentrated than those obtained for
Wb1 and Wc1. This could be explained by the fact

that bio-sludge samples were not collected at the same
period of time. Indeed, human activity and meteoro-
logical terms may vary from one week to another,
which is likely to influence the bio-sludge quality in
terms of dry solids content. The analysis of VS values
is also shown in this table in column 3. For all trials, it
can be seen that the VS values decrease slightly after 8
and 15 d of storage from 63 to around 59%.

Concerning Experiment “D,” the DS values (Dd0,
Dd1, Dd2, Dd3, and Dd4) are slightly stable from the
first to the third day of the storage, with a light
decrease in its values at the end of storage. About VS
data, they were shown to be quite stable than those
obtained in Experiment “W” but slightly higher.

Thus, storage in the case of Experiment “W”
resulted in a reduction in the volatile solids content.
This could be considered as an aerobic digestion pro-
cess because of exposure to the continuous aeration
and weathering effects during the long period of stor-
age, up to 15 d. On the contrary, the VS values of

Table 1
Experimental design for the two experiments

Monday Tuesday Wednesday Thursday Friday

Week i Sampling a Wa1 – – –
Week i + 1 – Wa8/ sampling b Wb1 – –
Week i + 2 – Wa15 Wb8/ sampling c Wc1 –
Week i + 3 – – Wb15 Wc8 –
Week i + 4 – – – Wc15 –
Week n Sampling d/ Dd0 Dd1 Dd2 Dd3 Dd4

Table 2
Activated bio-sludge characteristics

Trials

Raw bio-sludge characteristics Dewatering stepa

Dry solids (%) Volatile solids (%) DS of dewatered cake (%) SRF1013 (m/kg)

Wa1 1.04 ± 0.03 64.81 ± 0.49 16.67 3.16
Wa8 0.97 ± 0.01 62.47 ± 0.37 15.05 5.12
Wa15 0.88 ± 0.01 59.63 ± 0.52 14.17 6.13
Wb1 0.74 ± 0.01 64.56 ± 0.24 15.55 3.02
Wb8 0.68 ± 0.01 61.42 ± 0.75 14.19 4.92
Wb15 0.65 ± 0.02 58.71 ± 0.14 13.22 5.35
Wc1 0.78 ± 0.01 63.39 ± 0.43 17.44 3.35
Wc8 0.71 ± 0.65 60.65 ± 0.22 16.88 4.70
Wc15 0.65 ± 0.01 59.07 ± 0.65 14.92 7.17
Dd0 0.77 ± 0.01 66.30 ± 0.35 15.47 1.58
Dd1 0.77 ± 0.01 66.24 ± 0.03 14.68 1.35
Dd2 0.77 ± 0.01 66.19 ± 0.12 14.31 1.28
Dd3 0.76 ± 0.13 66.07 ± 0.72 14.69 1.07
Dd4 0.75 ± 0.01 66.19 ± 0.82 14.58 1.08

aStandard deviation cannot be established for the SRF and DS values; only one dewatering test was performed per day and provided a

single dewatered cake, which extrudate samples will be tested in convective drying rig at the same day.
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Experiment “D” remained almost constant. Based on
these data, it can be concluded that a period of storage
less than one week did not change significantly the
characteristics of the raw material, indicating that no
detectable aerobic digestion occurred during this short
period of storage.

Usually, a bio-sludge containing less volatile solids
content is easier to dewater [26], but it is not the only
parameter which has to be taken into account. In fact,
the dewaterability of activated bio-sludge can also be
related to the particle size distributions of the flocs,
EPS, and floc strength. According to Eriksson et al.
[27], floc strength has been regarded as a key parame-
ter, since flocs with poor strength easily deflocculate
and thus decrease the dewaterability of the bio-sludge.
A long period of storage is known to cause a
deflocculation of the bio-sludge [28], but the key
processes responsible for the change in floc strength
are not well known. Finally, for this first approach, it
is worthy to conclude that reducing storage time can
have a beneficial impact on the next bio-sludge
dewatering process, in terms of raw bio-sludge
homogeneity.

3.2. Impact of storage duration on the dewatering process

The effect of storage duration on the dry solids
content of dewatered bio-sludge is illustrated in
column 4 of Table 2.

In the “W” series, the DS of the dewatered cake
loses about 1% per week, implying that long
bio-sludge storage has a negative impact on dry solids
content of dewatered cake.

For the “D” series, performed on one trial per day,
the DS values of the dewatered cake slightly
decreased from 15.47 to 14.58% at the end of the
experiment (Dd4). Nevertheless, an inexplicable value
at the Dd2 sample was shown, maybe due to an
experimental error. This result shows that reducing
bio-sludge storage duration can avoid a decrease in
dry solids content of bio-sludge after the dewatering
stage.

In order to evaluate the sampling method on
bio-sludge storage in terms of dewaterability, Fig. 6
presents the dewatering curves obtained for Experi-
ment “W.” As discussed above, the dewatering kinet-
ics of the different experiments could be divided in a
fast filtration stage and a slow expression phase. The

Fig. 6. Experiment “W” dewatering curves (a–c): were successively performed within 1 week of interval storage period.
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dewatering behavior changed during storage as can be
seen in that figure, mainly marked during the filtra-
tion stage with an increased value of the curve slope
of the linear part from the first to the fifteenth day of
storage. The general trend of curves of t/V vs. V
results in a deviation from W1 to W15 curves.
This deviation shows that the long storage of the
bio-sludge (up to 15 d) changes the properties of the
material: the phenomenon can be due to a bacterial
degradation in which organic solids are decomposed
into stable substances. Moreover, as we will see later,
the SRF values calculated from the data provided by
this figure (Table 2) tend to increase during storage,
indicating a deterioration of the bio-sludge dewater-
ability.

Concerning Experiment “D” depicted in Fig. 7,
dewatering behavior seems to be repeatable from the
first to the last day of the test, with an increase in the
kinetic expression phase at the end of the trials Dd0
and Dd4. However, it is noticed that there is also a
slight shift at the beginning of these filtration curves,
corresponding to the difference observed at the end of
the expression phase. This difference can be explained
by the fact that the initial volume of the filtrate after
the correction of drainage gravity volume can vary,
depending on the start time of applied pressure and
the time step of computer data acquisition system.
This leads to a value of initial filtrate volume which is
two times higher for the tests Dd0 and Dd4 than it is
for the other trials. This method finds its first limit, as
the flocculated bio-sludge should be thickened by
gravity drainage before its introduction into the filtra-
tion-expression cell device. Nevertheless, these dewa-
tering curves all overlap (at the filtration stage) and

can be plotted along a master curve. This behavior
(one master curve at filtration step) shows that the fil-
tration stage does not seem to be affected by storage
duration under a limited storage time. And then, the
bio-sludge material can be well used to properly
design an adequate experimental design.

After noticing that the bio-sludge daily behavior
seems to be similar for the samples of Experiment
“D,” it was interesting to know whether bio-sludge
sampled at different periods of time could have simi-
lar behavior. Fig. 8 shows the different trials of all
samples after one day of storage. As can be seen on
the dewatering curves, the reproducibility seems to be
reached at the filtration stage: all curves were almost
overlapped. Consequently, bio-sludge samples can be
stored for one working week. The following week,
renewal of bio-sludge can produce a rather analogous
behavior. Obviously, this assumption should always
be verified.

After the dewatering tests, the SRF was calculated.
The different values of this parameter according to the
experimental trials are also given in the fourth column
of Table 2. For Experiment “W,” the SRF values
increased by a factor of two from the first to the fif-
teenth day of storage. It seems that storage duration
reduces the yield of the dewatering process by
increasing the SRF values. This result can be corre-
lated with statements concerning the dry matter con-
tent of the dewatered cake: The more the DS values of
the dewatered cake decrease with storage time, the
poorer the bio-sludge filterability can be observed. The
increase in SRF values can be attributed to the changes
in the properties of the bio-sludge through chemical
and microbiological processes during the long period

Fig. 7. Experiment “D” dewatering curves.
Fig. 8. Experiment “W” and “D” dewatering curves, at the
first day of storage.
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of storage. These changes strongly affect dewaterabil-
ity, so the bio-sludge becomes much more difficult to
dewater [28,29].

Concerning Experiment “D,” the deviation of SRF
values is lower during bio-sludge storage even if a
slow decrease was observed. Data were lower than
those obtained for Experiment “W,” leading to a
possible enhancement of bio-sludge dewaterability.

The high SRF values in the case of Experiment
“W” can be explained by the changes in bio-sludge
characteristics after a long period of storage as a result
of bacterial degradation of organic matter and
hydrolysis of exopolymers releasing colloidal particles
[13]. These phenomena seemed to be responsible for
reduced bio-sludge dewaterability.

Nevertheless, the importance of the use of SRF to
express the ease of bio-sludge dewatering perfor-
mance should be used with caution and remains
controversial, as it can be difficult to achieve experi-
mentally. Several reasons can be advanced: first, the
so-called linear part of t/V vs. V (Carman’s law
curve) is really not linear; as we can see in Fig. 6.
Consequently, the SRF value might be difficult to
assess accurately. Similar limitations concerning SRF
evaluation using t/V vs. V dewatering curves were
also observed by previous works [8,30]. Second, the
detection of the filtration phase mainly depends on
the number of points used to calculate the MSE as
we have explained in the Materials and Methods
section. These two reasons increase the difficulty
to determine the exact numerical value of this
parameter.

3.3. Impact of bio-sludge storage duration on the convective
drying behavior

For convective drying experiments, two cylinder
samples were cut, thanks to a pipe-shaped blade from
the dewatered cake. Each sample was used to perform
one specific experimental test: the first one was dried
continuously to record mass loss, while the second
one was removed several times from the dryer for
tomographic investigation. Fig. 9 shows the mass loss
of samples vs. time obtained, respectively, during
drying at 1, 8, and 15 d of storage for the “W” series
and drying curves at 0, 1, 2, 3, and 4 d of storage for
the “D” series.

For the two series of experiments, classical drying
curves are obtained showing the decrease in the mass
of the sample plotted against the drying time. The
images in Fig. 9 clearly show the impact of storage
duration on the drying kinetics: For Experiment “W,”
the change in mass loss vs. time shows significant
discrepancies after a long period of storage (see

Fig. 9(a–c)), while within 5 d, the results can be consid-
ered as repeatable; all the curves were superimposed
as can be seen in Fig. 9(d). It seems that, during the
first 5 d, storage time does not affect the drying curve.

These results are partially in agreement with those
obtained by Ferrasse et al. [12] studying another dry-
ing technique. These authors found that during indi-
rect agitated drying of bio-sludge stored at 4˚C, the
results are different during the two first days after
sampling and then remained the same until one week
after sampling. It must be noticed that these tests were
directly realized on bio-sludge dewatered within the
wastewater treatment plant.

Convective drying results are usually expressed
using Krischer’s curve, i.e. the drying flux vs. the water
content [17]. Fig. 10 shows Krischer’s curves corre-
sponding to the two series of experiments, based on
surface evolution obtained using X-ray microtomogra-
phy. As can be seen, regular patterns of drying rate
curves are the same for the two types of experiments.

For the “W” series, poor repeatability is confirmed,
with large differences during the falling drying flux
period at 1, 8, and 15 d of storage (Fig. 10(a–c)).
Accordingly, it can be emphasized that the old age of
bio-sludge has, finally, a negative consequence on dry-
ing behavior. This phenomenon should be attributed
to aerobic digestion processes occurring within a long
storage time. On the contrary, good repeatability mate-
rialized by a single drying rate curve was obtained for
the drying experiments after a weekly storage, as
depicted in Fig. 10(d). This aspect should therefore be
taken into account for establishing an appropriate
experimental design.

Fig. 10 also indicates that, the maximum drying
rate for sludge cake provided by Experiment “W”
peaked around 1.7 × 10−3 kg/m2 s globally for the
three replicates of “W” (when the trial Wb15 was not
considered), whereas the drying rate was found close
to 1.5 × 10−3 kg/m2 s for Experiment “D”. This com-
parison shows that the drying rate of “W” bio-sludge
is slightly more important than the one observed for
bio-sludge from Experiment “D”. This is not in agree-
ment with Fraikin et al. [11] and Ferrasse et al. [12]. In
their studies, these authors observed that the drying
flux increased with reducing storage time, but their
works were conducted on dewatered bio-sludge
stored at 4˚C, not on raw material.

Nevertheless, the difference observed above can be
considered to be not significant and could be
explained by the fact that the two samples were pro-
duced at an interval of 6 months, with possible
changes in sludge quality. This highlights the diffi-
culty in working with such a complex and versatile
material.
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3.4. Shrinkage behavior during the drying process

During drying, the texture of the material evolves,
including cracks/voids development. In order to get
the drying flux and the final dimensions of the sam-
pling bio-sludge after the end of drying experiments,
intermittent drying experiments were done. To do so,
the sample was temporarily removed of the micro-
dryer every five minutes, for X-ray microtomography
scanning for three minutes. Fig. 11 shows some scan-
ning images of bio-sludge cake in the case of the
Experiment “D” test after 5 d of storage. The first
image located on the left side was a radiography of
the initial wet sample, and the last right one was the
corresponding image at the end of drying.

The wet cake sample is cylindrical in shape and
uniform in interior density. When the sample was
completely dry, volume shrinkage occurred simultane-
ously with crack development during drying.

These cross section images illustrate the decrease
in the sample volume when its water content is pro-
gressively falling down. At approximately

X = 2.350 kgwater/kgDS, the initial cracks that survived
continued to develop in both width and length. No
preferable orientation was noted for the cracks to be
developed on the cake surface.

Comprehensive drying analysis should incorporate
both volume shrinkage and a little bit of crack
development, for better performance prediction of bio-
sludge drying. Disregarding these parameters would
inevitably incorrectly estimate the drying rate.

Fig. 12 shows the different shrinkage curves
obtained and the corresponding fitting curves
obtained using the X-ray microtomography method.
These curves represent the evolution of the normal-
ized sample volume V/V0 vs. the normalized water
content X/X0.

For all trials, the sample’s volume decreases lin-
early with decreasing moisture content until a X/X0

threshold value of around 0.3. Below this value, a
break in slope materializing the beginning of the
second period of shrinkage can be seen, indicated by
the straight red line.

Fig. 9. Mass loss curves for the experimental design (a–c): Mass loss curves at 1, 8, and 15 d of storage ((b) and (c) as the
replicates) (d): Mass loss curves at 1, 2, 3, 4, and 5 d of storage.
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According to this figure (Fig. 12), the first phase of
the shrinkage curve is similar for all experiments. In
the second phase, it seems that the storage time has
an impact on the process, regarding the final volume
of the bio-sludge that decreases progressively
with increasing storage duration. Nevertheless, this
phenomenon was not observed in the two cases Wa
and Dd4, maybe due to an experimental error.

However, the results can be considered as repeatable,
considering the number of trials showing a deviation
of the second part of shrinkage curves to lower vol-
umes during storage. This result is probably due to
the evolution of intrinsic bio-sludge properties (such
as viscosity, elasticity, etc.) during storage. Most
probably, the “ideal” shrinkage stops earlier due to a
change in the bio-sludge matrix mobility.

Fig. 10. Krischer’s curves for the experimental design (a–c): Krischer’s curves during drying at 1, 8, and 15 d of storage
((b) and (c) as the replicates) (d): Krischer’s curves during drying at 1, 2, 3, 4, and 5 d of storage.

Fig. 11. Scanning images of crack development during drying (experiment “D”).
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To explain the observations mentioned above, it
must be recalled that the bio-sludge sample contains
two phases: solid and liquid water. During the first
period, the volume shrinkage of the sample can be
easily correlated with the quantity of evaporated
water. The texture of the solid material does not
hamper on the shrinkage process. During the second
period, the structure of solid stiffens and then
influences on the shrinkage phenomenon [31,32]. This
phenomenon is essentially due to the properties of the
material; water is replaced by air and porosity is
created. Contrary to what was observed by Léonard
et al. [32], during the second phase, a slowdown of
shrinkage rather than definitive constant value
appears.

To describe the shrinkage phenomenon that occurs
during the drying process, linear models were
selected. Thus, a first linear model based on the set of
data points was tested. It has been rejected according
to the bad shape of the shrinkage curves obtained.
Inspired by the studies of Léonard et al. [32], a second
model with two straight lines fitting was used. The
mathematical modeling is given by the following
forms:

V=V0 ¼ a1X=X0 þ b1; c\X=X0\1
V=V0 ¼ a2X=X0 þ b2; X=X0\c

�
(9)

where V/V0 and X/X0 are, respectively, the response
and independent variables of the model, a1 and b1
represent the slope and ordinate parameters for the
first part of the curve, and finally, a2 and b2 are the
constants of the second part of the shrinkage curve
equation. The value of c was identified by the method
(Eq. (9)).

Table 3 shows the values of model coefficients and
the corresponding statistical parameter F. The
experimental value of the Fischer number was found
to be inferior to the critical one F < F* (IC = 95%;
ν1 = 5; ν2 = 50; F* = 2.4). The model can be validated
according to the method. Fig. 12 illustrates the ade-
quacy between the calculated (called W or D/Fitted in
the figure) and experimental values to describe shrink-
age response in the experimental region investigated.

Table 4 displays the average water content and the
volume of the sample at the break point ((V/V0)thresh-
old; (V/V0)threshold) and also gives the final normalized
volume obtained at the end of drying.

Fig. 12. Shrinkage volume vs. normalized moisture content (a–c): shrinkage volume for experiment “W” (d): shrinkage
volume for experiment “D”.

Y.B. Pambou et al. / Desalination and Water Treatment 57 (2016) 13841–13856 13853



The values of break point coordinates were calcu-
lated by the average of the three trials of Experiment
“W” and the five trials of Experiment “D”.

The model (Eq. (9)) fitted on all experimental
points is shown in Fig. 13. The first part of the curve
(on the right) shows that the model can be considered
good to describe shrinkage curves; all experimental
points are almost superimposed. Under the break
point, a slight dispersion of data points around the
model was noticed, explained by the effect of storage
duration. At this stage, it seems difficult to discrimi-
nate the two types of experiments, in terms of
shrinkage behavior during storage.

4. Conclusions

This first encouraging work was an attempt to put
in evidence the impact of bio-sludge storage duration
on both its dewatering and drying behaviors because
bio-sludge is a complex living material in which its
variability plays an important role. Two types of
experiments were done: the first one for two succes-
sive weeks with a sequence of one trial at the begin-
ning of each week (a, b and c) and the other for five
working days with a sequence of one trial per day
(see Table 1).

The dewatering process of the conditioned bio-
sludge was experimentally studied using a normalized
filtration-expression cell. Results indicated that from a
storage time longer than a week, an increase in the
SRF was observed, and, consequently, worse bio-
sludge filterability was also observed.

Concerning convective drying, a good repeatability
was observed for the drying curves obtained for five
successive days from the collect day, whereas for
bio-sludge stored for more than one week, different
drying behaviors were obtained. In the case of the
used polymer, it is advisable to use a bio-sludge
sample for five days and to consider a weekly
renewal.

During the drying process, shrinkage phenomenon
was also observed in the bio-sludge samples. To
characterize this shrinkage response, a linear model
with two straight lines was developed. It was
observed that the first part of the curve was almost

Table 3
Fitting parameters of the shrinkage model

Fitting values Wa1 Wa8 Wa15 Wb1 Wb8 Wb15 Wc1 Wc8 Wc15 Dd0 Dd1 Dd2 Dd3 Dd4

a1 0.817 0.798 0.771 0.779 0.794 0.841 0.778 0.774 0.747 0.789 0.786 0.799 0.819 0.798
b1 0.183 0.201 0.226 0.223 0.203 0.157 0.214 0.225 0.252 0.203 0.208 0.201 0.182 0.199
a2 0.358 0.602 0.587 0.397 0.596 0.599 0.384 0.499 0.535 0.284 0.301 0.397 0.433 0.356
b2 0.348 0.261 0.286 0.365 0.272 0.223 0.364 0.310 0.303 0.372 0.354 0.326 0.309 0.351
Fa 1.4 0.7 0.6 0.7 0.2 0.1 0.4 0.2 0.6 0.5 1.2 0.4 0.7 2.2

aF: Corresponding statistical parameter of the model; a and b were, respectively, the slope and ordinate number of the linear model

equation.

Table 4
Break point characteristic and final shrinkage volume after drying

Wa Wb Wc Dd
(X/X0)threshold 0.314 0.310 0.304 0.304
(V/V0)threshold 0.455 0.445 0.466 0.444

Days of storage 1 8 15 1 8 15 1 8 15 0 1 2 3 4
(V/V0)final 0.342 0.257 0.288 0.360 0.268 0.218 0.362 0.301 0.297 0.364 0.346 0.322 0.308 0.343

Fig. 13. Shrinkage volume vs. normalized moisture content
for the experimental design.
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similar for all experiments, whereas the second part
decreased progressively to lower volumes with
increasing storage duration. This observation should
be studied more to discriminate the two kinds of stor-
age experiment behavior.

In future works, the impact of other polyelec-
trolytes’ type and dosage at the laboratory scale, on
the dewatering and drying processes will be investi-
gated more deeply. Before each experimental design,
the stability of the liquid bio-sludge will be evaluated
using the approach presented in this work. Then, it
should be recommended to evaluate the impact of
storage duration on bio-sludge response prior to any
study involving liquid bio-sludge.
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Pa — applied pressure (Pa)
pi — total number of replicates
Rf — resistance of the filter medium (m−1)
SRF — specific resistance to filtration (m kg−1)
t — time (s)
μ — liquid viscosity (Pa s)
V — volume of the filtrate (m3)
V0 — initial volume of the filtrate (m3)
VS — volatile solids content (%)
Wd — total weight of the control including the

weighting dish, after drying at 105˚C (g)
Wp — tare weight of the weighting dish (g)
Wq — total weight of the dried sample including the

weighting dish, after calcination at 550˚C (g)
Wr — tare weight of the weighting dish (g)
Ws — weight of control, before drying (g)
Wt — total weight of the dried residue obtained at

105˚C including the weighting dish (g)
WWTP — wastewater treatment plant
X — dry basis water content (kgwater/kgDS)
X0 — initial dry water content (kgwater/kgDS)

xi — visualized values
�xi — mean of visualized values
Yi — fitting values
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