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Abstract

Even after mechanical dewatering, activated sluotgegains a large amount of water. Due
to its biological nature, composition and also tiyyee of treatment it comes from, this material is
usually highly compressible and known to be difido dewater. In the present work various
tests are proposed to try to highlight some aspelish could explain the poor dewaterability of
activated sludge. Experiments of expression wergechout in a Filtration-Compression Cell
for semi-solid samples of sludge. Operating condgi(intensity of the applied pressure, initial
thickness of sludge sample) and the compositiorthef sludge (ionic strength by adding
monovalent salt) were modified for the differentieg of experiments. It was observed that the
removal of water from the sludge depended sigmtigaon the pressure gradient throughout the
sludge cake. However, the development of a denger laf cake at the interface cakef/filter
medium seems to generate a pressure gradient nfomraly distributed throughout the
thickness of the cake. This phenomenon should abintipart the efficiency of dewatering. This
study also discusses the link between sludge deainliey and cake relaxation on the basic of
an osmotic effect within the flocculated matrix, ialn tends to resist against compression or
deformation. This effect was reduced when bothapplied pressure and the time increased.

Finally, the activated sludge dewatering duringregpion stage depends on both the formation
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of a dense layer of cake at the interface cakerfitedium and an osmotic effect.

Keywords: activated sludge; dewatering; osmotic effect; deager of cake; relaxation.
1. Introduction

Wastewater treatment plants produce a large anufurgsidue European activated sludge
production approximately reaches twelve millionsst@f dry matter per year. Consequently, a
reduction of sludge volume is generally requiredofe handling and disposal. Due to their
relatively low energy consumption, mechanical psses, such filter presses or centrifuges, are
usually used to carry out the dewatering. Howether final water content of the sludge remains
generally high.

The ability of sludge to dewater largely dependstemature, its composition and also on
the type of treatment it comes from. Many resea¢teae been carried out to explain how these
different aspects could impact the dewatering igfficy. Some authors highlighted correlations
between sludge characteristic parameters (con¢emirand composition of EPS, concentration
of multivalent cations, hydrophobicity...) and theilidyp to dewater evaluated by parameters
such as CST (Capillary Suction Time) or SRF (Spedfesistance of Filtration) (Karr and
Keinath, 1978; Wu et al., 1982; Novak et al., 199&kelsen and Keiding, 2002). However,
those parameters are not appropriated to fullyadtarise sludge dewatering. Indeed, different
works have highlighted the weakness of the CST ate({iHerwijn, 1996; Smiles, 1998). This
method must be considered more as an empirical ftsokengineering practises to optimise
flocculation than as a test that allows a carefallgsis of dewatering devices. In parallel, SRF is
not sufficient to fully describe the behaviour dfetsludge in the conventional dewatering
processes, which usually work in both filtratiordaxpression stages.

At laboratory scale, both stages of the dewatecag be well characterized by experiments
carried out in a Filtration-Compression Cell (FCC).

The first one corresponds to the cake formatiorsedlby an accumulation of solid particles on



the surface of the filter medium. The second orlates to the removal of water by cake
squeezing.

A lot of work has been carried out, with differdabhds of suspensions on FCC to study both:
filtration and expression with varying charactecstparameters, such as the applied pressure.
For highly compressible materials, such as activatedge, Tiller and Kwon (1998) showed that
dewatering was not affected by the applied presdureng the filtration stage. Sorensen and
Hansen (1993) exhibited that this effect seemstdwethin layer of cake which is formed during
the filtration stage at the interface cake/filteedium, resulting in an unexpected high value of
the Specific Resistance of Filtration.

During the expression stage, the sludge behavicas wommonly analysed by combined
Terzaghi-Voigt rheological models (Chang and Le298) as initially proposed by Shirato et
al.(1986).

In the case of activated sludge, some authors tlgcarggested that an osmotic effect should be
considered to well describe the dewatering pro¢ksgding and Rasmussen, 2003; Curvers et
al., 2009). Indeed, due to its biological naturetjvated sludge possesses a complex chemical
composition. This system can be represented byyangoic matrix wherein microbial organisms
are embedded (Jorand et al., 1995; Higgins and Nal@97). These extracellular polymeric
substances (EPS) carry charged functional grotipssl been shown that the sludge dewatering
behaviour can be influenced by the osmotic presauttein the flocculated matrix, namely by
the presence of charged surface groups (Keidiat),62001; Keiding and Rasmussen, 2003).

By definition, the osmotic effect is the diffusiai a solvent (mostly water) through a semi-
permeable membrane (which is permeable to the isbhred impermeable to the solute) owed to
solute concentration gradient. The solvent flovesrfithe low concentrated solution to the higher

one, due to a difference of chemical potential leetwboth regions.



The osmosis phenomenon may be opposed by incretmngpplied pressure on the region of
high solute concentration with respect to that bae tow solute concentration region. The
pressure required to prevent the passage of wateugh the semi-permeable membrane is
equivalent to the osmotic pressure of the solutkirthis time the thermodynamic equilibrium
(equality of chemical potentials) between conceattand diluted regions is reached.
Therefore, when the applied pressure is more cosgdhan the osmotic pressure, the solvent
migrates from the concentrated region to the dilutee.
In the case of activated sludge, there is no eai-permeable membrane to separate liquid with
different concentrations of solute. However, thdase of the charged polymeric network could
play this role (Curvers et al., 2009). Free soleontresponding to the diluted region) flows into
the flocculated matrix (corresponding to the com@dad region) to reach the thermodynamic
equilibrium. This osmotic effect could induce adgja cake relaxation phenomenon.

Different tests, carried out in FCC recording @istlisplacement over time, are presented
in this study to better investigate the sludge daddeaviour. The impact of the applied pressure

and the initial sample thickness were analysedhdugkpression stage.

2. Materials and methods

2.1. Sludge

Sludge was sampled at the inlet of the clarifiea simall wastewater treatment plant located
in a rural area in Allier (centre of France). ItsMast concentrated at approximately 10 % of dry
matter by using a system of vacuum filtration. Eact concentration was determined by drying
at 105°C during 24h and weighing. Afterward, thenxaantrated sludge was diluted with the
filtrate at approximately 8 % of dry matter in orde obtain a semi-solid sample. In order to

exclusively focus our work on the expression stage.



To reduce the temporal variability due to the bgital activity, the prepared sludge was
stored at 4°C during 24h before carrying out deviragetests. Such a procedure limits the impact
of the biological activity on the sludge behaviamd thus enables an acceptable reliability of the
experiments as previously showed by Raynaud e24109). However, the same sludge sample
must be used for each series of experiments (ierotlords for one studied parameter) in order
to obtain a good reproducibility of experimentaduiks.

To modify chemical potential distribution withinegtsludge, salt (NaCl) was added to reach
approximately 10 % (in mass) of the dry matter eahof sludge. Samples were homogenized

under mechanical mixing.

2.2. Filtration-Compression Cell

The filtration compression cell was a 0.12 m deptlndrical stainless steel chamber with
an internal diameter of 0.07 m. A perforated disksviocated at the bottom of the cylinder to
support the filter medium.

Fisherband 112 (porosity of 16um) filter papersevesed. These filter papers were well
adapted for the FCC tests because only few soidicfes passed through.

Piston pressure was applied by pressurized aimgifignbetween 0 and 7 bar) and was
piloted by a regulating system using a controlledve. The mass of filtrate and the piston
displacement were recorded on-line. The filtratepevation was also measured in parallel with a
second weigh-scale along experiments.

Friction stress between the piston and the chambifwas measured to approximately 20-
30 Newton, i.e. 0.05 bar.

The accuracy of the displacement gauge was estinaate0®> cm according to manufacture

data.



2.3. Impact of experimental parameters

In order to understand what really happened withe Filtration-Compression Cell during
expression stage, we performed several tests hyngathe following parameters: intensity of
the applied pressure, the initial thickness of #aenple and the ionic strength by adding
monovalent salt.
The results showed the role of these parametetheodewatering kinetics under both constant

pressure and a sudden pressure release.

3. Results and discussion
3.1. Impact of the applied pressure and of theinitial Ssudge thickness on the dewatering

Several tests were carried out in FCC under cohptassures ranging between 1 and 7 bar.
The initial thickness of the sludge samples wasestoneach experiment.
A second set of tests was conducted for diffeneititl amounts of sludge (height of 1 cm and 2
cm) at a fixed pressure (6 bar). To easily comphesdifferent results the filtrate mass was
scaled by the mass of water contained in the slatigfee beginning of the experiments)(m

As it can be seen on figures 1 and 2, the filtratess increases when the applied pressure
increases and the initial thickness of sample dsa®

These results could be explained, in part, by treyame pressure gradient through the

cake. The pressure above the cake is close toptiieed pressure and the one at the bottom of
the filter medium corresponds to the atmosphergsgure. Consequently, the pressure gradient
increases with the applied pressure (for a givérairthickness of sample) and decreases when
the initial sample thickness is thicker (for a giveressure). Finally, the efficiency of sludge
expression can be improved by increasing the preggadient.

However, the monitoring of the average strain o #ludge cake calculated throughout

hO

experiments(( j with h,the initial thickness of sludge artd the sludge thickness during
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dewatering), showed that the sludge behaviour wakomogenous.

Intuitively, the representations in terms of scaleakss or strain were supposed to be both similar
because the piston displacement was induced bgtéltemoval.

However, when the initial thickness of the samperdased, the final cake dry matter content
increased (figure 2) whereas the final averagénstriasludge cake was not affected (figure 3).
Consequently, when the scaled mass of filtrateect#d was plotted with regards to the average
strain of the cake a non linear behaviour was ofeskffigure 4).

As the sludge was considered as a two non-comptesghases system, the water volume
resulting from the piston displacement should baaédo the volume of filtrate (or mass)
collected to insure the mass conservation, andeatievolution was expected on figure 4.
However, when the scaling of the cake thickness adwase with regards to the initial mass of
sample (instead of initial thickness) an expeciieeldr evolution was observed (figure 5).

The comparison of those two scaling proceduresstéacdhighlight the fact that the cake
strain is not uniform throughout the sample thidsie
This heterogeneity is supposed to be due to a laiyelenser cake at the interface cake/filter
medium, as already suggested by different authansglfiltration tests (Tiller and Green, 1973;
Sorensen and Hansen, 1993).

Due to its higher dry matter content, this laykoldd be more compact than the other part of
cake, and exhibit smaller strain under pressuras€guently, the hypothesis assuming a uniform
strain throughout the cake thickness can leadntessignificant deviations.

The development of this dense layer of cake seamesontrol, in part, the kinetic of
dewatering. Sorensen and Hansen (1993) and magathge®Raynaud et al. (2009) indicated that
the kinetic of dewatering was not affected by tpeli@d pressure during filtration stage. This
behaviour was explained by the rapid formatiorihatinterface cake/filter medium, of a thin and

low permeable layer of cake. The present studystémadhow that the formation of a denser layer



of cake also occurs during expressibuat during this stage the kinetic of dewateringedefs on
the applied pressure and also of the initial thedehof sludge sample. Due to the presence of a
dense layer of cake the pressure gradient throudghewcake is not uniform and the efficiency of
the expression seems to be limited when the thgskioé the layer is high. The dense layer of
cake can be considered as a low straining and esm@able new filter medium, which limits the
filtrate flow. The densification of the cake nehe tinterface cake/filter medium should be linked
to structural modification of the cake. Sludge iaimly made of polymers which are known to
relax when submitted to an external stress. Thiicodar behaviour implies that the material
modifies its structure for counter balance thesstreffects leading to a relaxation of polymeric
materials by stress release. Few authors haveigdiigdd this behaviour on sludge cake (lwata
and Murase, 1993; Christensen and Keiding, 2006 yal further in this analysis, different tests

were carried out in FCC releasing the pressurenduhie expression stage.

3.2. Relaxation phenomenon

When the applied pressure was released at the fead expression test, the piston rised
(figure 6): the sludge volume in the FCC tendsnireéase whereas the solid concentration was
the same. This phenomenon can be owed to the stadkgerelaxation.

Similar tests were performed several times undestime experimental conditions to follow
the upward displacement of the piston. The resflthe series of experiments showed a good
reproducibility of the measurement (figure 7). Resaof two tests were only plotted to obtain a

clear figure.



3.2.1.Impact of the initial pressure

Various step pressure experiments were carriedirodhe FCC, starting from different
applied pressures, to study the cake expansionvimemaln these tests the pressure was kept
under a constant value for a given time. Next, phessure was released and the upward
displacement of the piston was recorded. To betierpare the different series of experiments,

the upward displacement of the piston (h) was dclle the piston position just before the
( h
pressure release (h*), |(eh—j

Results obtained from these tests showed thaidbef the piston increased with the initial
applied pressure (figure 8).

This behaviour could be partly explained by an asneffect and related to the work of
Curvers and al. (2009). They notably assessedtiratsmotic pressure within sludge is close to
2.44 bars. Consequently, it can be supposed teapidton especially rises when the applied
pressure is higher than the osmotic pressure.

Due to osmotic effect, water tends to flow into fleeculated matrix when the pressure on the
piston is released.
To overcome this osmosis phenomenon, the appleskpre on the solid network of sludge must
be higher than the osmotic pressure.
This water flux @,,) throughout the flocculated matrix could be, iadhy, expressed in function
of the pressure gradient (see Appendix):

Jw = Kw(4P -m) (2)
with AP the difference between the effective solid presggeand the liquid pressur@,j, and
K, the apparent permeability of the flocculated mxatri

Equation (1) is quite difficult to apply on our expments, indeed it needs to measure the

pressure distribution throughout the filter cakemothe expression test (see Appendix). Besides,



the permeability should not be constant, and depenioth the effective solid pressure and the
sludge composition. However, according to equafibn it can be seen that wh&R is higher
than the osmotic pressure, water is expressedthmerflocculated network to the interfloc region
and next from the cake to the outside of the systeaming expression of the filter cake, the
applied pressure is largely transmitted to thedsoktwork andAP tends progressively to
increase. The expression process is mainly coattdily the applied pressure as longlrass
high compare tat Due to the expression of water to the interflegion, the mole fraction of
water inside the flocculated network tends to deseewith time, leading to a decrease of the
water chemical potential.

Consequently, when the magnitude&® and 7 is comparable, both pressures impact on the
dewatering. If the applied pressure is releaseavtter tends to flow into the flocculated matrix,
under the action of the osmotic pressure, and yees tends to swell. This relaxation of the
flocculated matrix causes the rise of the piston.

Finally, the dewatering kinetic of sludge dependsboth the average pressure gradient through
the cake and the relaxation phenomenon (figured18an

The amount of water removed from the flocculatetivoek to the interfloc region, increased
when the applied pressure is high. Thus, this pmemon can partly explain the improvement of

the sludge dewatering efficiency.

3.2.2.Impact of dewatering time

Step pressure tests were carried out to analyzeuviblation of cake relaxation during a full
expression stage. The applied pressure was sueelyssiaintained constant and released during
regular intervals of time (figure 9); and the rigfethe piston was measured when the pressure

was released.
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The evolution of the piston position can be obsgme figure 10. The upward displacement
of the piston remains constant during the firstt dirthe expression stage and then becomes
smaller and smaller as time increases.

An osmotic effect leading to swelling and stretchphenomena of the flocculated matrix
could explain in part this result. Indeed, durireywtering, the osmotic pressure tends to change
due to the evolution of the chemical potential athy the internal and external regions.

Within the flocculated matrix, the chemical potahtdf water decreases with time due to the
expression of water from the inside of flocculabetwork to the outside.

Moreover, the water located in the interfloc regisnremoved from the sludge cake, during
expression.

At the beginning of the dewatering, the chemicaleptal of water is approximately constant
because the mole fraction of water remains neartjlas. However, the mole fraction of
interfloc water tends to decrease with dewatellieagling to a decrease of the chemical potential
of water. Consequently, the difference of chempzzkential of water between the inside and the
outside of the flocculated network becomes lowet #re water flux which migrates into the
flocculated matrix, due to osmotic effect, reduaten the applied pressure is released.

In terms of electrostatic interactions this deceeak chemical potential on the interfloc region
could be caused by a compression of the electdcalble layer. Thus, the swelling and

stretching phenomena of the matrix tend to be éichit

3.2.3.Effect of salt addition

Step pressure tests similar to those presenteectioa3.2.2were conducted again but with
an addition of salt (NaCl).
Three pressure steps were applied at the begimnitige dewatering, where the piston rise is

not affected by the time of dewatering.
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As it can be seen in Table 1, piston rising remdironstant whatever the time of
pressure application was (expected result) buag lewer when NaCl was added.

Moreover, the final dry matter content of the sledzake (before pressure release) is slightly
higher for the sludge containing salt (49 % instebd6.5 %).

Addition of salt in the sludge increased the iosiiength of the bulk solution and thus
decreased the chemical potential of water in therfloc region. Consequently, the osmotic
pressure was modified, and the amount of waterifigvirom the outside to the inside of the
flocculated matrix was reduced.

Furthermore, the reduction af, due to salt additiorenhanced the migration of water from the
inside to the outside of the flocculated networll aesulted to an higher final dry matter content
of the sludge cake under pressure when salt wasdadd

This last set of experiments confirmed that theatsc effect resists against compression
and tends to limit the sludge dewatering. Howeher dsmotic effect induced by the difference
of ionic stress should not be the only mechanism dlodge relaxation. Other structural
components should also be taken under considersiicim as the affinity between the water and
the network or the reticulation ratio of the polynahains (Legrand, 1997; Curvers and al.

2009).

3.2.4.Relation with the dense layer of cake

Several tests were carried out in FCC for differdmtknesses of the initial sample. All
experiments were conducted under a constant peegiuing the same time, and the piston
displacement was measured when the applied pressisreuddenly released.

Results reported in table 2 indicate that the ofsthe piston remained constant whatever the

initial thickness of the sample was.
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The osmotic pressure within sludge seemed to bedhee for different initial thicknesses
(the water content in the inside and the outsidgores of the flocculated matrix was the same).
Consequently, the swelling percentage of the slugidee might remain identical. Due to the
increase of the initial thickness, the density lot$ in the sample should be more important.
Intuitively, the upward displacement of the pis&irould be higher. However, according to the
data reported in the table 2 the swelling percentaigcake seemed to depend on the initial
thickness of sample. This result could be explaihgdhe fact that the sludge cake was not
homogenous before swelling phenomenon occurred.

Finally, it can be assumed that the dense layeaké was not strained during expression. With a
cake thickness similar to the dense layer, th@pishould be not rise (when the applied pressure
released). Consequently, the observation of trexation phenomenon can be perturbed by the

development of the dense layer of cake on the fiftedium during expression stage.

4. Conclusion

The kinetic of expression of semi-solid activatdddge samples was studied from
experiments carried out in Filtration-Compressioell CTests were conducted under various
operating conditions (intensity of the applied grgs, initial thickness of sludge sample) and for
two different compositions of the sludge (modify &gding monovalent salt). It was observed
that the removal of water from the sludge depersigaificantly on the pressure gradient within
the cake. However, this pressure gradient was ndommly distributed throughout the cake
thickness due to the development of a low-permeahbtd low-straining layer of cake at the
interface cake/filter medium. As it was alreadywhdoy other authors for filtration stage, the
development of this layer tends to impact signifibathe sludge dewatering during expression
stage.

This study also pointed out the impact of an osmeffect on the dewatering behaviour.

This aspect was essentially highlighted from aswidsludge cake relaxation based on pressure

13



release tests. Finally, sludge dewatering by espraseems to depend on both, the development
of a dense layer of cake on the filter medium andsmotic effect. Further work is needed to
better evaluate the impact of both aspects andhtbementation of pressure sensors along the
cylindrical chamber of the FCC to measure prespunéile throughout the cake seems to be a

interesting improvement of experimental set-upriteo to reach this goal.

Many parameters relative to the nature of activatedge (for example: concentration and
composition of exopolymers, concentration of muall@nt cations, hydrophobicity, surface
charges...) should have an impact on both, the dpreat of the dense layer and the osmotic
effect. Consequently, further works are neededetteb understand the ability of the sludge to

squeeze and to express water, during expressige. sta
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Appendix

The permeation flux of water through a membranebmaexpressed by (Mulder, 1997):

d
Jy = W% (A1)

with p,, the chemical potentialk, the membrane permeability anz the coordinate

perpendicular to the transport barrier (membrangotymeric network in our case).
On the surface of the charged polymeric networku@sng an ideal solution, the chemical
potential of water can be calculated by (Infeltd &raetzel, 2006):

P+
Ha( TPy ) = Ho(T)+RTIN(xy )+ [VindP (A2)
P

whereygv is the standard chemical potential of the wdtethe universal gas constant,, the

mole fraction of water in the solutiol,, the molar volume of water; the osmotic pressure, T
and P the temperature and the pressure of thesyste

As the chemical potential only depends on bothapglied pressure and the molar fraction of

water, the gradient in equation (A.1) can be wmiftém the derivation of equation (A.2):

dﬂ:vr;£+ﬂd_xw (A.3)
dz dz x, dz

Moreover, according to the van't Hoff equation ¢élsenotic pressure can be written as:

m= —$In(xw) (A.4)

m

Considering equations (A.3) and (A.4), the gradadrthe chemical potential can be given by:

Aoy v d(P-7) (A.5)
dz dz
Finally, the water flux can be written as:
J, =K, d(P-n) (A.6)
dz

17



Integrating equation (A.6) on the network thicknessomes:

Jw = KW[(PS - ”)_ (H )] (A7
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Figure captions

Figure 1: Mass of filtrate collected at various applied grgss versus time for semi-solid sludge

(initial thickness of 2 cm).

Figure 2. Scaled mass of filtrate collected at various ahithicknesses versus time for semi-

solid sludge (applied pressure of 6 bar).

Figure 3: Average strain of the sludge cake versus timeaabus initial thicknesses (applied
pressure of 6 bar).

Figure 4: Scaled mass of filtrate collected versus the awesdrin of the sludge cake (initial
thickness of 2 cm and applied pressure of 6 bar).

Figure 5. Scaled mass of filtrate collected versus the sgalinthe cake thickness by the initial
mass of sample (initial thickness of 2 cm and agppiressure of 6 bar).

Figure 6: Piston displacement versus time.

Figure 7: Test of reproducibility, rise of the piston verdirae (initial thickness of 2 cm and
applied pressure of 6 bar; time equal to zero spords to the pressure release).

Figure 8: Rise of the piston at different steps of pressuniédl thickness of 2 cm).

Figure 9: Evolution of the applied pressure with time.

Figure 10: Rise of the piston versus time at various pressiags (initial thickness of 2 cm).
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Figure 1.
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Figure2:

mlmo

1.0

0,2 —p

L]

o

Thickness = 1 cm
Thickness = 2 cm

DD on T

0

20000 40000 60000 80000 100000 120000 140000 160000 180000

Time (s)

21



Figure 3:
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Figure 4.
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Figureb:
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Figure6:
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Figure7:
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Figure8:

Rise of the piston (cm)
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Figure9:
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Figure 10:

Rise of the piston (cm)
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Table captions

Table 1: Rise of the piston versus time for 6 bar presstegps (initial thickness of 2 cm).

Table 2: Rise of the piston for different initial thicknessof the sludge sample (6 bar pressure

steps).
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Table 1:

Semi-solid sludge

without salt

with salt

Dewatering time (S)Rise of the piston (cmPDewatering time (s

)Rise of the piston (cn

330 0.03 330
790 0.03 790
1200 0.03 1200

0.02

0.02

0.02

N

31



Table 2:

Initial thickness of sludge sample (cm)

Rise of the piston (cm)

1 0.02
2 0.02
3 0.02
4 0.02
5 0.02
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