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Abstract 

Even after mechanical dewatering, activated sludge contains a large amount of water. Due 

to its biological nature, composition and also the type of treatment it comes from, this material is 

usually highly compressible and known to be difficult to dewater. In the present work various 

tests are proposed to try to highlight some aspects which could explain the poor dewaterability of 

activated sludge. Experiments of expression were carried out in a Filtration-Compression Cell 

for semi-solid samples of sludge. Operating conditions (intensity of the applied pressure, initial 

thickness of sludge sample) and the composition of the sludge (ionic strength by adding 

monovalent salt) were modified for the different series of experiments. It was observed that the 

removal of water from the sludge depended significantly on the pressure gradient throughout the 

sludge cake. However, the development of a dense layer of cake at the interface cake/filter 

medium seems to generate a pressure gradient non-uniformly distributed throughout the 

thickness of the cake. This phenomenon should control in part the efficiency of dewatering. This 

study also discusses the link between sludge dewaterability and cake relaxation on the basic of 

an osmotic effect within the flocculated matrix, which tends to resist against compression or 

deformation. This effect was reduced when both the applied pressure and the time increased. 

Finally, the activated sludge dewatering during expression stage depends on both the formation 
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of a dense layer of cake at the interface cake/filter medium and an osmotic effect. 

 
Keywords: activated sludge; dewatering; osmotic effect; dense layer of cake; relaxation. 

 
1. Introduction 

Wastewater treatment plants produce a large amount of residue. European activated sludge 

production approximately reaches twelve millions tons of dry matter per year. Consequently, a 

reduction of sludge volume is generally required before handling and disposal. Due to their 

relatively low energy consumption, mechanical processes, such filter presses or centrifuges, are 

usually used to carry out the dewatering. However, the final water content of the sludge remains 

generally high. 

The ability of sludge to dewater largely depends on its nature, its composition and also on 

the type of treatment it comes from. Many researches have been carried out to explain how these 

different aspects could impact the dewatering efficiency. Some authors highlighted correlations 

between sludge characteristic parameters (concentration and composition of EPS, concentration 

of multivalent cations, hydrophobicity…) and the ability to dewater evaluated by parameters 

such as CST (Capillary Suction Time) or SRF (Specific Resistance of Filtration) (Karr and 

Keinath, 1978; Wu et al., 1982; Novak et al., 1998; Mikkelsen and Keiding, 2002). However, 

those parameters are not appropriated to fully characterise sludge dewatering. Indeed, different 

works have highlighted the weakness of the CST method (Herwijn, 1996; Smiles, 1998). This 

method must be considered more as an empirical tool for engineering practises to optimise 

flocculation than as a test that allows a careful analysis of dewatering devices. In parallel, SRF is 

not sufficient to fully describe the behaviour of the sludge in the conventional dewatering 

processes, which usually work in both filtration and expression stages. 

At laboratory scale, both stages of the dewatering can be well characterized by experiments 

carried out in a Filtration-Compression Cell (FCC).  

The first one corresponds to the cake formation caused by an accumulation of solid particles on 
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the surface of the filter medium. The second one relates to the removal of water by cake 

squeezing. 

A lot of work has been carried out, with different kinds of suspensions on FCC to study both: 

filtration and expression with varying characteristics parameters, such as the applied pressure. 

For highly compressible materials, such as activated sludge, Tiller and Kwon (1998) showed that 

dewatering was not affected by the applied pressure during the filtration stage. Sorensen and 

Hansen (1993) exhibited that this effect seems due to a thin layer of cake which is formed during 

the filtration stage at the interface cake/filter medium, resulting in an unexpected high value of 

the Specific Resistance of Filtration.  

During the expression stage, the sludge behaviour was commonly analysed by combined 

Terzaghi-Voigt rheological models (Chang and Lee, 1998) as initially proposed by Shirato et 

al.(1986). 

In the case of activated sludge, some authors recently suggested that an osmotic effect should be 

considered to well describe the dewatering process (Keiding and Rasmussen, 2003; Curvers et 

al., 2009). Indeed, due to its biological nature, activated sludge possesses a complex chemical 

composition. This system can be represented by a polymeric matrix wherein microbial organisms 

are embedded (Jorand et al., 1995; Higgins and Novak, 1997). These extracellular polymeric 

substances (EPS) carry charged functional groups. It has been shown that the sludge dewatering 

behaviour can be influenced by the osmotic pressure within the flocculated matrix, namely by 

the presence of charged surface groups (Keiding et al., 2001; Keiding and Rasmussen, 2003). 

By definition, the osmotic effect is the diffusion of a solvent (mostly water) through a semi-

permeable membrane (which is permeable to the solvent and impermeable to the solute) owed to 

solute concentration gradient. The solvent flows from the low concentrated solution to the higher 

one, due to a difference of chemical potential between both regions. 
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The osmosis phenomenon may be opposed by increasing the applied pressure on the region of 

high solute concentration with respect to that on the low solute concentration region. The 

pressure required to prevent the passage of water through the semi-permeable membrane is 

equivalent to the osmotic pressure of the solution. At this time the thermodynamic equilibrium 

(equality of chemical potentials) between concentrated and diluted regions is reached.  

Therefore, when the applied pressure is more consequent than the osmotic pressure, the solvent 

migrates from the concentrated region to the diluted one. 

In the case of activated sludge, there is no real semi-permeable membrane to separate liquid with 

different concentrations of solute. However, the surface of the charged polymeric network could 

play this role (Curvers et al., 2009). Free solvent (corresponding to the diluted region) flows into 

the flocculated matrix (corresponding to the concentrated region) to reach the thermodynamic 

equilibrium. This osmotic effect could induce a sludge cake relaxation phenomenon.  

 Different tests, carried out in FCC recording piston displacement over time, are presented 

in this study to better investigate the sludge cake behaviour. The impact of the applied pressure 

and the initial sample thickness were analysed during expression stage.  

 

2. Materials and methods 

2.1. Sludge  

Sludge was sampled at the inlet of the clarifier of a small wastewater treatment plant located 

in a rural area in Allier (centre of France). It was first concentrated at approximately 10 % of dry 

matter by using a system of vacuum filtration. The exact concentration was determined by drying 

at 105°C during 24h and weighing. Afterward, the concentrated sludge was diluted with the 

filtrate at approximately 8 % of dry matter in order to obtain a semi-solid sample. In order to 

exclusively focus our work on the expression stage. 
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To reduce the temporal variability due to the biological activity, the prepared sludge was 

stored at 4°C during 24h before carrying out dewatering tests. Such a procedure limits the impact 

of the biological activity on the sludge behaviour and thus enables an acceptable reliability of the 

experiments as previously showed by Raynaud et al., (2009). However, the same sludge sample 

must be used for each series of experiments (in other words for one studied parameter) in order 

to obtain a good reproducibility of experimental results. 

To modify chemical potential distribution within the sludge, salt (NaCl) was added to reach 

approximately 10 % (in mass) of the dry matter content of sludge. Samples were homogenized 

under mechanical mixing. 

2.2. Filtration-Compression Cell 

The filtration compression cell was a 0.12 m depth cylindrical stainless steel chamber with 

an internal diameter of 0.07 m. A perforated disk was located at the bottom of the cylinder to 

support the filter medium. 

Fisherband 112 (porosity of 16µm) filter papers were used. These filter papers were well 

adapted for the FCC tests because only few solids particles passed through. 

Piston pressure was applied by pressurized air (ranging between 0 and 7 bar) and was 

piloted by a regulating system using a controlled valve. The mass of filtrate and the piston 

displacement were recorded on-line. The filtrate evaporation was also measured in parallel with a 

second weigh-scale along experiments.     

Friction stress between the piston and the chamber wall was measured to approximately 20-

30 Newton, i.e. 0.05 bar.     

The accuracy of the displacement gauge was estimated at 10-3 cm according to manufacture 

data.  
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2.3. Impact of experimental parameters 

In order to understand what really happened within the Filtration-Compression Cell during 

expression stage, we performed several tests by varying the following parameters: intensity of 

the applied pressure, the initial thickness of the sample and the ionic strength by adding 

monovalent salt. 

The results showed the role of these parameters on the dewatering kinetics under both constant 

pressure and a sudden pressure release. 

3. Results and discussion 

3.1. Impact of the applied pressure and of the initial sludge thickness on the dewatering 

Several tests were carried out in FCC under constant pressures ranging between 1 and 7 bar. 

The initial thickness of the sludge samples was same for each experiment.  

A second set of tests was conducted for different initial amounts of sludge (height of 1 cm and 2 

cm) at a fixed pressure (6 bar). To easily compare the different results the filtrate mass was 

scaled by the mass of water contained in the sludge at the beginning of the experiments (m0). 

As it can be seen on figures 1 and 2, the filtrate mass increases when the applied pressure 

increases and the initial thickness of sample decreases. 

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

cake. The pressure above the cake is close to the applied pressure and the one at the bottom of 

the filter medium corresponds to the atmospheric pressure. Consequently, the pressure gradient 

increases with the applied pressure (for a given initial thickness of sample) and decreases when 

the initial sample thickness is thicker (for a given pressure). Finally, the efficiency of sludge 

expression can be improved by increasing the pressure gradient. 

However, the monitoring of the average strain of the sludge cake calculated throughout 

experiments ( 






 −

0

0

h

hh
, with 0h the initial thickness of sludge and h  the sludge thickness during 
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dewatering), showed that the sludge behaviour was not homogenous.  

Intuitively, the representations in terms of scaled mass or strain were supposed to be both similar 

because the piston displacement was induced by filtrate removal.  

However, when the initial thickness of the sample decreased, the final cake dry matter content 

increased (figure 2) whereas the final average strain of sludge cake was not affected (figure 3).  

Consequently, when the scaled mass of filtrate collected was plotted with regards to the average 

strain of the cake a non linear behaviour was observed (figure 4).  

As the sludge was considered as a two non-compressible phases system, the water volume 

resulting from the piston displacement should be equal to the volume of filtrate (or mass) 

collected to insure the mass conservation, and a linear evolution was expected on figure 4. 

However, when the scaling of the cake thickness was done with regards to the initial mass of 

sample (instead of initial thickness) an expected linear evolution was observed (figure 5). 

The comparison of those two scaling procedures tends to highlight the fact that the cake 

strain is not uniform throughout the sample thickness. 

This heterogeneity is supposed to be due to a layer of denser cake at the interface cake/filter 

medium, as already suggested by different authors during filtration tests (Tiller and Green, 1973; 

Sorensen and Hansen, 1993). 

Due to its higher dry matter content,  this layer should be more compact than the other part of 

cake, and exhibit smaller strain under pressure. Consequently, the hypothesis assuming a uniform 

strain throughout the cake thickness can lead to some significant deviations.  

The development of this dense layer of cake seems to control, in part, the kinetic of 

dewatering. Sorensen and Hansen (1993) and more recently Raynaud et al. (2009) indicated that 

the kinetic of dewatering was not affected by the applied pressure during filtration stage. This 

behaviour was explained by the rapid formation, at the interface cake/filter medium, of a thin and 

low permeable layer of cake. The present study tends to show that the formation of a denser layer 
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of cake also occurs during expression, but during this stage the kinetic of dewatering depends on 

the applied pressure and also of the initial thickness of sludge sample. Due to the presence of a 

dense layer of cake the pressure gradient throughout the cake is not uniform and the efficiency of 

the expression seems to be limited when the thickness of the layer is high. The dense layer of 

cake can be considered as a low straining and low permeable new filter medium, which limits the 

filtrate flow. The densification of the cake near the interface cake/filter medium should be linked 

to structural modification of the cake. Sludge is mainly made of polymers which are known to 

relax when submitted to an external stress. This particular behaviour implies that the material 

modifies its structure for counter balance the stress effects leading to a relaxation of polymeric 

materials by stress release. Few authors have highlighted this behaviour on sludge cake (Iwata 

and Murase, 1993; Christensen and Keiding, 2006). To go further in this analysis, different tests 

were carried out in FCC releasing the pressure during the expression stage. 

3.2. Relaxation phenomenon 

When the applied pressure was released at the end of an expression test, the piston rised 

(figure 6): the sludge volume in the FCC tends to increase whereas the solid concentration was 

the same. This phenomenon can be owed to the sludge cake relaxation. 

Similar tests were performed several times under the same experimental conditions to follow 

the upward displacement of the piston. The results of the series of experiments showed a good 

reproducibility of the measurement (figure 7). Results of two tests were only plotted to obtain a 

clear figure. 
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3.2.1. Impact of the initial pressure 

Various step pressure experiments were carried out in the FCC, starting from different 

applied pressures, to study the cake expansion behaviour. In these tests the pressure was kept 

under a constant value for a given time. Next, the pressure was released and the upward 

displacement of the piston was recorded. To better compare the different series of experiments, 

the upward displacement of the piston (h) was scaled by the piston position just before the 

pressure release (h*), i.e. 







*h

h
. 

Results obtained from these tests showed that the rise of the piston increased with the initial 

applied pressure (figure 8). 

This behaviour could be partly explained by an osmotic effect and related to the work of 

Curvers and al. (2009). They notably assessed that the osmotic pressure within sludge is close to 

2.44 bars. Consequently, it can be supposed that the piston especially rises when the applied 

pressure is higher than the osmotic pressure. 

Due to osmotic effect, water tends to flow into the flocculated matrix when the pressure on the 

piston is released.  

To overcome this osmosis phenomenon, the applied pressure on the solid network of sludge must 

be higher than the osmotic pressure.  

This water flux ( WJ ) throughout the flocculated matrix could be, in theory, expressed in function 

of the pressure gradient (see Appendix): 

                                       )P(KJ ww π∆ −=                                                         (1)  

with P∆ the difference between the effective solid pressure (Ps) and the liquid pressure (Pl), and 

wK  the apparent permeability of the flocculated matrix. 

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

pressure distribution throughout the filter cake over the expression test (see Appendix). Besides, 
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the permeability should not be constant, and depend on both the effective solid pressure and the 

sludge composition. However, according to equation (1), it can be seen that whenP∆ is higher 

than the osmotic pressure, water is expressed from the flocculated network to the interfloc region 

and next from the cake to the outside of the system. During expression of the filter cake, the 

applied pressure is largely transmitted to the solid network and P∆  tends progressively to 

increase. The expression process is mainly controlled by the applied pressure as long asP∆  is 

high compare to π.  Due to the expression of water to the interfloc region, the mole fraction of 

water inside the flocculated network tends to decrease with time, leading to a decrease of the 

water chemical potential. 

Consequently, when the magnitude of P∆  and π  is comparable, both pressures impact on the 

dewatering. If the applied pressure is released the water tends to flow into the flocculated matrix, 

under the action of the osmotic pressure, and the system tends to swell. This relaxation of the 

flocculated matrix causes the rise of the piston. 

Finally, the dewatering kinetic of sludge depends on both the average pressure gradient through 

the cake and the relaxation phenomenon (figure 1 and 8). 

The amount of water removed from the flocculated network to the interfloc region, increased 

when the applied pressure is high. Thus, this phenomenon can partly explain the improvement of 

the sludge dewatering efficiency. 

3.2.2. Impact of dewatering time 

Step pressure tests were carried out to analyze the evolution of cake relaxation during a full 

expression stage. The applied pressure was successively maintained constant and released during 

regular intervals of time (figure 9); and the rise of the piston was measured when the pressure 

was released. 
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The evolution of the piston position can be observed on figure 10. The upward displacement 

of the piston remains constant during the first part of the expression stage and then becomes 

smaller and smaller as time increases. 

An osmotic effect leading to swelling and stretching phenomena of the flocculated matrix 

could explain in part this result. Indeed, during dewatering, the osmotic pressure tends to change 

due to the evolution of the chemical potential in both, the internal and external regions.  

Within the flocculated matrix, the chemical potential of water decreases with time due to the 

expression of water from the inside of flocculated network to the outside.  

Moreover, the water located in the interfloc region is removed from the sludge cake, during 

expression.  

At the beginning of the dewatering, the chemical potential of water is approximately constant 

because the mole fraction of water remains nearly similar. However, the mole fraction of 

interfloc water tends to decrease with dewatering, leading to a decrease of the chemical potential 

of water. Consequently, the difference of chemical potential of water between the inside and the 

outside of the flocculated network becomes lower and the water flux which migrates into the 

flocculated matrix, due to osmotic effect, reduces when the applied pressure is released. 

In terms of electrostatic interactions this decrease of chemical potential on the interfloc region 

could be caused by a compression of the electrical double layer. Thus, the swelling and 

stretching phenomena of the matrix tend to be limited. 

3.2.3. Effect of salt addition 

Step pressure tests similar to those presented in section 3.2.2 were conducted again but with 

an addition of salt (NaCl).  

Three pressure steps were applied at the beginning of the dewatering, where the piston rise is 

not affected by the time of dewatering.  



 

 12 

 As it can be seen in Table 1, piston rising remained constant whatever the time of 

pressure application was (expected result) but it was lower when NaCl was added.  

Moreover, the final dry matter content of the sludge cake (before pressure release) is slightly 

higher for the sludge containing salt (49 % instead of 46.5 %). 

 Addition of salt in the sludge increased the ionic strength of the bulk solution and thus 

decreased the chemical potential of water in the interfloc region. Consequently, the osmotic 

pressure was modified, and the amount of water flowing from the outside to the inside of the 

flocculated matrix was reduced. 

Furthermore, the reduction of π , due to salt addition, enhanced the migration of water from the 

inside to the outside of the flocculated network and resulted to an higher final dry matter content 

of the sludge cake under pressure when salt was added. 

 This last set of experiments confirmed that the osmotic effect resists against compression 

and tends to limit the sludge dewatering. However the osmotic effect induced by the difference 

of ionic stress should not be the only mechanism for sludge relaxation. Other structural 

components should also be taken under consideration such as the affinity between the water and 

the network or the reticulation ratio of the polymer chains (Legrand, 1997; Curvers and al. 

2009). 

3.2.4. Relation with the dense layer of cake 

Several tests were carried out in FCC for different thicknesses of the initial sample. All 

experiments were conducted under a constant pressure during the same time, and the piston 

displacement was measured when the applied pressure was suddenly released. 

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

initial thickness of the sample was. 
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The osmotic pressure within sludge seemed to be the same for different initial thicknesses 

(the water content in the inside and the outside regions of the flocculated matrix was the same). 

Consequently, the swelling percentage of the sludge cake might remain identical. Due to the 

increase of the initial thickness, the density of flocs in the sample should be more important. 

Intuitively, the upward displacement of the piston should be higher. However, according to the 

data reported in the table 2 the swelling percentage of cake seemed to depend on the initial 

thickness of sample. This result could be explained by the fact that the sludge cake was not 

homogenous before swelling phenomenon occurred. 

Finally, it can be assumed that the dense layer of cake was not strained during expression. With a 

cake thickness similar to the dense layer, the piston should be not rise (when the applied pressure 

released). Consequently, the observation of the relaxation phenomenon can be perturbed by the 

development of the dense layer of cake on the filter medium during expression stage. 

4. Conclusion 

The kinetic of expression of semi-solid activated sludge samples was studied from 

experiments carried out in Filtration-Compression Cell. Tests were conducted under various 

operating conditions (intensity of the applied pressure, initial thickness of sludge sample) and for 

two different compositions of the sludge (modify by adding monovalent salt). It was observed 

that the removal of water from the sludge depended significantly on the pressure gradient within 

the cake. However, this pressure gradient was not uniformly distributed throughout the cake 

thickness due to the development of a low-permeable and low-straining layer of cake at the 

interface cake/filter medium. As it was already shown by other authors for filtration stage, the 

development of this layer tends to impact significantly the sludge dewatering during expression 

stage.  

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

This aspect was essentially highlighted from a study of sludge cake relaxation based on pressure 
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release tests. Finally, sludge dewatering by expression seems to depend on both, the development 

of a dense layer of cake on the filter medium and on osmotic effect. Further work is needed to 

better evaluate the impact of both aspects and the implementation of pressure sensors along the 

cylindrical chamber of the FCC to measure pressure profile throughout the cake seems to be a 

interesting improvement of experimental set-up in order to reach this goal.  

 Many parameters relative to the nature of activated sludge (for example: concentration and 

composition of exopolymers, concentration of multivalent cations, hydrophobicity, surface 

charges…) should have an impact on both, the development of the dense layer and the osmotic 

effect. Consequently, further works are needed to better understand the ability of the sludge to 

squeeze and to express water, during expression stage. 
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Appendix 

 

The permeation flux of water through a membrane can be expressed by (Mulder, 1997): 

                                                                 
dz

d
kJ w

ww
µ

=                                                           (A.1) 

with wµ  the chemical potential, kw the membrane permeability and z the coordinate 

perpendicular to the transport barrier (membrane or polymeric network in our case). 

On the surface of the charged polymeric network, assuming an ideal solution, the chemical 

potential of water can be calculated by (Infelta and Graetzel, 2006):                             

                  dPV)xln(RT)T()x,P,T(
P

P

*
mw

0
www ∫

+
++=

π
µµ                                    (A.2)          

where 0
wµ  is the standard chemical potential of the water,R  the universal gas constant, wx  the 

mole fraction of water in the solution, *mV  the molar volume of water, π  the osmotic pressure, T 

and P the temperature and the pressure of the system. 

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

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

                                                             
dz

dx

x

RT

dz

dP
V

dz

d w

w
m

w += *µ
                                              (A.3) 

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

                                                               )ln(
* w

m

x
V

RT−=π                                                         (A.4) 

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

                                                             
( )

dz

Pd
V

dz

d
m

w πµ −= *                                                      (A.5) 

Finally, the water flux can be written as: 

                                                            
( )

dz

Pd
KJ ww

π−=                                                       (A.6)   
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Integrating equation (A.6) on the network thickness, it comes: 

                                                         ( ) ( )[ ]lsww PPKJ −−= π                                                (A.7)  
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Figure captions 

 

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

(initial thickness of 2 cm). 

Figure 2: Scaled mass of filtrate collected at various initial thicknesses versus time for semi-

solid sludge (applied pressure of 6 bar). 

Figure 3: Average strain of the sludge cake versus time at various initial thicknesses (applied 

pressure of 6 bar). 

Figure 4: Scaled mass of filtrate collected versus the average strain of the sludge cake (initial 

thickness of 2 cm and applied pressure of 6 bar). 

Figure 5: Scaled mass of filtrate collected versus the scaling of the cake thickness by the initial 

mass of sample (initial thickness of 2 cm and applied pressure of 6 bar).  

Figure 6: Piston displacement versus time. 

Figure 7: Test of reproducibility, rise of the piston versus time (initial thickness of 2 cm and 

applied pressure of 6 bar; time equal to zero corresponds to the pressure release).  

Figure 8: Rise of the piston at different steps of pressure (initial thickness of 2 cm). 

Figure 9: Evolution of the applied pressure with time. 

Figure 10: Rise of the piston versus time at various pressure steps (initial thickness of 2 cm). 
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Figure 1: 
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Figure 2:  
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Figure 3: 
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Figure 4: 
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Figure 5: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 25 

Figure 6: 
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Figure 7: 
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Figure 8: 
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Figure 9: 
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Figure 10:  
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Table captions 

 

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

Table 2: Rise of the piston for different initial thicknesses of 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 (cm) Dewatering time (s) Rise of the piston (cm) 

330 0.03 330 0.02 

790 0.03 790 0.02 

1200 0.03 1200 0.02 
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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 


