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Abstract The usability of mechanical disintegration techniques for the reduction of excess sludge
production in the activated sludge process was investigated. Using three different disintegration devices
(ultrasonic homogeniser, stirred media mill, high pressure homogeniser) and different operational parameters
of the disintegration, the effect of mechanical disintegration on the excess sludge production and on the
effluent quality was studied within a continuously operated, laboratory scale wastewater treatment system
with pre-denitrification. Depending on the operational conditions and the disintegration device used, a
reduction of excess sludge production of up to 70% was achieved. A combination of mechanical
disintegration with a membrane bioreactor process with high sludge age is more energy effective
concerning reduction of sludge production than with a conventional activated sludge process at lower
sludge ages. Depending on the disintegration parameters, the disintegration has no, or only minor, negative
effect on the soluble effluent COD and on the COD-removal capacity of the activated sludge process.
Nitrogen-removal was slightly deteriorated by the disintegration, whereas the system used was not
optimised for nitrogen removal before disintegration was implemented.
Keywords Activated sludge process; effluent characteristics; excess sludge reduction; mechanical
disintegration; membrane bioreactor
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Reduction of excess sludge production using
mechanical disintegration devices

Introduction

Excess sludge production is a main drawback of the biological wastewater treatment due
to its need of sludge disposal. The costs for sludge disposal are a main part of the total
operational costs of a wastewater treatment plant. In many countries, the possibilities of
sludge disposal do undergo stringent national legislation, e.g. in Germany and in
Switzerland, the deposition of sludge in landfills is entirely forbidden (AbfAblV, 2001;
Böhler and Siegrist, 2003). Furthermore, e.g. in Europe, extended demands on effluent
quality do lead to an increase of excess sludge production during biological wastewater
treatment (98/15/EC, 1998; Commission of the European Communities, 2004). Therefore,
in the last decade, a lot of effort has been made to influence the system of biological
wastewater treatment in a way to reduce excess sludge production. These investigations
followed two different routes. Firstly, a sludge pre-treatment before anaerobic sludge
treatment was investigated to increase digestibility of already produced excess sludge
(Müller, 2000; Neis et al., 2000; Goel et al., 2003).
Secondly, efforts to suppress sludge production itself during wastewater treatment
were also carried out. In 1994, Yasui and Shibata presented a way to reduce excess
sludge production in the aeration basin using an ozone-treatment of the sludge in bypass
of the aeration basin (Yasui and Shibata, 1994). Also in 1994, Canales et al. proposed
that a thermal treatment of the activated sludge can be used for reduction of excess
sludge production (Canales et al., 1994). Since then, many different routes to reduce the
doi: 10.2166/wst.2006.548

Downloaded from https://iwaponline.com/wst/article-pdf/431208/69.pdf
by guest

69

G.W. Strünkmann et al.

excess sludge production in the wastewater treatment train have been investigated. A
good overview is given by Ödegaard (2003). Especially, the treatment with ozone and
the thermal treatment are widely investigated by now. With the ozone-treatment, different
authors do report results between 60% reduction of sludge production (RSP) and even up
to zero excess sludge production in laboratory as well as in industrial scale (Sakai et al.,
1997; Deleris et al., 2002; Salhi et al., 2003). For the thermal treatment, Camacho et al.
reported a possible RSP of nearly 60% in a semi-technical scale (Camacho et al., 2003).
The main effect of both ozone- and thermal treatment leading to a reduced excess sludge
production is an increase of cell-lysis and an increased release of intracellular organic
matter into the sludge water (Salhi et al., 2003; Camacho et al., 2004). Although different
mechanical disintegration techniques are also well known for being usable to increase
cell-lysis and to break up cell walls, and therefore to increase the release of intracellular
organic matter (Müller et al., 1998; Neis and Thiem, 1999), only poor information on the
usability of mechanical disintegration techniques for a reduced production of excess
sludge in the aerobic wastewater treatment can be found in the literature. Camacho et al.
approved the feasibility of mechanical disintegration of sludge using a high pressure
homogeniser for reducing the excess sludge production (Camacho et al., 2002), but no
deeper investigations on this field have been reported until now. Therefore, in this work,
a comparison of different mechanical disintegration techniques with varied disintegration
parameters was carried out concerning the influence of the mechanical treatment on the
excess sludge production of an activated sludge system.
Methods
Wastewater treatment system

Continuous studies were performed with a lab-scale activated sludge system fed with primary settled wastewater at a constant flow rate. The system was composed of two lines
running in parallel with one aeration basin in each line with a volume of 25 L and a predenitrification tank (DeNi) with a volume of 11 L each. Into one line a stressing device
could be implemented, the other line is used as a control (Figure 1).
The aeration basins were equipped with two submerged membrane plates each instead
of a clarifier to separate solids from liquid. Each line was inoculated with activated
sludge from Braunschweig wastewater treatment plant (350,000 population equivalents).
Before every experiment, the lines were run in parallel without sludge disintegration
to ensure comparability in sludge production. During this period, amount of daily
extracted sludge was calculated based on a constant solids retention time (SRT), leading
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Figure 1 Schematic setup of wastewater treatment system with pre-denitrification
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Mechanical sludge disintegration

Sludge disintegration was carried out batchwise, meaning that a certain amount of sludge
was extracted daily from the aeration basins of the stressed line, given into the
stressing unit and treated with the parameters chosen for the respective test. After
stressing, the treated sludge was sampled for analysis and then given back into the line.
Disintegration devices. As disintegration devices, an ultrasonic homogeniser (UH), a
stirred media mill (SMM) and a high pressure homogeniser (HPH) were used.
Ultrasonic homogenisers are composed of two main parts, an ultrasonic transducer
that transforms electrical impulses into mechanical oscillations with frequencies of
20 kHz and higher and a sonotrode that transmits these oscillations into the solution to be
treated. At high acoustic energy the pressure inside the treated sample may locally drop
below vapour pressure of the liquid during contraction of the sonotrode. Therefore, gas
bubbles are formed which grow for a few pulsation cycles. These cavitation bubbles do
collapse in only a few milliseconds after they were formed. The collapse of the bubbles
causes very high, but locally focussed, pressure forces of 50 MPa and more and also a
temperature of some thousand Kelvin. These extreme physiological conditions lead to
high local energy inputs and therefore floc rupture and also break up of bacteria that are
in the range of the bubbles. In this work, an UIP 1000 transducer (Dr. Hielscher,
Germany) with a maximum power output of 1000 Watt was used. Mean power output
during the experiments was around 420 Watt. Different volumes of sludge were treated
batchwise, without cooling. Therefore sludge temperature increased from 20 8C up to 30 –
40 8C during stressing, depending on the energy input.
The stirred media mill used in this project had a volume of 3.8 dm3 and was equipped
with a cooling jacket. In stirred media mills, microorganisms are stressed between
agitated grinding beads (Bunge et al., 1992). Agitation of the grinding media is carried
out by a stirrer. Between the beads, bacteria do suffer high pressure forces and, due to
different velocities of the grinding beads, also high shear forces. The used stirred media
mill had to be cooled during operation; therefore, despite the experiments with the
ultrasonic homogeniser, the sludge was not heated up.
High pressure homogenisers do have two main operation units: a high pressure pump
that compresses the sludge to pressures of up to some hundred bars and a decompression
valve in which the compressed sludge is relaxed to environmental pressure again. During
this relaxation, the sludge is highly accelerated and cavitation may occur with the same
effects as in the ultrasonic homogeniser. When the accelerated sludge leaves the valve, it
bearing a smashing plate, leading to additional impact forces. The cavitation, as well as
the impact forces, can lead to a break up of flocs and of cell-walls. In this work a
pressure drop of 650 bar was implemented. The HPH was not cooled during operation,
leading to an increase of sludge temperature of 20 to over 40 8C.
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to a correlated sludge concentration in the reactors. After implementation of the stressing
into the wastewater treatment process, sludge extraction was carried out only to maintain
a constant sludge concentration in the systems, resulting in different SRT in the treated
and in the untreated line. Initially, the membranes only were used to replace the settling
tank, but in one test they were also used to enable the systems to be operated as conventional membrane bioreactors (MBR) with a very high solids retention time of approximately 54 d in the untreated reactor and therefore also an increased concentration of total
suspended solids. With this wastewater treatment system, the effect of mechanical
disintegration on the excess sludge production, but also on the capacity of COD- and
nitrogen-removal, could be investigated.
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Disintegration parameters. Within the different experiments two main stressing
parameters were varied. The specific energy input Espec, defined as the amount of energy
acting on 1 kg of total suspended solids, gives information on how much energy is
needed with the disintegration device used to achieve a certain effect. Using Espec, the
energy efficiency of different disintegration devices can be compared. Dependent on the
device, the higher the specific energy input is, the higher is the amount of cell break-up.
The second parameter that was varied was the frequency of treatment. The stressing
frequency (SF) is defined as:
SF ¼

amount of sludge treated per day 21
½d 
total sludge volume of the system

ð1Þ

By varying the stressing frequency and the specific energy input, the total amount of
energy brought into the system can be controlled. Table 1 gives a summary of the
experiments carried out with the different disintegration devices, the different stressing
parameters and the amount of total suspended solids in the control and the stressed line.
In experiment 6 the systems were operated as membrane bioreactors with a SRT in the
control of approximately 54 d; within the other experiments the SRT was below 20 d,
equivalent to conventional activated sludge systems.
Analysis

COD, Ammonia-Nitrogen, Total Nitrogen. COD, ammonia-nitrogen (N-NHþ
4 ) and total
nitrogen (TN) were analysed using photometric test kits.
CODtotal in sludge supernatant. The membranes used do cut off all solids from the
effluent; therefore only the soluble COD could be measured in the effluent. When using a
settling tank for solid/liquid separation, in the effluent there is always a part of nonsettling solids. To determine the influence of mechanical disintegration and, combined
with this, also the drastic decrease of floc-size on the amount of COD as particular, nonsettling matter, the CODtotal in the supernatant was measured after settling. The total
amount of COD in the sludge supernatant after 30 min of settling in a graduated cylinder
(CODtotal) was measured, using a sample of the supernatant. This sample was neither
centrifuged nor filtered before analysis.
Degree of COD-release. The amount of COD released during the mechanical
disintegration of the sludge depends on the stressing conditions chosen. Comparing the
amount of COD released due to the stressing with a maximal possible COD-release,
defined as the released COD after 10 min of alkaline fusion with 1 molar NaOH at
90 8C, a degree of COD-release (DDCOD) can be defined (Müller, 2000). The degree
of COD-release is a quantity of how efficient the mechanical disintegration was and it
Table 1 Experimental parameters to determine the influence of mechanical sludge disintegration on the
excess sludge production
Test
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1
2
3
4
5
6 (MBR)

TSScontrol (g/L)

TSSstressed (g/L)

Disintegration device

SF (d21)

Espec (kJ/kgTSS)

3.52
2.68
2.31
2.31
2.31
8.65

3.42
2.60
2.04
2.60
2.48
6.59

UH
SMM
HDH
UH
UH
UH

0.2
0.2
0.2
0.4
0.05
0.2

30.000
30.000
30.000
2.000
47.000
16.000
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is defined as:
DDCOD ¼

CODstressed 2 COD0
·100%
CODalkaline 2 COD0

ð2Þ

Results and discussion
COD-release due to disintegration

Within all experiments the specific energy input chosen was high enough to effect a
release of intracellular organic matter, detected by the degree of disintegration (Table 2).
While at the very low specific energy input of only 2,000 kJ/kgTSS in experiment 4, the
mean DDCOD was only around 4% DDCOD increases with increasing Espec. At identical
Espec of 30,000 kJ/kgTSS the HDH achieved a higher amount of COD-release than the
SMM and the UH, while the DDCOD achieved with the SMM was still higher than with
the UH. This is in accordance with prior investigations (Müller et al., 1998).
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where COD0 is the concentration of COD in the sludge-liquid before stressing,
CODstressed is the concentration after stressing and CODalkaline is the concentration
after alkaline fusion. All COD concentrations were measured in the 0.45 mm filtrate of
the supernatant of a sludge sample centrifuged for 10 min at 10,000 g.

Excess sludge production

To determine the influence of the mechanical disintegration on the excess sludge
production within the different tests, the cumulative TSS production was correlated to the
cumulative COD-removal. The slope of the linearisation of these data (not forced through
zero) is defined as the observed sludge production yield (Yobs). Based on this, the
reduction of sludge production can be calculated according to the following equation:


Ystressed
obs
RSP ¼ 1 2 control ·100%
ð3Þ
Yobs
In Figure 2, the excess sludge productions found in the experiments 1–3 with different
disintegration devices and with Espec of 30,000 kJ/kgTSS and SF of 0.2 are shown. In all
three tests, the Yobs of the stressed line is lower than for the untreated control, which is a
lower sludge production. It is obvious that the HPH is the most efficient device for the
conditions chosen in these tests. With the HPH the RSP was 72%, while with the SMM
the RSP was 36% and with the UH it was only 24%. This correlates with the different
degrees of COD-release found for the specific energy input of 30,000 kJ/kgTSS.
The observed yields and the calculated values of RSP for all tests described above are
given in Table 3. Despite the very good results of experiments 1-3, choosing the
inadequate disintegration parameters, an increase of sludge production can also be
achieved by mechanical disintegration, expressed as a negative value of RSP. During
experiments 4 and 5, the total specific energy input brought into the system, expressed as
Espec p SF, was much lower than for experiments 1–3. Although in both tests a release of
COD was achieved due to the disintegration of the partial volume, the overall
disintegration conditions were obviously not stringent enough to cause a reduction in
Table 2 Mean values of degree of COD-release as a result of specific energy input achieved in the different
experiments
Test/Device

Espec (kJ/kgTSS)
Mean DDCOD (%)

1/UH

2/SMM

3/HPH

4/UH

5/UH

6/UH

30,000
11.4

30,000
14.2

30,000
20.6

2,000
4.2

47,000
20.0

12,000
6.9
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Figure 2 Comparison of TSS production as a function of COD removal for untreated and treated line with
Espec ¼ 30,000 kJ/kgTSS and SF ¼ 0.2 d21 for UH (test 1), SMM (test 2) and HPH (test 3)

excess sludge production. This could be due to two different effects. In experiment 4,
with the very low energy input but high stressing frequency, the stressing of the sludge
mainly resulted in a break up of sludge flocs and only in a minor break up of bacteria
cell walls, as seen by the very low DDCOD. Due to the floc disruption, the oxygenand substrate-supply of the microorganism within the flocs is increased, possibly leading to an increased growth of biomass. This consideration could be verified by respirometric tests, using a sequenced batch respirometer as described in Spérandio and Paul
(2000) and Chockalingam et al. (2004). In experiment 5, Espec was high enough to
achieve a strong release of intracellular matter, but as only 5% of the total volume
was treated each day, this obviously was not enough to influence the overall process.
The small volume of treated sludge contains a high amount of released organic matter
and therefore easily biodegradable compounds. This might accelerate the growth of the
biomass in the untreated volume of the system.
A combination of MBR-operated activated sludge system with mechanical disintegration (experiment 6) turned out to be useful for the reduction of excess sludge production. With this system, a disintegration leads to a nearly three times higher RSP at
only almost a third of specific energy input needed as compared with experiment 1.
Process efficiency

As the mechanical disintegration leads to an increased COD in the treated volume,
the total COD-load of the stressed line is increased. Furthermore, as found in prior
Table 3 Observed sludge production yields Yobs in the control and stressed lines and calculated reduction
of excess sludge production RSP
Test
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Ycontrol
(gTSS/gCOD)
obs
Ystressed
(gTSS/gCOD)
obs
RSP (%)
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1

2

3

4

5

6 (MBR)

0.21
0.16
24

0.39
0.25
36

0.25
0.07
72

0.25
0.32
2 28

0.25
0.27
28

0.19
0.06
68

Table 4 Effluent COD- and nitrogen-concentration and COD-removal efficiency and CODtotal-concentration
in supernatant of settled sludge samples
Test

CODremoved (%)

CODtotal (mg/L)

N– NH1
4 (mg/L)

TN (mg/L)

Control

Stressed

Control

Stressed

Control

Stressed

Control

Stressed

Control

Stressed

19
29
21
21
21
14

18
27
25
18
18
25

97.8
97.0
97.9
97.9
97.0
98.4

97.9
97.3
98.3
98.3
96.9
97.1

–
77.3
284
284
284
–

–
144
448
313
392
–

–
5.4
0.36
0.36
0.36
–

–
8.0
0.47
0.30
0.38
–

–
18.0
21.4
21.4
21.4
–

–
22.4
30.7
21.4
28.2
–

respirometric tests, not all of the released COD is degradable within the hydraulic retention time of the systems of 24 h. Nevertheless, the COD-removal of the activated sludge
system is not strongly affected. In the range of common standard deviation, except for
the MBR-operated experiment 6, the COD concentration in the effluent of the membranes
and the COD-removal capacity of the treated systems were not deteriorated (Table 4). In
an activated sludge system without membrane separation of the solids, an increased COD
in the supernatant has to be taken into account, as seen in the increased CODtotal in the
supernatant of the settled sludge. Nitrogen removal is partly deteriorated by the
mechanical disintegration. This is in agreement with observations made by other authors
(Camacho et al., 2002; Deleris et al., 2002).
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1
2
3
4
5
6 (MBR)

CODeffluent (mg/L)

Conclusions

Regarding the results of this study, it can be concluded that mechanical disintegration
can have a strong effect on the excess sludge production during biological wastewater
treatment. The results can be summarised as follows.
† A reduction of excess sludge production of up to 70% is possible using mechanical
disintegration of sludge.
† The high pressure homogeniser is the most effective of the investigated devices.
† A combination of MBR-operated activated sludge system with mechanical disintegration is especially useful for reduction of excess sludge production.
† Excess sludge production is strongly dependent on the disintegration conditions
chosen, using insufficient disintegration parameters, also an increase of sludge
production can be realised.
† CODsoluble in the effluent of the membranes used was not increased by mechanical
disintegration.
† An increase of CODtotal concentration in the outlet of a clarifier can be possible when
using mechanical disintegration.
† Nitrogen removal is negatively affected by mechanical disintegration methods.
Thus, it can be said that mechanical disintegration is feasible for the reduction of excess
sludge production. As the amount of energy needed in this laboratory scale trial was
relatively high, further research and development needs to be carried out, e.g. by
thickening of the sludge before mechanical disintegration, resulting in a more energy efficient stressing (Müller et al., 1998). The results of COD-removal quality and nitrogen
removal have to be verified with systems without a membrane separation but with a
settler, to ensure that no increased COD- or nitrogen-concentration in the effluent of the
WWTP will occur when mechanical disintegration devices are integrated into the
activated sludge process.
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