
Introduction

Rheological measurements of substances are very
important and find applications in many fields of human
activity. Determination of rheological behavior of sub-
stances is particularly important for designing equipment
for transport, pumping, and storage of substances. A survey
of rheological behavior also plays an important role in food
rheology, where rheology among other things relates to
quality control and sensory properties [1]. Other applica-
tions of rheology include, for example, the polymer indus-
try [2], the building industry [3], metallurgy [4], geology,
and mining industry [5]. An equally important application

is using rheology in waste management. These include
wastewater treatment and sewage sludge utilization.
Determination of rheological parameters of sewage sludge
is the base for its characterization. Information about rheo-
logical properties is very important for processes, which
relate to the utilization of sewage sludge. These are espe-
cially transport, dewatering, drying, and landfilling of
sewage sludge [6]. 

Rheological properties of various kinds of sewage
sludge can be very different. These properties are different
in various steps of wastewater treatment [7, 8]. It is known
that suspensions of biological sewage sludge are non-
Newtonian fluids [9]. However, from the rheological point
of view very thin layers behave as Newtonian fluid. When
the suspension is concentrated the sludge starts to behave as
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Abstract

Our paper deals with the description of the rheological properties of activated sewage sludge before and

after disintegration. There is an assumption that disintegrated activated sewage sludge is able to change rheo-

logical properties. These changes probably cause the modification of the structure of activated sewage sludge

after disintegration. The reason is that during disintegration, cell walls of organisms (from which the activat-

ed sewage sludge is composed) are disturbed. Currently there are not published many papers that deal with

rheological properties of disintegrated activated sewage sludge. There is therefore no opportunity to confront

our assumption with papers of other authors. The sample of activated sewage sludge was collected from aer-

ation tank of the wastewater treatment plant for 10,000 population equivalent (PE). In our work the following

rheological properties were described: temperature dependence on viscosity and the shear stress dependence

on shear rate. On the basis of measured data Arrhenius mathematical model has been applied. By using this

mathematical model the activation energy has been obtained. 
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non-Newtonian fluid [6]. The dependence of total solid sol-
uble (TSS) on rheological properties of the activated
sewage sludge has been described by other authors [9-12].

In the present process, the disintegration of activated
sewage sludge comes to the foreground of interest. There are
many methods of disintegration of activated sewage sludge.
The basic methods include disintegration by using ultrason-
ic [13-15] and mechanical disintegration [16].
Disintegration causes disruption of cell walls of organisms
in the activated sewage sludge. Liquids, which are contained
in the sewage sludge, are released to sewage sludge suspen-
sion. After disintegration an increase of specific surfaces of
particles of sewage sludge were found. This process enables
better accessibility of organic materials for organisms.
Organisms can decompose this material, for example during
the process of anaerobic fermentation or aerobic stabiliza-
tion. The result of disintegration processes is better dewater-
ing of sewage sludge [13]. Disintegration of sewage sludge
can be one way to improve operation costs of sewage sludge
utilization at a wastewater treatment plant. 

Material and Methods 

Activated Sewage Sludge

Samples of materials were collected from an aeration
tank at the wastewater treatment plant of 10,000 PE. The
collection of samples was performed according to standard
ISO 10381-6: Soil quality – Sampling – Part 6. On collec-
tion day samples were transported to the laboratory. Before
and after disintegration solid content in activated sewage
sludge was determined at 105ºC in the electric muffle fur-
nace LHM 07/12. The weighing of samples was executed
with use of a Radwag AS 220/X analytical scale with an
accuracy of 0.0001 g. Disintegration of samples has been
performed in the special developed experimental device
using a water blast. This device is composed from two iden-
tical conical vessels; in one of these vessels a sludge pump
has been placed. The pressure hose is connected with the
pump and hose leads to the second conical vessel. At the
end of the inner part of pressure hose is a disintegration
device composed of two counter-rotating steel discs with
small holes that are placed in motion with the use of kinet-
ic energy of flowing sewage sludge. Between steel discs
arise a sudden local increase of pressure in the small time
period. After disintegration a sample of disintegrated acti-
vated sewage sludge was homogenized and the measure-
ment of rheological properties was performed.   

Measurement of Rheological Behavior

There are several methods designed to measure of rhe-
ological behavior of substances with different types of mea-
suring geometry such as concentric cylinders, cone, and
plate or parallel plates [17]. An extensive overview about
measurement techniques for rheological testing is given in
[18]. Rheological measurement of substances for this paper
was performed using an Anton Paar MCR 102 rheometer

(Austria) with measuring geometry cone-plate. The diame-
ter of cone was 50 mm and angle 1º. Three curves were
evaluated: dependence of dynamic viscosity η [Pa·s] on
temperature, fluidity φ [Pa-1·s-1], and dependence of shear
stress τ [Pa] on a shear rate γ̇ [s-1].  

Dynamic viscosity is given by equation:

[Pa·s] (1)

..where: 
τ – shear stress [Pa]
γ̇ – shear rate [s-1]

The reciprocal of a dynamic viscosity is fluidity and it
is given by equation: 

[Pa-1·s-1] (2)

The dynamic viscosity with fluidity has been measured
in a range of 5-40ºC and with the constant shear rate 50 s-1.
The measurement of shear stress dependence on shear rate
was performed in the range 0 s-1-100 s-1.

Various mathematical models are used for description
of rheological properties of substances, where viscosity is
the basic input parameter. These mathematical models
include, e.g. Arrhenius, Gaussian, exponential, etc. [17].
The Arrhenius mathematical model is commonly used, and
given by equation:  

[Pa·s] (3)

…where:
η0 – constant, initial value of dynamic viscosity [Pa·s]
EA – activation energy [J]
R – universal gas constant [J·K-1·mol-1]
T – thermodynamic temperature [K]

This model has been used for an evaluation of depen-
dence of the dynamic viscosity η on temperature and for an
evaluation of activation energy EA. All measurements have
been performed in three repetitions. Subsequently arith-
metic mean has been evaluated from measured data. The
data has been tested by Grubbs test for remoteness values. 

Results and Discussion 

Solid content in samples of untreated sewage sludge and
disintegrated activated sewage sludge has been 3.8 g·l-1.
Dynamic viscosity of disintegrated and untreated activated
sludge is shown on Fig. 1. From where it is obvious that
viscosity of disintegrated sludge ranges from 5.67 mPa·s at
5ºC to value 3.37 mPa·s at 40ºC. A value of dynamic vis-
cosity of untreated activated sludge (before disintegration)
ranges from 8.86 mPa·s at 5ºC to 5.42 mPa·s at 40ºC.
According to Guibaud [7], dynamic viscosity has been
approximately 8 mPa·s at shear rate 50 s-1, temperature of
20ºC and TSS 3.6 g·l-1. In the case of the experimental mea-
surement value of dynamic viscosity, it has been 6.13 mPa·s
at the same boundary condition. Similar values were
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obtained in other papers [12]. When content of TSS in the
activated sewage sludge increased, dynamic viscosity
increased, too [9-11]. 

It is evident from Fig. 1 that disintegration of activated
sewage sludge changes viscosity dependence on tempera-
ture. The dynamic viscosity has been 4.41 mPa·s at 20ºC
and shear rate 50 s-1. Values of the dynamic viscosity
decreased about 18% compared to untreated activated
sewage sludge. But there are not many papers that can be
compared with experimental measurement. The exception
includes the work of Ruiz-Hernando [19]. However, in that
paper rheological measurement of secondary sludge was
performed and subsequently compared with values of rhe-
ological measurements of disintegrated sludge using ultra-
sonic waves at various specific energy values. The decrease
of dynamic viscosity there was 38% to 82%.

Fluidity of disintegrated and untreated activated sewage
sludge is shown in the Fig. 2, from which it is evident that
according to assumption, the disintegrated activated
sewage sludge reaches a higher value of fluidity than
untreated activated sewage sludge.  

Both dependences (i. e. temperature dependence on the
viscosity of disintegrated and untreated activated sewage
sludge) have been subjected to further mathematical analy-
sis. Arrhenius’ mathematical model has been used for this
analysis. This model is shown in equation (3). The loga-
rithm of this equation is:

(4)

Activation energy EA has been performed using this
equation with regression analysis. Arrhenius’ mathematical
model applied to untreated activated sludge is shown in Fig.
3. Coefficient of determination R2 = 0.7362 has been
obtained by using regression analyses – linear dependence.
When the sixth degree polynomial was used determination
coefficient was R2 = 0.9776. The value of activation energy
EA of untreated activated sludge was 59.994 kJ·mol-1.
According to Yang the activation energy of activated
sewage sludge from membrane technology was 9.217
kJ·mol-1 [20]. This difference is caused by different waste-
water treatment technology, where change in the structure
of the activated sewage sludge occurs.

Arrhenius’ mathematical model applied to untreated
activated sewage sludge is shown in Fig. 4. Determination
coefficient has been R2 = 0.8776. In the case of application
of polynomial of sixth degree this coefficient has been R2 =
0.9866. The activation energy EA value of disintegrated
sample has been higher than the value of untreated samples.
The value has been 69.272 kJ·mol-1.  

The progress of shear stress dependence on shear rate of
untreated activated sewage sludge shows signs of
thixotropy. This correlates with other papers, where authors
reached the same conclusion [7, 11]. Signs of thixotropy
behavior were detected in disintegrated activated sewage
sludge, where the ultrasonic waves were used for disinte-
gration [19]. A rheogram of untreated and disintegrated
activated sludge is shown in Fig. 5. Thixotropy behavior of
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Fig. 1. Temperature dependence on viscosity of disintegrated
and untreated sludge.
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Fig. 2. Fluidity of disintegrated and untreated sludge.
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Fig. 3. Evaluation of Arrhenius model of an untreated sludge.
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Fig. 4. Evaluation of the Arrhenius model of a disintegrated sludge.



activated sewage sludge is typical, because it also appears
in different kinds of sewage sludge [21, 22], including
materials in the mixture with sewage sludge [23, 24]. 

Conclusion 

The disintegration of activated sewage sludge can be
one way to improve operation costs of wastewater treat-
ment plants. It can be expected that the number of device
applications (which was designed for disintegration of
sewage sludge) will increase in the future. For designing
devices and technology for pumping and transporting dis-
integrated sewage sludge (such as pumps, pipes) it is
important to know the rheological properties of this fluid.  

Currently there is not much information about rheolog-
ical properties of disintegrated activated sludge. This paper
confirms the assumption that rheological properties of acti-
vated sewage sludge are changing during disintegration.
Proof is the change of viscosity in the dependence on the
temperature and also different values of activation energy
for untreated activated and disintegrated activated sludge.
In the case of shear stress, dependence on shear rate was
confirmed through thixotropy behavior of disintegrated and
untreated activated sludge.   

Acknowledgements

This study was financed by the Sixth Framework
Program of the European Community for Research,
Technological Development, and Demonstration Activities
(2007-17), No. 7AMB12SK076 Production of biogas from
Non-Traditional Biodegradable Material, and supported by
project CZ.1.02/5.1.00/10.06433 Acquisition of
Instrumentation for BAT Centre at MZLU in Brno for
Categories of Food Processing Activities and Categories of
Facilities for Disposal or Destruction of Animal Bodies
and Animal Waste.

References 

1. YOO B. Effect of temperature on dynamic rheology of
Korean honeys. J. Food Eng. 65, 459, 2004.  

2. BARKER D.A., WILSON D.I. Rheology of a thermoplastic
paste through the mushy state transition. Chem. Eng. Sci.
63, 1438, 2008.

3. TREGGER N.A., PAKULA M.E., SHAH S.P. Influence of
clays on the rheology of cement pastes. Cement Concrete
Res. 40, 384, 2010.

4. ZHOU Z. SCALES P.J., BOGER D.V. Chemical and phys-
ical control of the rheology of concentrated metal oxide sus-
pensions. Chem. Eng. Sci., 56, 2901, 2001.

5. BUROV E.B. Rheology and strength of the lithosphere.
Mar. Petrol. Geol. 28, 1402, 2011.

6. SPINOSA L., LOTITO V. A simple method for evaluating
sludge yield stress. Adv. Environ. Res. 7, 655, 2003.

7. GUIBAUD G., DOLLET P., TIXIER N., DAGOT C.,
BAUDU M. Characterisation of the evolution of activated
sludge using rheological measurements. Process Biochem.
39, 1803, 2004.

8. WOLNY L., WOLSKI P., ZAWIEJA I. Rheological para-
meters of dewatered sewage sludge after conditioning.
Desalination 222, 382, 2008. 

9. MORI M., SEYSSIECQ I., ROCHE N. Rheological mea-
surements of sewage sludge for various solids concentra-
tions and geometry. Process Biochem. 41, 1656, 2006.

10. MORI M., ISAAC J., SEYSSIECQ I., ROCHE N. Effect of
measuring geometries and of exocellular polymeric sub-
stances on the rheological behaviour of sewage sludge.
Chem. Eng. Res. Des. 86, 554, 2008.

11. TIXIER N., GUIBAUD G., BAUDU M. Towards a rheo-
logical parameter for activated sludge bulking characterisa-
tion. Enzyme Microb. Tech. 33, 292, 2003.

12. TIXIER N., GUIBAUD G., BAUDU M. Determination of
some rheological parameters for the characterization of acti-
vated sludge. Bioresource Technol. 90, 215, 2003.

13. HUAN L., YIYING J., MAHAR R. B., ZHIYU W.,
YONGFENG N. Effects of ultrasonic disintegration on
sludge microbial activity and dewaterability, J. Hazard.
Mater., 161, 1421, 2009. 

14. TIEHM A., NICKEL K., ZELLHORN M., NEIS U.
Ultrasonic waste activated sludge disintegration for improv-
ing anaerobic stabilization. Water Res. 35, 2003, 2000. 

15. WANG F., WANG Y., JI M. Mechanisms and kinetics mod-
els for ultrasonic waste activated sludge disintegration. J.
Hazard. Mater., B123, 145, 2005. 

16. KAMPAS P., PARSONS S. A., PEARCE P., LEDOUX S.,
VALE P., CHURCHLEY J., CARTMELL E. Mechanical
sludge disintegration for the production of carbon source for
biological nutrient removal, Water Res. 41, 1734, 2007. 

17. VÍTĚZ T., SEVERA L. On the rheological characteristics of
sewage sludge. Acta univ. agric. et silvic. Mendel. Brun. 58,
287, 2010.

18. BOGER D.V. Rheology and the resource industries. Chem.
Eng. Sci. 64, 4525, 2009.

19. RUIZ-HERNANDO M., LABANDA J., LLORENS J.
Effect of ultrasonic waves on the rheological features of sec-
ondary sludge. Biochem. Eng. J. 52, 131, 2010.

20. YANG F., BICK A., SHANDALOV S., BRENNER A.,
ORON G. Yield stress and rheological characteristics of
activated sludge in an airlift membrane bioreactor. J.
Membrane Sci. 334, 83, 2009.

21. BAUDEZ J. C. About peak and loop in sludge rheograms. J.
Environ. Manage. 78, 232, 2006.

22. SEYSSIECQ I., FERRASSE J., ROCHE N. State-of-the-
art: rheological characterisation of wastewater treatment
sludge. Biochem. Eng. J. 16, 41, 2003.

23. LIU J., WANG R., GAO F., ZHOU J., CEN K. Rheology and
thixotropic properties of slurry fuel prepared using municipal
wastewater sludge and coal. Chem. Eng. Sci. 76, 1, 2012.

24. LI W., LI W., LIU H. Effects of sewage sludge on rheologi-
cal characteristics of coal-water slurry. Fuel 89, 2505, 2010.

1212 Travnicek P., et al. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 10 20 30 40 50 60 70 80 90 100

Shear Rate [s-1]

Sh
ea

r S
tr

es
s 

[P
a]

Disintegrated Untreated

Fig. 5. Rheogram of disintegrated and untreated sludge.


