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Abstract

Knowledgeonrheological propertiesof sludgeisimportant for the design of pumping and transport facilitiesand asatool in process
control during treatment. Concentrated activated sludgeisknown to behave asanon-Newtonian material. The contributionto non-
Newtonian behaviour isbelieved to originate from the colloidal propertiesof solids more than from the molecular properties of the
suspension. Considering that the colloidal properties of sludge depend on factorslike pH, conductivity, solids concentration and
flocculation properties, this study examinesthe effects of these variables on therheology of activated sludge. Results show that the
rheograms obtained fit best to a power law model indicating that the flow of activated sludge can best be expressed by the
pseudoplastic flow model. Itisalsoobserved that the apparent viscosity increases sharply with theincrease of solids concentration.
From the pH values studied, the one that causes the lowest viscosity isthe pH 5.5. Asthe pH increases, the viscosity measured
increases considerably. Thismakes sense considering that theisoelectric point of bacteriaisat pH 2-4. Conductivity isalso found
toaffect theviscosity greatly; such that asthe conductivity increases, theapparent viscosity decreases. Finally, experimental results
reveal that the presence of extracellular polymers and the flocculated nature of activated sludge affect its viscosity.

Introduction

Understanding of the rheological properties of sludge is not only
important in the design of pumping and transport facilitiesbut also
critical for controlling treatment processes like the polymer dose
assessment for sludge conditioning prior todewatering. A property
this important did not receive the deserved attention up until
recently, mainly due to the difficulties associated with the
measurement of viscosity especially of biological sludges. Activated
sludgeisabiological suspension of flocs having irregular shapes
and varioussizesthat change over time or when the environmental
conditions change. Besides, the concentration of solids presentin
the slurry is another factor of importance in determining the flow
properties. A very thin activated sludge may behave very closeto
water (Newtonian behaviour) in terms of rheological properties;
however, with increasing solids concentration, activated sludge
exhibitsnon-Newtonianflow character. Activated sludgehasbeen
identified as either a plastic (Dick and Ewing, 1967; Unno and
Akehata, 1985; Dick, 1986) or a pseudoplastic (Behn, 1962;
Moeller and Torres, 1997) non-Newtonian fluid.

The contribution to non-Newtonian behaviour is believed to
originate from the colloidal properties of solids more than the
mol ecular propertiesof thesuspension (Hiemenz and Rgjagopalan,
1997). The colloida properties of sludge that may affect the
rheological characteristics are particle size, shape, flexibility,
surface charge, solvation and flocculation. Furthermore, the
rheological behaviour of colloidal dispersions is summarised to
depend mainly on (Shaw, 1992):

e Viscosity of the dispersion medium

e Particle concentration

¢ Particle size and shape

¢ Particle-particle and particle-dispersion medium interactions.
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From these factors, the first one, the dispersion medium viscosity
is the simplest to deal with. For activated sludge the dispersion
medium is water and being a Newtonian fluid, water has a fixed
viscosity at a fixed temperature. The second factor, the solids
concentration, has been studied more than the other factors for
activated sludge and itseffect ispretty well documented (Dick and
Ewing, 1967; Dick and Buck, 1985; L otito et. a., 1997). Thethird
factor, particlesizeand shape, isavery difficult aspect of activated
sludge to study. Activated sludge has a broad particle size
distribution, which varies over time and according to the physical
and chemical factors like shear and solution chemistry. Particle-
particle and particle-dispersion medium interactions also depend
on particle properties as well as solution physical chemistry. The
|ast two setsof parametersarepretty complicated and havenot been
studied adequately.

Considering that the colloidal properties of sludge depend on
factorslikepH, ionicstrength, solidsconcentrationandfloccul ation
properties, this study was undertaken to evaluate the effects of
these variables on the rheology of activated sludge.

Materials and methods

The sludge used in the experiments was a waste activated sludge
taken from a municipal wastewater treatment plant. The sludge
was concentrated to about 2% solids by gravity settling.
Concentrated sludge was then connected to an aeration pump and
aerated duringthestudy; itssupernatant wasstoredintherefrigerator
and used to dilute the sludge samples when necessary. The tests
were conducted in the course of 3to 4 d. Sludge samples were
discarded at the end of each set of experiments and always a new
sample was brought to the laboratory for the next set.
Rheological properties of sludge were determined by using a
rotational viscometer (Brookfield LVDVI1+ equipped with ultra-
low viscosity adapter). Viscometer spindle diameter was 2.5cm,
with a gap size of 0.15cm between the spindle and the reservoir.
Shear stress-shear raterel ationshipsweredetermined at six different
rotational speeds, corresponding to six different shear rates. Shear
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ratesstudied were 1.8, 3.7, 7.3, 14.7, 36.7, 73.4 s*. Both the shear
stress-shear rate graphsand the apparent viscosities (defined asthe
ratio of shear stressto shear rate at afixed shear rate) were studied.
Temperature was kept at 25°C during the measurements, and time
of measurement was kept constant at 1 min.

Tostudy theeffect of solidsconcentration, each sludgesample
was prepared in at least 5 different concentrations by diluting or
concentrating the sludge samples in the laboratory. The
concentration range studied was between about 2 000 mg-I* to
18 000 mg-I.

For studying the effects of pH, pH adjustments of thesludgeto
5.5, 7.4 and 9.1 were made using either HCI or NaOH.

Conductivity of activated sludge was adjusted adding the
phosphate buffer saline (PBS) salts (NaCl =4 g-I*t; KCl = 0.1 g%,
KH,PO,= 0.06 g-I*; NaHPO, = 0.455 g, into the activated
sludge mixed liquor. Three conductivitieswere studied. Thefirst
samplewasunadjusted activated sludge. Theoriginal conductivity
of this activated sludge sample was measured as 970 umho-cm™.
When the PBS salts were added to activated sludge, conductivity
became 5 620 umho-cm®.  This was used as the second sample.
Finally, twicethe amount of the saltsin PBS solution was added to
the same activated sludge and this sample then had a conductivity
of 10220 umho-cmrt. Sampleswithdifferent pH and conductivities
were analysed rheologically at all 6 shear rates and at different
solidsconcentrationssinceviscosity of sludgeisafactor of boththe
shear rate and the solids concentration.

To investigate the effects of centrifugation and the polymer
extractiononrheology, activated sludge sampleswere subjected to
multiple centrifugation runs. Centrifugation was doneat 2 000 G
for 20 min at 4°C in 250 ml bottles. Once the centrifugation was
completed, the centrates were added to cold ethanol in 1:2 ratio
(supernatant:ethanol). These samples were kept refrigerated at
least overnight for the polymers to precipitate in alcohol. The
precipitateswererecovered by centrifuging at 10 000G, 4°C for 30
min. The centrates were discarded and the polymer pellets were
taken into evaporating crucibles and dried at 36+1°C after which
their quantities were determined. Sludge pellets (at the bottom of
the centrifuge bottles following the initia centrifuging) were
resuspended in their own supernatant and taken into rheological
tests. The described centrifugation run was conducted twice. At
the end of each run sludge viscosity and quantity of extracted
polymers were determined.

Results and discussions
Rheological behaviour of activated sludge

Toinvestigate therheological behaviour of activated sludge, shear
stressvs. shear raterel ationshi pswereexamined. Atdifferentsolid
concentrations the shear stress vs. shear rate graphs were plotted.
Onesamplegraphispresentedin Fig. 1. Thisfigureshowsthat the
rheogram for activated sludge indicates non-Newtonian flow
behaviour. When different rheological models (Newtonian vs.
non-Newtonian) were tested for their fit to data, the best fit is
obtained to a power law model. The R? for alinear fit with zero
intercept (Newtonian model) was 0.77, whereasthe R? for alinear
fit with apositiveintercept (Bingham plastic model) was0.96. On
the other hand the R? for the fit to power law model was 0.99
indicating that the flow of activated sludge can best be expressed
by the pseudoplastic model, which is given by:

T=Ky" @
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Figure 1
A sample rheogram for activated sludge

where:

T = shear stress

K =fluid consistency index
y =shearrate

n = flow behaviour index.

K isaterm eguivaent to viscosity and nisanumber smaller than
1. Notethatwhenn=1, thepseudopl astic model dropsto Newtonian
model. So asn getssmaller and smaller than 1, the flow character
deviates more and more from Newtonian.

Results of some earlier studies also indicate that the flow of
activated sludge can best be expressed by the pseudoplastic model
(Behn, 1962; Moeller and Torres, 1997).

Effect of solids concentration of activated sludge on
the rheological behaviour

Oneof thefactorsthat contributeto non-Newtonian flow behaviour
of afluid isthe solids existing in that fluid. The presence and the
concentration of solids have been given asthe primary reasonsfor
the increased viscosity in Einstein’s Law of Viscosity (Hiemenz
and Rajagopal an, 1997). Einstein’ stheory correl atesthedispersion
viscosity with the volumefraction of solids suspended inthat fluid
for spherical, non-interacting, unsolvated and rigid particles as
follows:

nm,=1+25¢ 2

where:
n = viscosity of the dispersion
n, = viscosity of the dispersion medium
¢ = volume fraction occupied by the particles.

Activated sludgebeing atwo-phaseslurry exhibitsvarying degrees
of non-Newtonian behaviour depending on the slurry conditions.
Figure 2 gives the rheograms of the same activated sludge at two
different solids concentrations. For both concentrations, activated
sludge exhibits a pseudoplastic flow character. When the effect of
solids concentration on K and n values is examined, it can be said
that theK valueincreaseswith theincreasein solids concentration
as expected. For a solids concentration of 3 600 mg:I?%, the K
value is found to be 0.040 dyne-cm?-s", whereas it increases to
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Effect of pH on viscosity of activated sludge
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0.209 dyne-cm2-s” when the solids concentrationisincreased to 10
760 mg-It. Thissimply indicates that the viscosity of the sludge
increasessignificantly withincreasing solidsconcentration. When
thenvaluesof dudgeat different solidsconcentrationsareexamined,
agreater deviation from 1 is seen asthe solids concentration of the
sludge is increased. The n values are 0.770 and 0.595 at solids
concentrations of 3600 mg:I"* and 10 760 mg-I%, respectively. The
decrease in n value is another indicator that the flow of sludge
deviates stronger from Newtonian behaviour as the solids
concentration increases. Similar observations of K and n are
reported by Lotito et al. (1997).

The variation of sludge viscosity with solids concentration is
given in Fig. 3. The increase of apparent viscosity with solids
concentration follows an exponential pattern. This explains the
stronger non-Newtonian behaviour with increasing solids
concentration. Some earlier researchers report the solids
concentrationand viscosity relationshipindlightly different forms.
For example one study reports that the K value (pseudoplastic
viscosity) and thetotal solidsconcentration of activated sludgeare
related by a power law expression (Lotito et. a., 1997).

Obviously all the viscosity equations developed as a function
of solids concentration in sludge research are quite different from
the Einstein’ sEquation of Viscosity. However, itisalso discussed
that the deviations from Einstein’s theory originate mainly in the
systems where the concentration is high (volume fractions higher
than 0.1) and the particles interact with each other (Hiemenz and
Rajagopalan, 1997). Considering that sludgeisamicrobia slurry
wherethe particles constantly interact with each other, it would be
unrealistic to expect that Einstein’ s theory would be obeyed.

Effect of pH on the rheological properties of activated
sludge

To analyse the effect of pH, viscosities measured for sludge at
different pH values at various solids concentrations are plotted in
Fig. 4. Thisfigure shows that at every solids concentration, the
lowest viscosity isattained when the pH of thesystemisat 5.5. As
the pH isincreased to 7.4, the viscosity measured increases. This
effectisintensified asthesolidsconcentrationisincreased. Activated
sludge at pH 9.1 does not behave much different from activated
sludge at pH 7.4 for most solids concentrations examined.

Considering that the isoelectric point of bacteriaisat pH 2 to
4 (Tenney and Stumm, 1965) itisclear that sludge particlesurfaces
would carry increasingly negative charges as the pH isincreased
above the isoelectric point; pH 5.5 is the value closest to the
isoelectric point of bacteria. Therefore, at thispH, thefloc surface
isonly slightly negatively charged. Withincreasing pH valuesthe
floc system will be increasingly negatively charged. Increasing
similar charges in the floc structure causes a repulsion and an
expanded floc matrix at high pH values. On the other hand, at pH
5.5, theflocstructureisat itsmost compact form. Whether theflocs
are compact or expanded makes a differencein thefluid flow and
deformation properties. An expanded floc structure (at pH 7.4 or
9.1 for example) creates a higher resistance to flow due to an
increasein the exposed cross-sectional area. Thisinturn createsa
higher viscosity in the system. On the other hand, when the flocs
are more compact like at pH 5.5, the exposed cross-sectional area
of solidsislower, thereforetheobstruction of flow lineswill beless.
Thisreflectsasalower viscosity. AscanbeseeninFig. 4, thepH
effectisintensified by theincreasing solids concentration. Thisis
expected sincethe viscosity relationship with solids concentration
is already shown to be an exponential relationship.
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Relationship between the number of centrifugation runs viscosity
and the amount of polymer extracted from sludge
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Effect of ion concentration on the rheological
properties of sludge

Another important chemical factor that may bring out a similar
effecttopH onviscosity istheionicstrength. lonic strength affects
the thickness of the electrica double layer around the charged
interfaces as well as modifying the spatial extension, i.e. the
conformation, of polymersattachedtothesurfaces. Theexperiments
in this part have been conducted by adjusting the conductivity of
activated dudge at afixed solids content (15 000 mg-1t) with the
addition of various amounts of ions of a buffer solution.
The original conductivity of an activated sludge sample is 970
umho-cm™, Whenthisactivated s udgeisaddedthesaltsconstituting
thetypical phosphatebuffer saline (PBS) described previously, the
measured conductivity becomes 5 620 umho-cm™. In the third
case, twice the amount of PBS salt solution is added to the same
activated sludge and this sample has a conductivity of 10 220
umho-cmt, Theviscositiesof these 3 sampleshavebeen measured
and are presented in Fig. 5, which shows that with the increasein
conductivity, there is a decrease in viscosity. This decrease is
sharper especialy in the earlier part of the graph when the
conductivity isfirst increased. Then as more and more ions are
addedtothesystem, viscosity startsto givelessresponse, changing
minimally. As the electrical double layer is compressed at high
ionic strengths, particles and flocs may assume closer localities
with each other. In addition, the surface polymers of sludge
(extracellular polymers) will assume a coiled conformation rather
than a stretched conformation when the ionic strength of the
medium is high. This makes the flocs more compact. In addition,
smaller amountsof polymerswill beextending out intothesolution
sincetheir charges are screened out. On the contrary, at low ionic
strengths, the floc structure is expanded, the negatively charged
polymers are stretched far out into the solution since their charges
arenot screened out. Obviously the second casewiththelow ionic
strength is expected to create a higher viscosity since this type of
a system creates a higher resistance during flow as discussed
earlier. Thisis exactly what has been observed in this study. A
similar result is also reported earlier (Forster, 1982); with the
addition of NaCl to activated sludge samples, the viscosity of the
systemislowered. Futhermore, when high salt concentrationsare
added, thebound water content of the sludge decreases. Thebound
water content and the viscosity of the sludge have previously been
positively correlated (Forster, 1983). Therefore, themechanism of
the effect of increasing ionic strength on the viscosity may also be
through a decrease in the amount of bound water content which
further causes a decrease in viscosity.

Effect of extracellular polymers and flocculation on
the rheology of activated sludge

Considering that polymers are high-molecular mass and high-
viscosity substances and also that they act as glues in holding
activated sludge particles together, the effects of polymers on
sludge viscosity are investigated next. Earlier work revealed that
extracellular polymersaffect theviscosity of sludge (Forster, 1982;
Forster, 1983) and also centrifugation especially at low speeds
(2 000 G compared to 16 500 G for example) can extract some
extracellular polymersfrom activated sludge (Sanin and Vesilind,
1994). Multiple centrifugation runs are employed in this work to
examine the effect of centrifugation on viscosity and observe if
there is any correlation to the amount of polymers extracted.
Centrifugation may affect the viscosity by two mechanisms:
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« Simply breaking the activated sludge floc structure; and
« First extracting the polymers and then breaking up the flocs.

These two mechanisms are inseparable in most cases:
centrifugation breakstheflocsand somepolymersarereleasedinto
themedium. Figure 6 showsthat with centrifugation the viscosity
of the ludge can belowered to acertain extent. Thiseffectisseen
both when the same sludge is centrifuged once and twice; and it
becomes more pronounced after a solids concentration of 6 000
mg-I. At the highest solids concentration investigated (12 000
mg:l %) there is about 16% decrease in viscosity at the end of the
second centrifugation run at 2 000 G.

Figure 7 shows once again that the decrease in the viscosity of
sludge correlates well with the amount of polymers extracted,
indicating that thereisarel ationship between the polymer quantity
and viscosity. Thisshowsthat the flocculated nature of activated
sludgeiscritical in determining the rheological properties, which
has significant implications in sludge pumping and pipeline
transport.

Conclusions

In line with some earlier findings, activated sludge is found to
behave as a pseudoplastic fluid in this study. From among the
parameters studied, solids concentration has the most significant
effect ontherheological property of sludge. Withincreasingsolids
concentration, pseudoplasic viscosity increases sharply and the
flow behaviour index decreases significantly indicating that the
flow tends to be more pronounced non-Newtonian at high solids
contents. Thisis an important concern in the design of transport
systems for thick sludges. Solution pH affects the apparent
viscosity of ludge. Lowest viscosity isobserved at thelowest pH
studied (5.5) which is a value closest to the isoelectric point of
bacteria. With increasing pH values, the viscosities are observed
toincrease. Effect of pH issignificantly intensified whenthesolids
concentrationisincreased. Apparent viscosity isfound to decrease
with increasing conductivity of sludge. Thisisbelieved to be due
to the compression of the electrical double layer around the
particles that results in a more compact floc structure and coiled
polymer confomation in and out of the flocs. Presence of

extracellular polymers affectsthe viscosity of sludge. Removal of
polymers by multiple centrifugation runs correlates well with the
decrease in viscosity. Even though al the parameters studied
showed significantimpact onactivated s udgeviscosity, theprimary
parameter determining the viscosity aswell as the degree of non-
Newtonian behaviour is the concentration of solids.
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