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Abstract: Problem statement: The aim of this study was that of studying theolbgy of sewage
sludge using two different rheological test proledaken from literature and comparing them in orde
to evaluate which useful information are given frawery protocol.Approach: Two different
protocols have been used taking particularly intcoant the problems connected to sludge
heterogeneous composition and to the interactitwdsn solid-solid and solid-water particles in arde
to completely understand the rheological behaviahis suspension; moreover, the consequences of
particular effects connected to test geometry anmtlitions have been considered. Two fundamental
parameters have been modified in the samples: dte $olids content and the polyelectrolyte
addition. Sludge with 3 and 5% of total solids h&een investigated, with or without polyelectrolyte
using also microscope analysis to understand tteetedf polyelectrolyte on the sludgResults: As
expected, it was noticed that sludge viscosity grow increasing the total solids content and with t
presence of polyelectrolyte. The effect of polyaiglgte is that of separating the liquid-phase frithva
solid-phase of the sludge giving a more space-bgtgreous suspension with higher viscosity and
higher non-Newtonian behaviolConclusion: This study proved that combining two different
protocols of analysis can be useful to furnish ingrat and complementary information on sludge
rheology especially when some parameters change $eonple to sample. Moreover, in order to have
good and consistent results, it is necessary tpageular attention on samples pretreatments.

Key words: Conditioned, polyelectrolyte, rheology, sewage gydsuspended solids

INTRODUCTION characteristics depend on many factors such aglpart
dimensions, pH, temperature and more. The main

Rheology is a science which has had its mairrheological parameter that is important to invesigis
development in the transport field, in particulathwthe  the viscosity; this parameter provides informattrout
studies on bitumen and conglomerate used to paveludge flow characteristics when it is subjected to
roads, motorways and civil areas. deformations in flow conditions. An other important

Every fluid can be studied by a rheological paifit parameter is the sludge yield point because itrectly
view especially when it is necessary to understigsmd correlated to sludge inner forces between partiates
behavior in certain mechanical conditions. Rhealalyi to particles concentration. Many studies have been
studies on cement and food industry are two exasnpledeveloped in order to understand how these parasnete
of further applications of rheology to differenuifis  could affect the rheological measurements (Sanin,
used in industrial applications. At last, a conitibn to ~ 2002; Dentel, 1997; Morét al., 2006; Guibaudt al.,
rheology is given also by the environmental sector2004; Forster, 2002). Sanin (2002) in particulas ha
especially concerning sewage sludge. Sewage sisdgedetected some aspects that influence the sludge
a big problem for the environment because a complerheological behavior: The viscosity of the dispensi
treatment is necessary to obtain a final produefuls medium, the particle concentration, the particke sind
for disposal or in agriculture. Sewage sludge can bshape, the particle-particle and particle-dispeérsio
defined as a suspension of organic and inorganimedium interactions. The solids concentration ie th
particles into a fluid; the presence of the suspdnd main parameter influencing the sludge viscosity, in
particles involves the fact that some interactibagpen particular an increase of solids concentration raeitee
among solid-solid and solid-water particles whosean increase of sludge non-Newtonian behavior idstea
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of the Newtonian one that is typical of water andbefore being submitted to the laboratory and tested
solutions with low solids concentration. The pHwtile  the Politecnico di Torino.

determine a viscosity increase, this effect is &gl if ) ]

it's followed by a solids concentration growth;last, ~ MICroscope analysis: In order to understand sludge
the presence of polyelectrolyte used to improve th@hysical characteristics, before starting the rbgiokl
sludge dewatering process, modifies the sludgd®Sts: @ series of photos using an optical micrsees
viscosity determining an increase of its valuesntpe  Performed (Tixier et al., 2003). The employed
(1997) has underlined the fact that in many casés | Microscope is a LEICA DMLP; the adopted
quite difficult to correlate the theoretically debed enlargements were 2.5 and 5x the photos have been
physical properties of the sludge (the viscositat th done with a digital camera JVC TK-C1380._ Figure la
derives from rheological studies is one of theseSNOWS @ microscope photo (2.5x) representing agslud
parameters) with the operational physical propertie Sample (3% wiw total solids TS) coming from thetexi
that are important in plant processes such as mgnpi of the primary s.ettllng phase and conditioned with
characteristics and dewatering; despite of thisnyma POlyelectrolyte. Figure 1b shows a sample of sludge
studies furnish important correlations between ghes(2:5X and 3% wiw total solids TS) without
two aspects. In particular, the dewatering efficienan ~ POlyelectrolyte; it's clear how the polyelectrolyte
be correlated with different squeezing velocitipplied ~ C&rTies out the function of separating solids péesi of

to the sludge (Chaast al., 2003); the obtained results Sludge from water creating a non-homogeneous
show that the dewatering increases with the deitrgas solution with a different §tructurg in comparisoithaa

of the squeezing velocity. The aim of this studghiat normal sludge. Water is physically separated from
of defining a method to perform rheological tesithw S°lids as it's shown in Fig 1a.

sewage sludge keeping into account the sludge pre:
treatment phase, comparing two different prototaiten
from literature in order to achieve the best caodg for
rheological tests. Moreover the effects of polyetdgte
addition to sewage sludge are investigated botlthby
physical and rheological point of view using also a
optical microscope to investigate the physical
characteristics of the sludge. The rheological bieha
(shear stress-shear rate curves), the viscositiesathe
yield stress values and the maximum shear stresthar
observed parameters that furnish information onagew
sludge rheological characteristics.

MATERIALS AND METHODS
Fig. 1a: Photo of a sludge (2,5x; 3% w/w TS)
Sludge samples: The sludge samples employed for the conditioned with polyelectrolyte
experiments come from a wastewater treatment plant
located near the city of Turin in the North-westitaly
and run by the Smat S.p.a Society. The considerec[#
sludge come from two different sections of the phain
two different steps of treatment; the first oneaipre-
thickening sludge, a mixture of sludge coming fribma
primary and the secondary settling phase before the
thickening necessary to obtain the optimal solids
concentration in the digesters. The second one is ¢
sludge coming out from the primary settling phasd a
conditioned with polyelectrolyte, a reactant norigal
used to improve sludge dewatering. These sludge
samples were treated in the Smat laboratoriesderor
to modify their solids content at two different

Concentrations: 3 and 5% w/w. The obtained samplegig 1p: Photo of a sludge (2,5x; 3% wiw TS) withou
were stocked in a fridge at the temperature of +4°C polyelectrolyte
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Moreover, these photos show that sludge  The number of samples to analyze was not decided
complexity is not only due to the fact that it is abefore the execution of the tests, so, the repodsdlts
dispersion made of (minimum) two phases (a liquidin this study have to be considered as typicalheve
phase and a solid phase), but also to the fact thahough modest data dispersion has been noticed.
particles (solid phase) are heterogeneous bothhbey t
physical and by the dimensional point of view. et Pretreatments. a thermostatic bath was employed to
sludge there are organic and mineral particles w&ith obtain a sludge constant temperature equal to +35°C
very different mechanical behavior; in additionrhe and the rheometer cell too was conditioned to that
are particles with a much stretched shape made démperature. This procedure has, as a consequiece,
organic materials that, during the tests, tendwistt possibility of starting the rheological tests imraely
themselves creating heterogeneity into the sanige t after having put the sludge in the rheometer ireotd
could affect the measures of the rheological test. avoid the sludge particles sedimentation that could

affect the rheological test results. This tempertas
Rheological behavior: The rheometer employed to been chosen because it is proper of an anaerobic
perform laboratory tests is an Anton Paar Physi@RM digester operating in mesophyle conditions. A H0®
301 that works controlling torque with a sensipildf ~ screen (32 mesh) was employed to sieve the sewage i
the bending moment and torsion angle respectively oorder to eliminate a small part of the solid franoti
0.1 uN-m e 1 prad. The used geometry is that of th@efor_e puttir_lg the sample into the rheometer. This
coaxial cylinders with a fixed gap of 1.13 mm; tkied ~ Solution (Lotitoet al., 1997) was necessary because of
of test called rotational test is particularly abie in  the small distance between the coaxial cylinderthef

case of low-viscosity liquids, polymer solutions rheometer (1.13 mm) and the presence in the slatige

emulsions and solid-in-liquid suspensions (Gupta/€W Over-size particles that could damage the
2000) because the water remains in the sample wtitho rheometer.

the possibility of being ejected as it happensyinainic
tests (cone-and-plate or plate-and-plate test®ageslty

at high shear rates. On the other hand, the tasts ne
performed immediately after having put the sample i
the cylinder because the particles in the sludgd te
precipitate causing a particle size distributiond an
concentration between the cylinders (Seyssigtcdl.,

RESULTS

In order to analyze the sludge rheological behavio
it's fundamental to consider a series of inner anter
factors that could play an important role during th
rheological tests, this is particularly importartiem the

i : o0 investigated fluid is extremely heterogeneous. €hes
2003); for this reason, sludge preconditioning wita factors have to be kept into account in order taifih a

u Wi P The inner factors are due to the nature of thiel flu

r{he main inner factors are TS percentage, dispersan
hase viscosity, interactions among particles and
mong particles and fluid phase, particles shapmk an
dimension. The outer factors are due to the test
lgeometry and conditions. As it will be illustratdshth
inner and outer factors are responsible of the
A?eological curves trend.

some precipitation problems.
The adopted test methods were two and ar
subsequently described.

Protocol 1: Double repeated ramp tests: Increase of th

shear rate from 0-100 sédn 90 sec and return to O

sec’ measuring at the same time the shear stress (P

applied to the sludge. Immediately after the fiest, a -

_second one was _perfor_me_d with the same sludge_ eampi);o;?]cglbl’sggvvbltﬁ;etpe?iﬁ ::gﬁ;eci'tﬁégsir?eigr bé

in order to investigate its time-dependant propsréind yp _1y
graph has on the x-axis the values of shear ratg’)s

the effect of inner and outer factors as it will be 3
illustrated later on. and on the y-axis the values of shear stress @@ahe

viscosity (Pa-s) can be simply obtained by theorati
Protocol 2: step-tests: Use of 8 fixed shear rates (0.9, between the shear stress and the shear rate. The no
4.5, 15, 40.5, 67.5, 81, 135, 243 SpdLotito et al., Newtonian behavior of these fluids due to the non-
1997) for a time included between 300 and 100 sec ilinearity of the curves is evident; the consequeisce
order to understand the time required by the sludge that the viscosity varies when the shear rate ealue
reach a constant viscosity value at different shats. change.
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In all the curves the presence of a yield stress i
evident; this can be defined as the minimum stiieas
is necessary to apply to the sludge in order tehea
flow conditions; moreover, this value grows up both
with the increase of TS content and with the presai
polyelectrolyte. Water-particles and particle-paeti
connections are the reasons of this yield stresfadt
more particles means more connections and links tha
have to be disrupted. The sludge with polyelecteoly
shows a yield stress that is higher in comparisith w

2a: Double repeated ramp test results (3% T%$hat one of the sludge without polyelectrolyte;stiig

sludge without polyelectrolyte)

5% T8

= Incr‘easmg curve
- Decreasmg curve

20 30 40 350 &0

Shear rate (1/5)

70 80 20 100

due to the fact that, besides of the links betweater
and particles, the polyelectrolyte has got a kirfd o
binder effect towards the organic solid particles o
sludge. Aggregates of organic particles are foraued
have to be disrupted in order to move the sludde T
presence of these aggregates is also importantder o
to explain the reasons of the shear stress pedk tha
occurs after the yield stress at low shear rataesin
case of sludge with polyelectrolyte. After the
disruption, the polyelectrolyte effect vanishes dhd
viscosity rapidly decreases.

All the phenomena that have been explained can be
associated to inner factors, therefore, to factioas are

2b: Double repeated ramp test results (5% TSlirectly connected to sludge characteristics.

15

12

sludge without polyelectrolyte)

3% T8

—— Increasing curve
—— Decreasing curve

0 10 20 30 40 30 60

Shear rate (1/2)

70 80 20 100

The influence of outer factors is also evident in
some graphs, especially in that one concerning the
sludge with polyelectrolyte. After the quick redoct
of viscosity that occurs after the maximum sheagsst,

a new increase of the shear stress and than a phase
quite constant values can be noticed. This is not a
normal behavior of a fluid, the particular flow
conditions into the cylinder may be considered
responsible of this trend.

Finally, it's important to notice that increasitige
TS content and introducing polyelectrolyte, the gap
between the curves of ramp-up and ramp-down

3a: Double repeated ramp test results (3% T®ecomes higher and higher. The 3% sludge without

&0

L s B T
o o o o o o

sludge with polyelectrolyte)

5% T8

— Increasing curve
—— Decreasing curve

8] 10 20 30 40 50 60

Bhear rate (1/5)

0080 S0 100

polyelectrolyte presents an almost perfect overlap
between the two curves, in all the other cases the
increasing curve is above the decreasing one. fahts
can only be due to particles reorganization and
orientation that occur during the test.

After every test made on a sample of sludge, a new
test was performed on the same sample immediately
after the first one. So, every sample was testen tw
times; this procedure has permitted to analyze in a
better way the effects of inner and outer fact@s,
mentioned before. Figure 4a, b, 5a and b show these
results; in the same graph are represented both the

Fig. 3b: Double repeated ramp test results (5% TS®urves of the main test (primary) and those of the

sludge with polyelectrolyte)
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Time-dependant factors and particles
reorganization are responsible of the differenda/ben
the increasing and the decreasing shear rate glaséis
may be noticed in the graphs. This difference &sle
evident during the second test. In addition, yistigtss
values are lower during the second test, espedaily
the sludge with polyelectrolyte; this is a further
consideration concerning the disruption of the link
among particles and polyelectrolyte (when it's prag

In all the rheograms, but in particular in that af

4b: Double repeated ramp test results (5% T$he sludge with polyelectrolyte, the increasingashrates
sludge without polyelectrolyte; primary and curves maintain their particular trend with a deubl

Fig.
secondary test)
15
3% TE
124,
w
&
u 9
a
4
£ [ i
E —— Primary increasing curve
w 3 —— Primary decreasing curve
—— Secondary increasing curve
0 —— Becondary decreasing curve

0 10 an 30 40 50 60 70 g0 90

100
Shear rate (1/s)

flexure, the outer factors due to the geometry and
conditions are still effective, while it can be iced a
pronounced decrease of the initial maximum value of
shear stress. This is an other consequence ofttielgs
disruption; in fact the polyelectrolyte hasn't ttime to
re-agglomerate sludge particles between the firdtthe
second test. Inner factors and outer factors, time-
dependant behavior and tixotropy are all factomst th
occur during a rheological test, they play an inguur
role and in many cases their actions and intemstare
very difficult to demonstrate, separate and recogni

Fig. 5a: Double repeated ramp test results (3% T®rotocol, 2 step-tests: Typical results of this kind of

sludge with polyelectrolyte;
secondary test)

It's evident that, in the case of 3% sludge withou
polyelectrolyte, all the curves are very close tmé¢he

primary and tests are shown in Fig. 7a, b, 8a and b. As sdiutdeB

values of shear rates have been used and keptnobnst
for a certain time between 100 and 300 sec. Figure
illustrates a typical obtained rheogram with thepkyed

shear rates values. Each single part of the curves

other, without gap. This means that time-dependarfig. 7a, b, 8a and b, represents the viscosityegahi a

factors, not specifically investigated in this stuchay be
excluded. In all the other cases, the curves oalteady
employed samples (secondary test) are translaeztdo
the bottom: the measured values of the shear saiete
same conditions of shear rate, are lower in thergktest
than in the first one. This fact is the consequenfcine

agglomerated particles disruption that occurs dutire

first test.
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certain value of shear rate (from 0.9-243 Yewhile the
discontinuities between every part of the curvesdure
to the change of shear rate.

This protocol gives directly the viscosity values
calculated as the ratio between the measured shear
stress and the adopted shear rate; even thoughoit's
possible to investigate the time-dependant factas
have been shown in the previous protocol, in thgedhe
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viscosity values are measurable at each step af shie. 05
These values correspond to the steady state comsliti 3% T3
reached by the sludge at the end of every step. =

Outer factors are responsible of viscosity vaoiagi & ;|
that occurs especially at low shear rates wherflthe =
is not constant; the necessary time used to reaell\s g 02y
state conditions is less and less high increasheg t =
shear rates. o1

As in the previous protocol, the viscosity values o , : .
decrease increasing the shear rates, but the cizmpar 0 500 1000 1500 2000
between the observed viscosity values, measurdd wit Time (sec)

the two different protocols, is interesting. Footacol

1, itis necessary to distinguish between viscosityes Fig. 7a: Step-test results (3% TS sludge without
measured increasing the shear rates (protocol dd) a polyelectrolyte)

those ones measured decreasing the shear rates

(protocol 1b). Table 1 and 2 report all the meagure

viscosity values, in particular, Table 1 showsvhkies ST
obtained for increasing shear rates, while Tatdb®vs 51 i
the values obtained for decreasing shear rates. ’f .
& 4
E o
09 4.5 13 40.5 575 | 81 [135[ 245 = 3
5 -1 8
g . \ sac g 5
& =
&3 1
g
g 3 o]
1 N— 0 500 1000 1500 2000
o Tirme (sec)
o 500 1000 1500 2000
Time (sac) . .
Fig. 7b: Step-test results (5% TS sludge without
Fig. 6: Example of step-test results polyelectrolyte)

Table 1: Comparison between viscosity values medsiarprotocol 1a and protocol 2

3% TS 5% TS

Viscosity (Pa-s) Viscosity (Pa-s) Viscosity (Pa-s  Viscosity (Pa-s)
Shear rate (S€9 Protocol 1a Protocol 2 A Protocol 1a Protocol 2 A
Without polyelectrolyte
0.9 - 0.145 - - 4.218 -
45 0.088 0.102 -0.014 1.602 1.040 0.562
15 0.054 0.052 0.002 0.705 0.563 0.142
40.5 0.029 0.027 0.002 0.322 0.226 0.096
67.5 0.021 0.020 0.001 0.204 0.137 0.067
81 0.019 0.018 0.001 0.172 0.113 0.059
135 - 0.013 - - 0.077 -
243 - 0.010 - - 0.055 -
With polyelectrolyte
0.9 - 4.472 - - 27.080 -
45 2.404 0.985 1.419 10.360 6.404 3.956
15 0.539 0.309 0.230 2.916 1.133 1.783
40.5 0.154 0.138 0.016 1.002 0.525 0.477
67.5 0.144 0.086 0.058 0.573 0.285 0.288
81 0.120 0.072 0.048 0.472 0.221 0.251
135 - 0.048 - - 0.138 -
243 - 0.030 - - 0.087 -
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Table 2: Comparison between viscosity values measiarprotocol 1b and protocol 2

3% TS 5% TS
Viscosity (Pa-s) Viscosity (Pa-s) Viscosity (Pa-s  Viscosity (Pa-s)
Shear rate (sé)  Protocol 1b Protocol 2 A Protocol 1b Protocol 2 A
Without polyelectrolyte
0.9 - 0.145 - - 4.218 -
45 0.127 0.102 0.025 1.498 1.040 0.458
15 0.054 0.052 0.002 0.603 0.563 0.040
40.5 0.029 0.027 0.002 0.273 0.226 0.047
67.5 0.021 0.020 0.001 0.186 0.137 0.049
81 0.019 0.018 0.001 0.164 0.113 0.051
135 - 0.013 - - 0.077 -
243 - 0.010 - - 0.055
With polyelectrolyte
0.9 - 4.472 - - 27.080 -
45 0.855 0.985 -0.130 3.840 6.404 -2.564
15 0.336 0.309 0.027 1.387 1.133 0.254
40.5 0.165 0.138 0.027 0.737 0.525 0.212
67.5 0.118 0.086 0.032 0.537 0.285 0.252
81 0.108 0.072 0.036 0.492 0.221 0.271
135 - 0.048 - - 0.138 -
243 - 0.030 - - 0.087
15 necessary to understand what the differences betiliee
0 3 I8 two protocols are in terms of measured viscosity.
o Concerning Table 1, the measured viscosity values
%‘: 9 are of the same order of magnitude, but the difiezs
G . | (A =protocol 1-protocol 2) between the two protocols
3 change either with the sludge or with the sheaa. riat
=5 general, protocol la gives viscosity values that ar
higher than protocol 2. This is due to the factttha
O . . .
o 500 1000 1500 5000 viscosity values measured with protocol 1 are hat t

of the sludge in steady state conditions as theegal
gathered in protocol 2 at the end of every shet ra
Fig. 8a: Step-test results (3% TS sludge withstep. In addition, this difference is less impottahien

Time (sec)

polyelectrolyte) the shear rate is higher.
Considering the viscosity values gathered with
40 protocol 1b in comparison with those ones of protoc
36 5% TS 2, a further reduction of the differences between
o 32 viscosity values is evident especially for the gleiavith
& ;i polyelectrolyte; at low shear rates an inversiorthos
2 20 tendency can be noticed, with higher measured
2 e viscosities for protocol 1b than for protocol 2.dlhthe
A 19 examined cases, over 15 Sethe differences between
® g viscosities are lower than 0.5 Pa:s, only for shatas
‘C‘) lower than 15 sét these differences are higher than 1

Pa-s. At last, the measured viscosities in protdcol
decrease passing from increasing shear rates to
decreasing shear rates (comparison between Table 1
and 2). As said before, this fact is directly ctated to
time-dependant factors and inner factors. In order
give further information about viscosity values
measured with protocol 2 at the end of every step a
DISCUSSION constant shear rate, an interpolation of ehesta
by means of a power law model taken from
Table 1 and 2 report all the data obtained with th literature (Coussot, 2005; Gupta, 2000; Larson,9199
two different test protocols; in particular theablés are  Barnesat al., 1989; Macosko, 1994) has been performed.
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Fig. 8b: Step-test results (5% TS sludge with
polyelectrolyte)
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Table 3: Adopted model results two protocols are of the same order of magnituaddy o
Without polyelectrolyte With polyelectrolyte at low shear rates a certain difference may be
3% TS 5% TS 3% TS 5% TS a_ppre<_:iated but this one is reduce(_j considering thal
K 0148 3535 2051 24874 Viscosity values from the decrea5|r_1g sh_ear rateesur
n 0.579 0.233 0.062 0.002 in protocol 1. In general, the viscosity grows up
R® 0.977 0.999 0.999 0.999 increasing the sludge TS content and this effentase
evident when polyelectrolyte is added. In order to
The adopted model is: complete the work, a power law model has been tsed
investigate the relationship between viscositiesl an
n=k"? shear rate values obtained by the tests. At lasglogy

may be considered as an innovative and useful way t
udy sewage sludge characteristics, giving immporta

where, k and n are two parameters re resentinﬁf - A |
b b formation about the sludge behavior in certamwfl

respectively the sludge thickness rate and thegslud o .
dependence rate by shear rate variations. conditions, especially when some parameters are

The Table 3 shows the obtained results. changed. The TS content and the presence of

In all the analyzed samples thé Wlues are very poly_electrolyte are two of these_ parameters; in
close to 1, this means that the model have a goo articular the TS content has a great importantk ino
consistency and that the relationship between th&€S'9NiNd and in managing a sewage sludge plant. In

viscosity and the shear rate is well representedhby every part of the plant where. the sludge is _mo‘ﬂeel,
applied power law model. viscosity is fundamental and it may be considered a

Considering k and n parameters, k values increa arameter useful to understand the sludge resestnc

with increasing the TS content and with the preseofc the moverrent: rhfeology could be an interesting teay
polyelectrolyte, while n values decrease. This raean!MProve plant performances.
that, increasing the TS content and using

polyelectrolyte, the sludge thickness grows up @ed REFERENCES
behavior in flow conditions becomes more sensitive
shear rate variations. Barnes, H.A., J.F. Hutton and K. Walters, 1989. An
Introduction to Rheology. 1st Edn., Elsevier,
CONCLUSION Netherlands, ISBN: 13: 978-0444871404, pp: 210.

Chaari, F., G. Racineux, A. Poitouand and M.

In this study the rheological behavior of four Chaouche, 2003. Rheological behavior of sewage
different kind of sludge was analyzed using twat tes sludge and strain-induced dewatering. Reol. Acta,
protocols. First of all, important and complementar 42: 273-279. DOI: 10.1007/s00397-002-0276-5
information about sewage sludge behavior in flowCoussot, P., 2005. Rheometry of Pastes, Suspensions
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