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RHEOLOGY OF SEWAGE SLUDGE RHEOLOGICAL
PARAMETERS AND SLUDGE CHARACTERISTICS

The rheological properties of sewage sludges were studied. A number of sludges from many waste-
water plants and a wide range of solid contents (TS) were examined. Total volatile solids (TVS), surface
acidic groups (GAT) and capillary suction time (CST) were correlated with yield stress and rigidity coef-
ficient. A semiempiric model taking advantage of each single property offers a method for calculating the
rigidity coefficient which is alternative to rheological measurement.

1. INTRODUCTION

Rheology provides a fluidodynamic characterization and useful information on the
physical properties of sewage sludges describing their behaviour in wastewater plants and
sludge management processes. The rheological parameters were originally applied to cal-
culation of the head losses in sludge pumping operations [1], [2]; recently, it has been
shown that they can affect filtration, thickening [3], [4], dewatering and constitute useful
on-line control parameters for sludge conditioning [5],[6]. Measurement of rheological
parameters of sewage sludge is complicated dug to a number of important factors, includ-
ing the point of measure (in line, out of line), the choice of instruments, the range of shear
rate and the different sizes and nature of particulate matter. Unfortunately, the behaviour
of sewage sludge varies with the sludge type, making the comparison between the results
obtained by different authors difficult, which hinders the use of rheological properties in
sludge treatment. Only the individualization of a general mathematical model or a simple
indirect method for estimating the viscous parameters of sludge can be the way of includ-
ing viscosity in a design and control of the processes. '

It is surprising that the literature of the past 30 years on sludge rheology lacks any
methodological information. It is restricted to viscosimeter choice and data treatment;
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only for chemically conditioned and anaerobically digested siudge a methodology for
measuring rheological parameters was developed [5].

In [7] and [8], we suggested a standardized methodology for rheological measure-
ments. We found that there is no substantial difference between a plastic and pseudoplas-
tic model. A preliminary correlation between rigidity coefficient or yield stress and
physico-chemical properties was also presented. This research extends the investigation
over a wide range of sludge types with the aim to confirm the results obtained and to study
the parameters explaining the rheological behaviour.

2. BACKGROUND

According to the recent works, two classes of viscosimeters appear to be most suitable
for measuring rheological parameters. A pipeline viscosimeter is generally used to evalu-
ate in-line head losses to  design pipeline-pumping systems [1], [2], [9]. Coaxial cylinder

Table 1
Characteristics of the sludges
Period Sludge pH TVS/TS SOUR TS range
(%) (mg O, (%)
/g TVS h)

1988  A-1 mixed 75 522 24 3.0-14.0
B-1 aerobically stabilized (20 d) 7.5 52.8 5 4.0-10.0

C-1 activated 6.9 728 32 3.0-09.0

D-1 primary 6.7 428 15 7.0-16.0

A-2 mixed 7.0 67.3 31 3.0-12.0

E-1 anaerobically digested 7.4 59.0 8 4.0-09.0

1989  A-3 mixed 7.1 751 30 1.5-08.0
B-2 aerobically stabilized (5 d) 7.2 73.1 15 1.5-06.0

B-3 aerobically stabilized (9 d) 6.7 70.5 10 1.5-05.0

B-4 aerobically stabilized (20 d) 7.0 67.7 8 1.3-06.0

C-2 activated 6.9 883 40 1.5-04.7

D-2 primary : 71 60.6 30 1.4-07.0

E-2 anaerobically digested 7.6 62.0 {7 2.3-06.2

rotational devices are most common in laboratory tests, because they enable mathematical
description of flow and make the execution of tests easier [10], [11]. At a low shear rate, no
significant differences were observed, when comparing the data obtained with the aid of a
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commercially available rotational viscosimeter to the data obtained using a modified ver-
sion. The latter was adopted to counteract gravity sedimentation of particles and to pro-
vide a continuous upward flow [12].

It is generally accepted that sewage sludges are non-Newtonian fluids, but there is a
disagreement among research workers about the model formulation. Thus, either the plas-
tic models of Herschel, Bulkley and Bingham or the pseudoplastic models of Ostwald are
alternately applied in rheological examination of wastewater sludges. Information avail-
able in the literature differs, even for sludges of the same provenance. Raw primary, sec-
ondary and digested sludges are normally treated as plastic material [12]-[15], though
HATFIELD [16], BEHN [17], ROSE-INNES and NOSSEL [10], and BHATTACHA-
RYA [9] point to a possible pseudoplastic behaviour. Bingham plastic model is sometimes
used, as the yield stress and rigidity coefficient can be directly derived to calculate laminar
flow head losses [18].

The most important factors affecting rheological parameters are concentration of so-
lids and the type of suspended particles. Total solid concentration (TS % in weight) has
been correlated with power equation [4], [10], [13], while exponential relation between
yield stress and TS [9] or viscosity and TS was reported [19]. Not many attempts have been
made to correlate rheological properties with solid characteristics. FORSTER [20] re-
ported that viscosity of activated and anaerobically digested sludges is exponentially re-
lated to surface charge of suspended solids. A partial influence on viscosity is exerted by
the ionic strength of individual sludge liquors and by proteic and polysaccharide surface
groups. In general, particles of the size below 40 #m, which is required for measurements,
are not uniformly distributed in sewage sludge [3]. The effect of temperature on sludge
rheology seems to be less obvious and it has béen taken into account in a few investigations
only. A dependence of the rigidity coefficient on temperature was in direct proportion
with the known influence of temperature on water viscosity [2]; yield stress varies almost
linearly with temperature in the case of primary sludges [9]. However, none of these
studies have offerred any correlation between the rheological data and sludge properties
other than the suspended solid concentration.

Now that a new reliable and fast method of measure is proved [23], bound water seems
10 be a suitable factor in evaluating the sludge properties [22]. Extracellular polimers
(PEC) [20] with intercellular bridging effect can also be taken into account, even if the
measuring method is questionable. Recently, tentative correlations between technological
characteristics such as capillary suction time (CST) and TS [24], or solid surface acidic
groups (GAT) and TS [7] and rigidity coefficient or yield stress for sludges of different
origins have been reported.

2. EXPERIMENTAL

Characteristics of the sludges used are summarized in table 1. Sludge is firstly sewed
with a screen ( &5.7 mm) to eliminate plastic, wood and coarse particle aggregates; then
pH, total solids (TS), volatile to total solids ratio (TVS/TS) and specific oxygen demand
(SOUR) are determined according to standard methods by APHA-AWWA [25]. Finally,
acidic surface groups are titrated (see below). For each sludge, a set of samples, for several
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solid concentrations (TS from 1.5 to 14%), is obtained by its thickening and/or low speed
centrifugation. For each sample, before rheological measurement, the capillary suction
time (CST) was calculated according to standard method by CNR-IRSA [26] and specific
resistance to filtration (SRF) was determined using a multiprobe CST apparatus [27].
Rheological measurements were carried out by means of a commercial rotational visco-
simeter (HAAKE RV 12) using cells with a profiled sensor system (MVIIP and SVIIP) to
prevent sludge slippage on inner rotor surface and outer cylinder; temperature was main-
tained at 20+0.5°C. The procedure adopted is described in more detail in [8]. The condi-
tions of measurement were the following:

sample was stirred directly inside the rheometer for 4 min at low shear rate (100 s'l)

shear rate was increased from 01010057} in 1205,

stirring was kept at 100 s~ L for 60ss,

shear rate was decreased from 100 to 0s™ in 120s.

" A plot of shear stress versus shear rate was obtained on the basis of 100 pairs of data

transmitted to interface computer and the best fitting equation calculated.

2.1. TITRATION OF ACIDIC SURFACE GROUPS

A sample of sludge containing 12 g of dry solid is centrlfugated at 1000 rpm for 10 min;
the solid fraction is next treated with 0.1 N HCI (100 cm )and then centrifugated to separ-
ate the liquid. The operauon is repeated many times (with total consumption of HCl rang-
1ng from 250 to 450 cm ) The remaining solid fraction is washed with distilled water (200
cm ) many times to reach the pH of the water utilized and then divided in two parts.
Deaeration with nitrogen, to eliminate CO, interference, was maintained during titration.
The acidic groups are determined dosing 0.1 N NaOH to reach the first (pH 7.2-8.5) or the
second titration end point (pH 9.5-10.5). The acidic groups linked to extracellular poly-
mers (PEC) are evaluated in the following manner: the acidic fractions are filtered and
treated with ethanol (1:3 volume ratio) for 24 h at 4°C; the PEC precipitates are filtered
through a 45 ym membrane, washed with ethanol and dried; a wieghed amount of solid is
then dissolved in distilled water and titrated with 0.1 N NaOH.

This method is useful for determining acidic groups such as carboxylic, phenolic or
groups with equivalent acidity, as reported for other solid matrices [28]. The interferences
of inorganic compounds are eliminated, and the possibility of measuring groups with weak
charge (such as alcohols, aldehydes or ketones) is precluded, because of the impossibility
to use EtONa as titrating agent [29] in an aqueous solution.

3. RESULTS

3.1. SEWAGE SLUDGE TYPES

Five different sludges were examined in two series. A broad distinction between slud-
ges is shown in table 1; initially (1988) volatile to total solid ratio revealed unusual plant
management, particularly for mixed (A1), aerobically stabilized (B1) and primary sludges
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(D1); nevertheless, selected sludges were used since they represented real operating con-
ditions.

Experimental work was repeated (1989) to dispose of irrelevant data relative to stand-
ard operating conditions and to lower TS content. In the 1988 series, the sludges were
supplied from different wastewater plants without paying attention to operating condi-
tions and physico-chemical characteristics. In the 1989 series, two basic sludges (primary
D2 and mixed A3) were sampled after a control of composition; from these B2-4 and E2
sludges were obtained. Activated sludge (C2) was supplied from a 20,000 m 3/d wastewater
treatment plant The aerobically stabilized sludge (B) was obtained from mixed sludge
(A3)ina 50 dm?® laboratory batch reactor. The hydraulic retention time amounts to 5 (B2),
9 (B3), 10 (B1) and 20 (B4) days; the anaerobically digested sludge (E2) came from mixed
sludge (A3)ina7 dm> laboratory batch reactor operating at mesophilic condition 25 dur-
ing days (retention time).

3.2. RHEOLOGICAL PARAMETERS

Results are expressed for each TS sludge concentration as mean values taken from five
measurements. Many rheological models were used to fit flow curve, but only Bingham
plastlc and Oswald pseudoplastic equations give in all cases a standard error less than 5%
(R =0.900).

Table 2
Bingham plastic model rheological parameters

Sludge TS Ty A
(%) (Pa) (Pas)

Al3  15-14 050-185 1-63-10"
Bl4 - 13-10  0.07-67 1-41-107°
Cl2 159  100-214 1-110-10°
D12  14-16  1.00-55 2-32-10

E1-2 239  100-112 1-39-107
t =10 + AD - Bingham plastic model.

0 —yield stress.
A - rigidity coefficient.

D - shear rate.

The results for the best rheological model vary with TS concentration in the same
sludge or within the sludges examined. A general trend is observed: model behaviour
changes gradually from pseudoplastic to plastic with increasing TS; in effect, an analysis of
variance performed on the paired R? values, for each TS content, reveals no significant
difference at 95% confidence level. This supports the choice of the plastic model to corre-
late yield stress (YS) and rigidity coefficient (RC) with physico-chemical parameters.
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The ranges of the values obtained are summarized in table 2, while a more significant
representation is shown in figs. 1, 2. The linear plots of rigidity coefficient or yield stress
versus TS (on a bilogarithmic scale) show a power type correlation.

The higher viscosity of sludges with a large amount of biological component is also
evident. A decreasing order is observed in the sludge series: activated and mixed, aerobi-
cally stabilized, primary and anaerobically digested. Furthermore a clear difference exists
between sludges with typical and atypical characteristics (TVS/TS) ratio. In effect a correct
visualization of RC and YS must be done with respect to TVS, since the fact of viscous
behaviour being almost none is attributed to inorganic solids (FS), even if a TS pattern is
recurrent in the literature.

Table 3
Correlation between rheological parameters and solid contents (TS) in plastic and pseudoplastic models.
Sludge series 1988-1989 (table 1)

Model Correlation Experimental coefficients Values of coefficients Ref. no.
given in literature

T=10+AD 1= kTS" k=22-10"13 *R* =09 = [12]**
n=15-52 -
n -5 -2 2
A =PT. P=30-10"-21-10 *R" =093 =
m =12-33 -
t=kD" k = ATS A=3610"-13 *RP=085 +A=11-10" [13]

A=90-10"54-10" [10]
z2=16-54 z2=34 [13]
z=2353 [10]

21,
*R® minimum.

**n0 absolute values of k and 1 are published.

Power correlation between rheological parameters and TS contant, for plastic and
pseudoplastic model, reveals a limited range for the exponent’s values and a wide range
(four-five order of magnitude) for the proportionality constants (table 3). This shows the
necessity of searching for other parameters to better define a mathematical model with
general validity.

Surface group titration (table 4) allows us to measure the groups present on organic
particle matter, eliminating the calcium carbonate and the soluble compounds by the
adopted methodology. Two principal end points are observed, the first at pH 7.4-8.6 is
attributed to carboxylic groups, and the second at pH 9.4-10.5 is attributed to phenolic-
like groups.

No substantial hydrolytic effect is observed, as demonstrated by the amount of PEC
recovered, maximum 2.2 °/y in comparison to the 6°/y, (in weight of TS) normally present
in activated and mixed sludges. '
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The results obtained reveal acidic group content in the sludges examined decreasing in
series: activated, mixed, aerobically stabilized, anaerobically digested, primary. A large
variation is observed for sludges sampled at the same treatment plant but at different
times.

Table 4
Acidic surface groups titrated on sampled sludges

Period  Sludge PEC GAA GAB GAT GATV
mg/TS meq/gTS pH; - meq/gTS pH, meq/g TS meq/g TS meq/gTVS

1988 A-1 22 0.21 7.7 0.21 9.4 0.21 0.42 1.21
B-1 2 nd 85 0.20 nd nd 0.20 0.38
C-1 7 nd 84 023 10.5 0.62 0.85 1.17
D-1 4 nd 85 0.11 nd nd 0.11 0.26
A-2 1 nd 82 0.22 nd nd 0.22 033
E-1 nd nd nd nd 10.5 0.32 032 0.54

1989 A-3 4 nd 88 0.11 9.8 0.04 0.15 0.20
B-2 nd nd 83 0.18 nd nd 0.18 0.25
B-3 nd nd 74 0.08 9.2 0.18 0.26 0.37
B-4 nd nd nd nd 9.8 0.22 0.22 0.33 .
C-2 nd nd 8.4 0.48 nd nd 0.48 0.56
D-2 nd nd 8.6 0.28 nd nd 0.28 0.46
E-2 nd nd 7.8 0.17 nd nd 0.17 .27

PEC - extra cellular polymers.

GAA - acidic surface groups at first titration end point.
GAB - acidic surface groups at second titration end point.
pH1 - pH at first titration end point.

pH2 - pH at second titration end point.

nd — not determined.

4. DISCUSSION

The solid-solid and solid-liquid interactions are taken into account in describing the
fluidodynamic characteristics of a sewage sludge. Thus, parameters characterizing single
properties make way for a theoretical approach, while the studying a global behaviour a
semiempiric approach is adopted. Total solids are related to the number of interactions
and are always used for estimating the relationship with rheological parameters. However,
the attempt to apply TS in the sludge series studied gives poor results (table 5a), with a
standard error of 22%, or even bigger in the case of heterogeneous sludges.
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Better results are obtained using total volatile solids (TVS) (table 5b) with a consist-
ent reduction in standard error at an acceptable level for rigidity coefficient. The physical
meaning of the equation suggests that further parameters must be individualized, since it
seems unacceptable that sludges with different organic content can display the same flui-
dodynamic behaviour. More representative properties like dissolved fatty acids (up to
2000 ppm) and salinity (up to 24, 000 ppm) have been examined [22], but they did not
affect the rheological properties determinantly.

Table 5Sa
Correlation of rheological data with total solids (TS % in weight)
Parameter 79 = kTS" A =k'TS"
TA T TA i
R 0.57 0.82 0.69 0.83
ES (%) 38 24 28 22
d 67 40 67 40
k 07 059 08107 07107
n 1.9 2.4 1.6 1.9

ES —standard error, d — number of data, TVS - total volatile solids, TF - total fixed solids,
TA - all sludges, T — typical sludges..

Table 5b
Correlation of rheological data with total volatile solids (TVS % in weight)

Parameter 19 = kTVS" A =k'TVS"
TA i1 TA T
R, 0.67 0.85 0.79 0.88
ES (%) 33 2 23 20
d 67 40 67 40
k 1.0 13 11-10°  12-107
n 23 2:5 1.95 2.1

ES —standard error, d — number of data, TVS — total volatile solids, TF - total fixed solids,
TA —ali sludges, T - typical sludges.

The surface acidic groups (GAT) are considered as valid substitutes of surface charge
of sludge particles and can represent intramolecular hydrogen bonds. This is also inde-
pendent of granulometric distribution, even if measurement methodology ignores the
weak oxide groups which have an ability to diffuse in biological organic matter and PEC.
An improvement introducing GATV, expressed as meq/g TVS, is obtained; type of the
power correlation between rigidity coefficient, TVS and GATYV for typical and all sludges
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is practically the same. Difficulty still persists for yield stress — the results are uncom-
parable in the two series examined (table 6). This tends to confirm that surface groups
contribute in defining the viscosity of sludge to a less extent than volatile solids; for this
reason a subdivision of acidic groups in “strong”, first end point, and “weak”, second point,
did not further improve the correlation.

Table 6
Correlation of rheological data with total volatile solids (TV % in weight)
and surface acidic groups GATV (megq/g TVS)

Parameter Tp=a TVSbGATVc A= TVSbGAT\f
TA T TA T
R 0.70 0.87 0.83 0.90
ES (%) 32 21 21 18
d 67 40 67 40
a 13 1.4 15100 17107
b 2.3 2.5 1.9 2.0
c 0.29 012 033 032

ES -standard error, d — number of data, TVS - total volatile solids, TF - total fixed solids,
TA - all sludges, T - typical sludges.

Table 7
Correlation of rheological data with capillary suction time (CST)

Parameter 7o = kTVS'TE'CST A = TVS*TF’CST (1)

TA T TA T
R 0.81 0.88 0.88 0.92
ES (%) 27 20 19 16
d 67 40 67 40
k 8107 25-107" 2107 3107
a 14 12 14 12
b a0 0.5 E: 0.3
f 0.6 0.5 0.4 0.4

ES - standard error, d - number of data, TVS - total volatile solids, TF - total fixed solids,
TA - all sludges, T - typical sludges.

Properties connected with activity (SOUR) and particle size (SVI [10]) were used to
study rheological behaviour. A general trend, but without any defined mathematical equa-
tion, was observed. Recently VESILIND [30] demonstrated how it is possible to define a
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“filterability constant” (FC) to measure sludge dewaterability from capillary suction time
(CST). For the sludges examined, an exponential or power type correlation of CST versus
TS was found [30]; at the same time it was impossible to calculate a specific resistance to
filtration (SRF) independent of TS content by the multiprobe CST apparatus [27].

For the above reasons the capillary suction time (CST), a quick and easy determinable
parameter representing a purely empirical test, has been introduced with the aim to im-
prove the correlation. Splitting TS to TVS and fixed solids (TF) (table 7, eq. (1)) and
eventually utilizing the surface acidic group (table 8) satisfactory results were obtained. A
mathematical model for interpretation the rigidity coefficient for every type of sludge can
now be proposed. The semiempiric equation (2) suggests three fundamental contributions
to sludge rheology:

a) solid content, which represents the number of solid-solid and solid-liquid interac-
tions, distinguished as strong (TVS) and weak (TF) viscosity;

b) surface acidic groups (GATV), which differentiates the strength of TVS interac-
tions;

¢) CST, which evaluates the degree of sludge dewaterability.

Table 8
General mathematical model for rigidity coefficient in sewage sludges

Parameters A = kKTVS"TF'GATV'CST/ (2)

TA T
R 0.90 0.93
ES (%) 14 14
d 67 40
k 3710~ 46-107
a 112 1.10
b 0.22 0.31
c 0.35 0.30
f 0.40 0.35

ES -standard error, d — number of data, TVS - total volatile solids, TF - total fixed solids,
TA - all sludges, T - typical sludges.

Furthermore, using eq. (2), a rigidity coefficient can be calculated, which is an alterna-
tive method to rheological measurement. The determination of GAT is time consuming
and difficult to execute, but using eq. (1) we get satisfactory results (max. error 19%) tak-
ing advantage of the parameters, that are readily available. The properties examined do not
allow us to find a reliable model for yield stress; further work must be done to specify
clearly other important factors.
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5. CONCLUSIONS

This paper presents the studies on the physico-chemical properties considered in
sludge rheological models. The major results can be summarized as follows:

1. Bingham plastic model can be adopted to describe the flow curve of typical and
atypical sludges (TVS/TS ratio), with a standard error of data fitting less than 5%.

2. TVS (but not TS) is the best parameter able to correlate yield stress and rigidity
coefficient for all the sludges examined; the difference is apparent when sludge is supplied
from a treatment plant with operational problems.

3. Sludge properties useful to explain rheological behaviour are GAT and CST. Their
correlation with yield stress and rigidity coefficient is demonstrated.

4. The results obtained suggest a method of calculating rigidity coefficient alternative
to rheological measurement.
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REOLOGIA OSADOW SCIEKOWYCH. PARAMETRY REOLOGICZNE
I CHARAKTERYSTYKA OSADOW

Zbadano wlasciwosci reologiczne osad6éw $ciekowych pochodzacych z réznych oczyszczalni. W badaniach
uwzgledniono przede wszystkim zawartos¢ ciat statych w osadzie (TS) wyrazong w postaci zmodyfikowanych pa-
rametr6w. Rozpuszczone ciata lotne (TVS), powierzchniowe grupy kwasowe (GAT) oraz czas ssania kapilarnego
(CST) powigzano z naprezeniem granicznym i lepkoscia plastyczna. Semiempiryczny model uwzgledniajacy
udziat poszczeg6lnych parametréw umozliwia wyznaczanie lepkosci plastycznej. Jest to aiternatywna metoda po-
miaréw reologicznych.

PEOJIOTHUSI CTOYHBIX OCAJKOB.
PEOJIOTUYECKHUE IMMAPAMETPbI I XAPAKTEPUCTHUKA OCAJIKOB

Uccnenosanbl peosornueckme CBOHCTBA CTOUHBIX OCAJIKOB, MPOMCXOASUIMX M3 PA3HBIX OUMCTHBIX
craHuuii. B uccinepoBaHusx 6bu10 YUTEHO TIPEXAE BCEro COAepxKaHue TBepAbiX Tea B ocaake (TS),
BBIPAXXEHHOE B BHJIE MOAH(DHIMPOBAHHBIX MAPaMeTPOB. PacTBopeHHbIe seryune tena (TVS), noBepxsocTHbIe
kucaotHble rpymnsl (GAT), a Takxe BpeMs KanuisipHoro orcacbiBanus (CST) CBS3aHbI C NpezeIbHbIM
HATNPSDKEHHEM H IUIACTHYECK O BI3KOCTb10. [10Ty SMIMpiueckast MOJIEIb, YUMThIBAKOLLAS Y4aCTHE OTAEJbHDIX
NapamMeTpoB, AAET BO3SMOXKHOCTb ONMPEAEIEHHS MIACTHUECKOM BA3KOCTH. DTO aAbTEPHATHBHBII METOR peonoru-
YECKHX HM3MEPEHMUI.




