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Abstract: The main objective of the present work is to eval-
uate the influence of calcination pretreatment (600–1,000°C),
organic additive incorporation (4% methocel, 4% amijel, and
8% starch), and testing temperature (20–60°C) on the rheo-
logical flow behaviour of dried sewage sludge and sewage
sludge ashes. Besides, the dependency of sludge systems
rheology on total solid content (4–15%) and methocel
percentage (3–6%) was also evaluated. Furthermore, char-
acterization techniques such as thermal gravimetric ana-
lysis-differential scanning calorimetry, X-ray fluorescence,
X-ray diffraction, Brunauer–Emmett–Teller, and scanning
electron microscopy were employed to investigate, respec-
tively, the thermal decomposition, the chemical composition,
the structural variations, the specific surface area, the surface
morphology, and microstructure of sludges. The analysis of
rheological characteristics according to best-fitting rheolo-
gical models such as Herschel–Bulkley, Ostwald–de Waele,
Cross, and Carreau models revealed that the yield stress (τ0)
and infinite apparent viscosity (η∞) increase with an increase
in TS or methocel percentage and decrease with increasing
calcination or testing temperature. The strong impact of
testing temperature concerning the reduction of the viscosity
involves high activation energy (Ea). This last criterion was
used to compare the inter-particle strength of sludge systems.

Keywords: sewage sludge ash, TGA-DSC, XRD, BET specific
surface area, rheology

1 Introduction

Sustainable sewage sludge treatment requires optimal effi-
cient facilities and strategies, including transport, storage,
reduce, reuse, recycle, or disposal of sewage sludge [1–11].
Ecological friendly solutions and best alternative techni-
ques for the reuse and final disposal of sewage sludge, as
well as dewatering, composting, anaerobic digestion, drying-
incineration, pelletizing, and sanitary landfill, are currently
the key factors that control and improve the quality and
efficiency of sewage sludge management [12–15].

The main objectives of sludge management are, on the
one hand, to ensure high safety of human health and the
environment from the hazardous substances present in
sludge biomass such as organic pollutants, microplastics,
pathogenic organisms, heavy metals, metalloids, leachate
or landfill gas, and flue gas emission caused by sludge
incineration [16–20]. On the other hand, to exploit the
opportunity of its beneficial cost-effective reuse for the
development of different fields such as agriculture and city
green plantation (as soil conditioner-fertilizer) [21–24], anae-
robic bioenergy recovery (as a precursor for methane-rich
biogas production and heat or electricity conversion)
[21,22,25,26], construction building materials (as a raw mate-
rial and an ash additive for the manufacturing of pavers,
bricks, tiles, geopolymer in cement and concrete, ceramics,
glass, self-compacting and flowable fillers for pipeline bed-
ding and foundation backfill) [21,22,27–31], and depollution of
industrial wastewater effluents (as a powder adsorbent for
the removal of dyes and a paste for the manufacturing of flat
or tubular microfiltration membrane) [32–35].

The successful disposal or reuse of sewage sludge,
generated by the wastewater treatment plants (WWTPs),
depends strongly on the evolutionary history of sludge
characteristics, which takes into account the origin of
sludge (domestic, urban, agricultural, or industrial), its
types (raw primary sludge, excess or thickened excess
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activated sludge [TEAS], mixed sludge, digested sludge, or
biosolid), its moisture content and particle size distribution,
its chemical composition (metal ions and silica, organic
matter, nutrition, nitrogen [N], phosphorus [P], potassium
[K], and heavy metals), its structure and microstructure
(amorphous or crystalline phases and sludge morphology),
and its rheological behaviour (viscosity and shearing beha-
viour) [36–49]. This last characteristic, defined as the study
of flow and deformation behaviour of sludge submitted
under mechanical stress fields, is considered a crucial vital
factor for the handling of sludge, either outside or inside
the municipal sewage sludge treatment plants (pumping,
mixing, hydrodynamic, mass transfer rates, settling, and
extrusion).

Generally, complex dilute sludge (1–2% solids) and con-
centrate sludge (3–10% solids) display a Newtonian liquid-like
flow behaviour (constant apparent viscosity with yield stress)
and a non-Newtonian solid-like flow behaviour (shear-thin-
ning or thixotropic) [40,41,43–46,48]. The prediction of the
correct rheological flow behaviour necessitates the implica-
tion of trust rheological models such as Bingham, Ostwald–de
Waele (Power law), Herschel–Bulkley, Casson, Sisko, Carreau,
and Cross in order to estimate the useful rheological para-
meters, notably yield stress, flow behaviour index, zero-shear
rate apparent viscosity, infinite-shear rate apparent viscosity,
and flow consistency coefficient [43,44,46,50,51]. These rheo-
logical parameters are highly affected by many factors
including total solid content (TS), pH, shearing, temperature,
dose of polymer or other species, sludge chemical composi-
tion, and organic content [42,46,52–59].

Although the rheological characteristics of WWTP
sludge are well studied to avoid the destruction of
pumps, stirrers, and membrane bioreactor (MBR) equip-
ment [60], the rheological characteristics of the sludge
intended for ceramic paste preparation in order to man-
ufacture flat or tubular microfiltration membrane sup-
port still remains unclear [35,61–63]. Commonly, sludge
ash is a silica- and alumina-rich product, and it is likely
an appropriate candidate raw material for the prepara-
tion of low-cost porous ceramic membrane, compared to
costly metal oxides such as silica, alumina, zirconia, and
titania [63,64].

The elaboration of porous tubular membrane supports
by paste extrusion requires the incorporation of appro-
priate organic additives and a specific aging period to
favour powder dispersion and the tuning of paste rheolo-
gical behaviour. Employing cost-effective additives and
co-incorporating sewage sludge ash (SSA) with natural
minerals and industrial wastes (such as kaolin, dolomite,
diatomite, bauxite, mullite, talc, and coal fly ash) are a
promising cost-reduction strategy reducing the firing

temperature and improving the mechanical strength
and permeability of tubular membranes [63,64].

It is within this context that this work fits, in which the
main aim is to highlight the effect of calcination tempera-
ture and organic additives such as amijel, methocel, and
starch on the rheological behaviour of dried sewage sludge
(SS0). Particular attention is paid to the evolution of sludge
rheological characteristics in relation to TS, organic addi-
tives percentage, and testing temperature variations.
Hence, additional analyses such as thermal gravimetric
analysis (TGA), differential scanning calorimetry (DSC),
X-ray fluorescence spectrometry (XRF), X-ray diffraction
(XRD), Brunauer–Emmett–Teller (BET), and scanning elec-
tron microscopy (SEM) were also solicited to characterize
the SS0 and SSAs.

2 Materials and methods

2.1 Dried sewage sludge samples and
organic additives

The sludge used in this study is a drying bed-activated
sludge provided by the Oued D’Hous WWTP (Bouira,
Algeria), operating with an average wastewater flow of
25,840 m3/day. After receiving a large quantity of sludge,
samples were first heated in a furnace at a heating rate of
2°C/min to 250°C and held at this temperature for 120 min.
Then, the temperature was increased at a rate of 5°C/min to
the final calcination temperature and held at different cal-
cination temperatures (600, 700, 750, 800, 850, 900, 950, and
1,000°C) for 180 min. After calcination, both uncalcined and
calcined sludges were crushed and sieved using a 100 μm
mesh sieve to obtain fine powders.

The following organic additives were mixed with the
sludge powders (uncalcined and calcined) in order to study
their rheological behaviours: soluble starch (Biochem
Chemopharma), which acts as a porosity agent and binder;
methocel (90 HG, methyl cellulose) (The Dow Chemical
Company), which is a cellulose derivative used as a plasti-
cizer; and amijel (Cplus 12072, cerestar), which is a deriva-
tive product consisting of pre-gelled starch used as a
binder (gelling agent).

2.2 Chemical composition analysis

The chemical composition of SS0 and SSAs obtained at
different calcination temperatures (600, 700, 750, 800,
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850, 900, and 950°C) was determined by XRF spectrometry
using a sequential wavelength-dispersive spectrometer
(Bruker-AXS: S8 TIGER) equipped with a rhodium anode.
The concentration of an unknown sample was determined
using the Spectra plus software. Calibration curves were
plotted for each element after having fixed all measure-
ment parameters (accelerating voltage [60 kV], emission
current [170 mA], crystal analyser, collimator, emission
wavelength, measurement time, and detector).

2.3 Loss on ignition (LOI) analysis

This analysis aims to follow the evolution of mass loss in
sludge samples during their calcination. A sludge sample
with an initial mass of 5 g was placed in a porcelain cru-
cible that had been dried and weighed beforehand. The
assembly was placed in a furnace set at one of the calcina-
tion temperatures (600, 700, 750, 800, 850, 900, and 950°C)
for 3 h. After cooling, the crucible is weighed and the mass
loss of the sample is determined by the difference between
the initial mass and the final mass for each calcination
temperature.

2.4 Thermal analysis of SS0

Thermal analysis of SS0 was performed using a differential
thermal analysis, TGA, and DSC simultaneous analyser
(SDT Q600, TA Instruments). A sludge sample of about
43.74 mg was placed in an alumina crucible and was
heated in a static air environment from room temperature
to 1,100°C with a temperature rise of 5°C/min. The DSC
analysis is used to identify phase transition and chemical
reactions occurring in the form of endothermic (dehydra-
tion, dehydroxylation, vitreous transition, melting, etc.) or
exothermic (oxidation, crystallization, etc.) heat flows. TG
analysis permits the evaluation of mass loss related to the
phase changes as a function of temperature.

2.5 Structural characterization

The crystalline phase mineralogy of SS0 and SSAs pro-
duced at different calcination temperatures (600, 700,
750, 800, 850, 900, 950, and 1,000°C) was assessed by using
an X-ray diffractometer (Bruker D2 PHASER) equipped

with a monochromatized CuKα radiation (λ = 1.54 Å),
generated at 20 mA and 40 kV. The data were collected in
the range 2θ from 5° to 90° with the scan step of 0.02°. Then,
X’Pert Highscore Plus software containing the JCPDS-ICDD
database was used to index the peaks of the different
phases detected in the experimental diffraction patterns.

2.6 Specific surface area and pore diameter
characterization

Nitrogen adsorption–desorption isotherms of SS0 and SSA
(SSA600, SSA700, SSA750, SSA800, SSA850, SSA900, and
SSA950) samples were measured at liquid nitrogen tem-
perature (77 K) using a Quantachrome Instruments v11.0
adsorption analyser. The achieved data were handled by
NovaWin ©1994-2010 software. Then, the specific surface
area was calculated by the multi-point BET method, and
the average pore diameter was estimated from the pore
volume based on the application of the Kelvin equation.
It is suitable to classify pores according to their size
(IUPAC classification, 1985 [65]): (1) pores with dia-
meters below 2 nm are called micropores, (2) pores of
diameters comprised between 2 and 50 nm are called
mesopores, and (3) pores with diameters above 50 nm are
called macropores.

2.7 Surface morphology and microstructure
characterization

The microstructural morphology of SS0 and SSA (SSA600,
SSA700, SSA750, SSA800, SSA850, SSA900, SSA950, and
SSA1000) samples was observed at different magnification
scales by SEM via an SEM FEI quanta 250 instrument
equipped with a tungsten filament using an acceleration
voltage of 10 kV, a working distance of 10 mm, and a spot
size of 3.5 nm.

2.8 Rheological measurements

The rheological behaviour of SS0 and SSA (SSA800, SSA850,
SSA900, and SSA950) was studied in the presence and
absence of organic additives (starch, methocel, and amijel)
at different testing temperatures (20, 30, 40, 50, and 60°C),
using an advanced rotational rheometer (type AR 2000, TA-
instruments), connected to cryostat-controlled circulating
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water maintained the Peltier concentric conical cylinder
system at a constant temperature. The concentric cylinder
system is composed of a water jacket, an inner cylinder (a
cup with a diameter of 30 mm), and an MV rotor (an alu-
minium DIN bob with a diameter of 28 mm and length of
42 mm). The operational gap between the bob and the
cylindrical cup is 5.92 mm.

In each measurement (three repeated analyses), a
20 mL volume of SS0 or SSA samples (mixed with and
without organic additives) prepared by distilled water at
different TS concentrations (TS = 4, 7, 10, 13, and 15%) was
placed in the cylindrical cup. The rotating bob was then
immersed in the sample via a shaft. All rheological experi-
ments were conducted in the following sequence:
1. Shear rate ramping step 1: measuring the shear stress (τ)

and the apparent viscosity (η) by linearly increasing the
shear rate (γ̇) from 0 to 600 s−1 over 300 s,

2. Keeping the shear rate (γ̇) at 600 s−1 for 5 s,
3. Shear rate ramping 2: measuring the shear stress (τ) and

the apparent viscosity (η) by linear decreasing of the
shear rate (γ̇) from 600 to 0 s−1 over 300 s.

3 Results and discussion

3.1 Effect of calcination temperature on
chemical composition and weight LOI

The chemical composition and LOI of SS0 and SSAs
(SSA600, SSA700, SSA750, SSA800, SSA850, SSA900, and
SSA950) are summarized in Table 1. It can be clearly seen
that SS0 and SSAs are predominantly composed of alumina
(Al2O3), lime (CaO), and silica (SiO2), which brings good
mechanical performance to these sludges. Considerable
percentages of MgO, Fe2O3, SO3, and P2O5, with a small
amount of MnO, Na2O, TiO2, and K2O oxides, were also
detected. It can also be observed that the percentage con-
tent of oxide components and the weight LOI of the sludge
ashes increased and decreased, respectively, as the calcina-
tion temperature increased. SSAs are mainly composed of
SiO2, Al2O3, Fe2O3, CaO, and P2O5 in the range (in wt%) of
30.70–32.89, 11.77–12.26, 5.52–6.03, 21.99–24.38, and 9.39–10.22,
compared, respectively, to those ranged in 14.33–65.00,
2.65–34.20, 2.10–30.00, 1.10–40.10, and 0.30–26.70 given in the
literature [31]. The weight LOI value ranges between 2.54 and
10.06 compared to those ranging in 1.40–41.80 reported in the
literature [31]. The high value of LOI for SS0 (52.01wt%) is due
to its elevated organic matter content.

3.2 Thermal behaviour of SS0

TGA and DSC profiles of the SS0 are shown in Figure 1. The
TGA curve shows that the weight loss increases with
increasing temperature up to a total weight loss of 57.09wt%.
The thermal decomposition of sludge can occur through four
kinetic stages.

Stage I (from room temperature to 100°C and from 100
to ∼214°C), corresponding to the dehydration phenomenon,
in which two weight losses were detected and attributed to
water releases [66,67]. The first weight loss of 3.34 wt%
detected at 100°C is attributed to the evaporation of free
water physisorbed onto the sludge surface. This is accom-
panied by a small broad endothermic peak of DSC. The
second one of 6.10 wt% detected at 214°C is associated
with the departure of bound water inside the sludge.

Stage II (from 214 to 470°C), relating to the oxidation of
organic matter, where two main weight losses of 18.18 and
19.55wt%were observed and evidenced by the two exothermic
peaks appear, respectively, at 347.09 and 441.34°C in the DSC
curve.

Stage III (from 470 to 750°C), linking to the combustion
of fixed carbon, proved by a weight loss of 6.31 wt% [67].

Stage IV (from 750 to 1,100°C), mainly owing to the
decomposition of calcium carbonate (CaCO3) into lime (cal-
cium oxide, CaO) with a weight loss of 2.05wt% (endothermic
peak at ∼768.50°C) [68], followed by the crystallization of the
forsterite phase (exothermic peak at ∼900°C) [69] (see the
diffraction patterns in Figure 2), and finally the melting tran-
sition (endothermic peak at ∼1057.60°C) with a weight loss of
1.14 wt%, most probably due to the decomposition of minerals
such as siderite [70].

Based on the comparison between the DSC curve of
SS0 and those reported by Majewsky et al. [71] and Rosario
et al. [72] for pure plastic substances (polyethylene [PE],
polyethylene terephthalate, high-density polyethylene, low-
density polyethylene, polypropylene [PP], polyvinylchloride,
polyamide, polyester, polyurethane, and polystyrene) and
applied to measure PE and PP, it should be mentioned
that no microplastics were detected in the SS0 sample.
This reflects the higher microplastics removal efficiency of
the WWTP process.

3.3 Effect of calcination temperature on
crystalline structure of SS0

The XRD diffractograms of SS0 and SSA produced at dif-
ferent calcination temperatures (600, 700, 750, 800, 850,
900, 950, and 1,000°C) are depicted in Figure 2.
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The identification of different peaks present in the
diffractogram of the SS0 revealed the existence of the fol-
lowing mineralogical phases: quartz (SiO2), calcite (CaCO3),
illite (K(Al4Si2O9(OH)3), and magnetite (Fe3O4), with a small
amount of kaolinite (Al4Si4O10(OH)8) and dolomite (CaMg

(CO3)2). It can be noticed that in this case, the quartz and
calcite are the major mineral phases.

The main mineral phases detected in the SSA prepared
at 600°C are quartz (SiO2), calcite (CaCO3), illite (K
(Al4Si2O9(OH)3), anhydrite (CaSO4), albite (NaAlSi3O8)

Figure 1: ATG-DSC of SS0.

Table 1: Chemical composition and weight LOI of SS0 and SSAs

Compounds (wt%) Dried sludge and sludge ashes

SS0 SSA600 SSA700 SSA750 SSA800 SSA850 SSA900 SSA950

Na2O 0.250 0.380 0.360 0.390 0.380 0.420 0.400 0.410
MgO 1.640 2.910 2.960 3.020 3.010 3.030 3.050 3.080
Al2O3 6.420 11.770 12.080 12.160 12.170 12.180 12.200 12.260
SiO2 15.520 30.700 33.120 32.550 32.580 32.830 33.140 32.890
P2O5 5.270 9.390 9.870 10.050 10.070 10.150 10.220 10.220
SO3 3.300 4.730 4.680 4.770 5.000 5.140 5.150 5.170
K2O 0.950 1.830 1.890 1.830 1.840 1.860 1.790 1.770
CaO 11.550 21.990 22.890 22.920 22.940 23.490 24.140 24.380
TiO2 0.330 0.680 0.690 0.700 0.700 0.700 0.700 0.720
MnO 0.150 0.290 0.290 0.300 0.320 0.320 0.320 0.320
Fe2O3 2.580 5.520 5.660 5.680 5.700 5.920 6.020 6.030
Cr2O3 0.007 0.010 0.010 0.020 0.020 0.020 0.020 0.020
NiO 0.005 0.009 0.010 0.010 0.009 0.010 0.010 0.010
CuO 0.020 0.040 0.040 0.000 0.000 0.040 0.040 0.040
ZnO 0.060 0.140 0.150 0.150 0.160 0.160 0.170 0.170
SrO 0.020 0.040 0.050 0.050 0.060 0.070 0.070 0.070
Rb2O 0.002 0.005 0.005 0.005 0.006 0.006 0.007 0.006
PbO 0.004 0.010 0.010 0.010 0.020 0.020 0.020 0.020
BaO 0.040 0.090 0.100 0.100 0.100 0.100 0.100 0.110
ZrO2 0.002 0.005 0.006 0.006 0.008 0.009 0.010 0.010
Cl 0.100 0.100 0.120 0.110 0.100 0.090 0.060 0.050
LOI 52.010 10.060 5.020 5.560 5.760 3.880 3.110 2.540

Impact of calcination temperature, organic additive percentages, and testing temperature  5



(feldspars), dolomite (CaMg(CO3)2), and small quantities of
hematite as the first sign of appearance.

After calcination of sewage sludge at 700, 750, and 800°C,
calcite decomposes (CaCO3) into lime (calcium oxide, CaO)
[68], accompanied in parallel by the formation of barite
(BaSO4), augite (Na0.36Ca2.46Mg3.61Fe0.84Al1.37Ti0.08Si7.28O24.00),
whitlockite (Ca9Fe0.42Mg0.59(PO4)7), and hydroxylapatite
(Ca5(PO4)3OH) [73]. The X-ray diffractograms of sewage sludge
calcined at 850 and 900°C clearly illustrate the emergence of
forsterite (Fe0.94Mg1.06SiO4) phase at around 850°C with the
entire disappearance of calcite that further indicates the
achievement of thermal decomposition (Figure 1).

The mineralogical analysis of calcined sludge, at the
high temperatures of 950 and 1,000°C, discloses the growth
of siderite (FeCO3) and wollastonite (CaSiO3) phases [74,75].

3.4 Effect of calcination temperature on
specific surface area and average pore
diameter of SS0

The nitrogen adsorption–desorption isotherms (VN2 versus
the reduced pressure Pr = P/P0) and BET specific surface
area with their corresponding average pore diameter of
SS0 and SSA (SSA600, SSA700, SSA750, SSA800, SSA850,
SSA900, and SSA950) samples are shown, respectively, in

Figure 3a and b. It is clear from Figure 3a that all sludge
samples (SS0 and SSA) show isotherms of type IV with an
H3 hysteresis loop shape identified in the original IUPAC
classification related to mesoporous materials [65]. Loops
of this type are specified by non-rigid aggregates of plate-
like particles (e.g., zeolites, clays, and also some activated
carbons) or assemblages of slit-shaped pores [76].

It can first be seen in Figure 3b that the BET specific
surface area decreases with increasing calcination tem-
perature. The BET specific surface area of SSA is found to
be in the range of 3.15–25.40 m2/g compared to those ran-
ging from 2.50 to 23.10 m2/g available in the literature [31].
However, we can also observe in Figure 3b that the average
pore diameter increases in the first stage from 5.96 nm
(corresponding to SS0) to reach a maximum value of
26.58 nm (corresponding to SSA800), then it decreases in
the second stage to reach a value of 9.6 nm (corresponding
to SSA950). Therefore, it was confirmed that all pore dia-
meters are included between 2 and 50 nm, indicating that
the sludges (SS0 and SSA) are mesoporous adsorbents. The
highest value of the average pore diameter (26.58 nm)
is attributed to the creation of some new mesopores
resulting, respectively, from the devolatilization of fixed
carbon [67] and to some structural changes in SSA as cal-
cite (CaCO3) decomposition into lime (CaO) and formation
of barite (BaSO4) [68].

Figure 2: XRD diffractograms of SS0 and SSAs (SSA600, SSA700, SSA750, SSA800, SSA850, SSA900, SSA950, and SSA1000).
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3.5 Effect of calcination temperature on
surface morphology and microstructure
of SS0

The morphological micrographs of SS0 and SSAs (SSA600,
SSA700, SSA750, SSA800, SSA850, SSA900, SSA950, and
SSA1000) are exposed at two magnifications (×6,000 and
×12,000) in Figure 4. As seen from this figure, the hetero-
geneous surface of SS0 is smoother and less porous than
SSA surfaces. It was mostly because the organic matter
formed a smooth, dense microstructure, and the inorganic
particles like quartz or calcite with spherical shape
agglomerated and induced a rough surface morphology.
The SSAs of finer grains are made of different-sized and
irregular-shaped particles with porous and rough surface
microstructure.

The pore formation could be attributed to the removal
of ash and volatile organic matter during the calcination

process [28]. It is clearly shown from SSA micrographs that
when the calcination temperature increases from 600 to
800°C, the SSA microstructure becomes more and more
porous and rough, with a larger pore diameter for
SSA800. Beyond 800°C, the microstructure of SSA becomes
less porous and less rough than the SSA800 microstructure,
which is due not only to the appearance of larger SSA
particles essentially agglomerated from many finer grains
[31], but also to the development of crystalline phases at
high calcination temperatures (Figure 2). These microstruc-
tural observations confirm the result obtained from pore
diameter measurements (Figure 3b).

3.6 Rheological characterization

3.6.1 Rheological modelling of sludge flow

In the case of our sludge samples, several non-Newtonian
rheological models, such as Bingham, Ostwald–de Waele
(Power law), Herschel–Bulkley, Sisko, Carreau, and Cross
models, were applied in order to fit the shear stress (τ)
−shear rate (γ̇) and apparent viscosity (η)−shear rate (γ̇)
curves. These rheological models used to simulate and esti-
mate the rheological parameters, like yield stress, flow
behaviour index, zero-shear rate apparent viscosity, infi-
nite-shear rate apparent viscosity, and flow consistency
coefficient, are defined in the following equations
[43,44,46,50,51]:
Ostwald–de Waele model

=τ Kγ .

n (1)

(Shear-thinning, pseudoplastic: K > 0, 0 < n < 1)
(Shear-thickening, dilatant: K > 0, n > 1)

Bingham model

= +τ τ η γ.

0

p
(2)

(Plastic: K > 0, τ0 > 0, n = 1)
Herschel–Bulkley model

= +τ τ Kγ .

n
0

(3)

(Shear thickening, yield dilatant: K > 0, τ0 > 0, 1 < n <∞)
(Shear thinning, yield pseudoplastic:K > 0, τ0 > 0, 0 < n <∞)

Sisko model

= ∞
−η η Kγ̇ .

n 1 (4)

Carreau model

( )( ( ) )= + ⎡
⎣ − + ⎤

⎦∞ ∞
−

η η η η λγ1 ̇ .

n

0

2

1

2
(5)

Figure 3: (a) Nitrogen adsorption–desorption isotherms and (b) BET
specific surface area and average pore diameter of SS0 and SSAs
(SSA600, SSA700, SSA750, SSA800, SSA850, SSA900, and SSA950).
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Cross model

( )

( )
= +

−
+∞

∞
η η

η η

λγ1 ̇

,

m

0 (6)

where τ0 is the yield stress (Pa), ηp is the plastic viscosity
(Pa s), γ̇ is the shear rate (s−1), n is the flow behaviour index,
K is the flow consistency coefficient (Pa s), η∞ is the infinite-
shear rate apparent viscosity (Pa s), η0 is the zero-shear
rate apparent viscosity (Pa s), λ is the time constant (s), and
m is the Cross rate constant.

An example of an experimental rheological sequence
(shear stress [τ]−shear rate [γ̇] and apparent viscosity [η]

−shear rate [γ̇] curves) carried out on SS0 with TS = 4% is
presented in Figure 5a and b (see Section 2.8).

3.6.2 Effect of TS and calcination temperature on the
rheological behaviour of sewage sludge

The first step shear stress (τ)−shear rate (γ̇) and apparent
viscosity (η)−shear rate (γ̇) curves of SS0 and SSAs, for
different TS = 4, 7, 10, 13, and 15%, at 20°C, are plotted,
respectively, with the best-fit rheological model in
Figures 6 and 7.

Figure 4: SEM images of SS0 and SSAs (SSA600, SSA700, SSA750, SSA800, SSA850, SSA900, SSA950, and SSA1000).
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Figure 6 shows that for all sludge samples, the shear
stress increases with increasing shear rate indicating non-
Newtonian shear thickening (yield dilatant) flow beha-
viour. Such flow behaviour was also previously reported
by a few authors [52,58]. From this figure, it could be rea-
lized that the thermal treatment of SS0 at different calcina-
tion temperatures has a decreasing impact on shear stress.

The shear stress (τ)−shear rate (γ̇) experimental data
were fitted to different rheological models discussed in
equations (1)–(3). Several rheological parameters estimated
from different models are given in Table 2, where the
Herschel–Bulkley model was selected, referring to the
high values of linear correlation coefficient (R2), as
the best model fitting the experimental data. According
to the Herschel–Bulkley model, the increase in TS of all
sludges resulted roughly in an increase of yield stress
(τ0). It can also be observed that an increase in TS from 4
to 13% caused a decrease in the flow consistency coefficient
(K) and an increase in the flow behaviour index (n). How-
ever, at a higher value of TS (15%), these two rheological
parameters (K and n) were significantly increased and
decreased, respectively.

Figure 7 displays that, in the first regime, the apparent
viscosity of all sludge samples decreases with an increase
in shear rate until a critical shear rate (ηC = η∞), exhibiting
a shear-thinning laminar behaviour. In the second regime,
the apparent viscosity increases gradually with increasing
shear rate to reach a maximum constant value (ηmax),
revealing a shear-thickening turbulent behaviour. Similar
evolution behaviours have been reported by many
researchers, such as Rosales et al. [77], Ratkovich et al.
[43], Gienau et al. [57], and Edifor et al. [78], for other
sludge systems.

From Figure 7, it could also be distinguished that the
thermal treatment of SS0 at different calcination tempera-
tures has a decreasing impact on the apparent viscosity.
The apparent viscosity (η)−shear rate (γ̇) experimental
data of the first regime were fitted to different rheological
models discussed in equations (4)–(6).

The various rheological parameters estimated from
different models are given in Table 3, where the Cross
model was selected, based on the high values of linear
correlation coefficient (R2), as the best model fitting the
experimental data. According to the Cross model, the
increase in sludge TS resulted in an increase of the infi-
nite-shear rate apparent viscosity (ηC = η∞). This increase in
viscosity is possibly due to the improvement of particle–
particle interactions forming a network of particles during
sludge addition [43,78]. Furthermore, for each sludge's TS,
the increase in calcination temperature is accompanied by
a decrease of the infinite-shear rate apparent viscosity
(ηC = η∞). This is probably due, respectively, to the decrease
of the weight LOI (organic matter content) (Table 1), the
specific surface area, and the average pore diameter
(Figure 3b) during the increase of the calcination tempera-
ture (800–950°C). A decrease in specific surface area and
average pore diameter can result in the minimization of
the water pathway, which in turn hinders the efficient
interaction between sludge particles.

3.6.3 Effect of organic additive on the rheological
behaviour of SSAs

The first step shear stress (τ)−shear rate (γ̇) and apparent
viscosity (η)−shear rate (γ̇) curves of SSAs mixed with

Figure 5: (a) Shear stress (τ)−shear rate (γ̇) and (b) apparent viscosity (η)−shear rate (γ̇) curves of SS0 for TS = 4%, at 20°C.
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organic additives (proportion: 4% methocel + 4% amijel +
8% starch), for different TS = 4, 7, 10, 13, and 15%, at 20°C,
are plotted, respectively, with the best-fit rheological
model in Figures 8 and 9.

Figure 8 shows that for all SSA and organic additive
mixtures, the shear stress increases with increasing shear
rate indicating non-Newtonian shear thickening (yield dila-
tant) flow behaviour at low TS (4 and 7%) and shear-

thinning (pseudoplastic) flow behaviour at high TS (10,
13, and 15%). As can be clearly seen in this figure, at TS =

4%, the shear stress increases with the increase of calcina-
tion temperature. Above TS = 4%, the shear stress
decreases when the calcination temperature increases
from 800 to 850°C, then it increases, respectively, to
reach a maximum value when the calcination tempera-
ture increases from 900 to 950°C.

Figure 6: Shear stress (τ)−shear rate (γ̇) curves of SS0 and SSAs for different TS = 4, 7, 10, 13, and 15%, at 20°C.
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The shear stress (τ)−shear rate (γ̇) experimental data
were fitted to different rheological models discussed in equa-
tions (1)–(3). The several rheological parameters estimated
from different models are presented with a thixotropic area
(reduced hysteresis area [rHa]) in Table 4, where the
Herschel–Bulkley and Ostwald–de Waele models were privi-
leged, referring to the high values of linear correlation coeffi-
cient (R2) and the physical meaning, as the best models fitting

the experimental data. The negative value of yield stress (τ0),
with no physical meaning, showing that the Herschel–Bulkley
model was not suitable, and it was replaced in this situation
by the Ostwald–de Waele model. Recently, two methods,
namely, particle swarm optimization and genetic algorithm,
were used as the best choice to obtain the most realistic
solutions for both positive and negative yield stress values
of different samples [79]. According to both models

Figure 7: Apparent viscosity (η)−shear rate (γ̇) curves of SS0 and SSAs, for different TS = 4, 7, 10, 13, and 15%, at 20°C.
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(Herschel–Bulkley and Ostwald–deWaele), the increase in TS
of SSA and organic additives mixtures resulted roughly in an
increase of yield stress (τ0), a decrease in flow behaviour
index (n) and an increase in flow consistency coefficient (K).

It can also be seen that an increase in TS from 4 to 13%
led to an increase in rHa. However, at a higher value of TS
(15%), no thixotropic (NT) behaviour was detected. This
non-thixotropy detected at TS = 15% may be due to a com-
petition between solid interactions and viscous forces, and
it seems quite logical that the stronger the viscous forces,
the lower the degree of thixotropy [41].

Moreover, as can be remarked from Table 4, according
to the TS, the calcination temperature significantly influ-
ences the thixotropic area (rHa). For TS = 4%, the rHa
increases from 18.87 to 58.18 Pa s−1 when the calcination
temperature increases from 800 to 900°C, then it decreases
to a value of 56.79 Pa s−1 for a calcination temperature of
950°C. For TS = 7%, the rHa decreases from 82.19 to 58.35 Pa s−1

when the calcination temperature increases from 800 to
950°C. For TS = 10%, the rHa decreases from 242.35 to
175.48 Pa s−1 when the calcination temperature increases

from 800 to 850°C, then it increases to 268.27 Pa s−1 at 900°C;
after that, it decreases to a value of 219.88 Pa s−1 for a
calcination temperature of 950°C. For TS = 13%, the rHa
decreases from 525.66 to 233.02 Pa s−1 when the calcination
temperature increases from 800 to 900°C.

Figure 9 shows that, according to the TS, mixtures of
SSA and organic additives exhibit different viscosity beha-
viours, where in general the apparent viscosity decreases
with increasing shear rates, revealing a shear-thinning
behaviour. From this figure, it could be remarked that
for TS = 4%, the apparent viscosity increases with the
increase of calcination temperature. Above TS = 4%, the
apparent viscosity decreases when the calcination tem-
perature increases from 800 to 850°C, then it increases
respectively with a big range to reach a maximum value
when the calcination temperature increases from 900 to
950°C. This last increase in viscosity is possibly due to the
improvement of particle–particle interactions inside the
SSA and organic additives mixtures, caused not only by a
structural changing and an intensification of the crystal-
line phases developed at high calcination temperatures

Table 2: Fitting parameters of different shear stress rheological models for different TS of SS0 and SSAs at 20°C

Sludge TS (%) Herschel–Bulkley model Ostwald–de Waele model

== ++τ τ Kγ
n

0 ==τ Kγ
n

τ0 (Pa) K (Pa s) n R2 K (Pa s) n R2

SS0 4 0.1123 6.43 × 10−5 1.6082 0.9992 2.93 × 10−4 1.3765 0.9944
7 0.1584 5.20 × 10−5 1.6558 0.9981 3.82 × 10−4 1.3510 0.9900
10 0.1628 2.15 × 10−5 1.8161 0.9976 1.61 × 10−4 1.5076 0.9900
13 0.2282 1.62 × 10−5 1.8736 0.9955 2.39 × 10−4 1.4594 0.9834
15 0.2413 7.17 × 10−5 1.6555 0.9958 7.39 × 10−4 1.2872 0.9854

SSA800 4 0.0640 6.65 × 10−5 1.5952 0.9992 1.67 × 10−4 1.4551 0.9973
7 0.0699 5.73 × 10−5 1.6302 0.9993 1.49 × 10−4 1.4844 0.9973
10 0.0846 5.81 × 10−5 1.6344 0.9989 1.75 × 10−4 1.4665 0.9962
13 0.1545 4.82 × 10−5 1.6764 0.9986 3.15 × 10−4 1.3896 0.9915
15 0.2013 5.36 × 10−5 1.6634 0.9980 5.45 × 10−4 1.3086 0.9872

SSA850 4 0.0670 6.46 × 10−5 1.5974 0.9991 1.71 × 10−4 1.4489 0.9970
7 0.0645 5.99 × 10−5 1.6169 0.9991 1.49 × 10−4 1.4781 0.9973
10 0.0698 5.63 × 10−5 1.6359 0.9992 1.44 × 10−4 1.4926 0.9972
13 0.1135 5.37 × 10−5 1.6532 0.9992 3.15 × 10−4 1.4352 0.9948
15 0.1855 4.47 × 10−5 1.6948 0.9984 3.92 × 10−4 1.3622 0.9890

SSA900 4 0.0615 7.46 × 10−5 1.5755 0.9990 1.80 × 10−4 1.4417 0.9973
7 0.0665 4.77 × 10−5 1.6548 0.9994 1.24 × 10−4 1.5092 0.9975
10 0.0768 5.10 × 10−5 1.6507 0.9990 1.58 × 10−4 1.4788 0.9967
13 0.0941 4.03 × 10−5 1.7012 0.9992 1.36 × 10−4 1.5153 0.9960
15 0.1729 5.53 × 10−5 1.6554 0.9983 4.25 × 10−4 1.3438 0.9898

SSA950 4 0.0640 6.91 × 10−5 1.5860 0.9992 4.84 × 10−3 1.4441 0.9973
7 0.0629 5.34 × 10−5 1.6364 0.9992 1.30 × 10−4 1.5001 0.9975
10 0.0657 3.98 × 10−5 1.6962 0.9991 9.70 × 10−5 1.5599 0.9974
13 0.1012 3.90 × 10−5 1.7070 0.9988 1.43 × 10−4 1.5086 0.9952
15 0.1097 5.22 × 10−5 1.6521 0.9991 1.49 × 10−4 1.4919 0.9967
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(Figure 2), but also by a competition between weak solid
interactions (SSA900 and SSA950) and stronger viscous
forces brought by organic additives (proportion: 4% meth-
ocel + 4% amijel + 8% starch), which in turn increases the
viscosity of the dispersion. The organic additives can act
physically and chemically in the system: sewage sludge
ash/water, by the modification of the gradients of the che-
mical and electrical potentials. They formed hydrogels
with their three-dimensional (3D) network chains, where
the polar or charged hydrophilic parts are solvated by
water molecules, but the non-polar hydrophobic parts
are chemically or physically linked with each other and
adsorbed on the sludge ash particles.

The apparent viscosity (η)−shear rate (γ̇) experimental
data of the first regime were fitted to different rheological
models discussed in equations (4)–(6). The various rheolo-
gical parameters estimated from different models are pre-
sented in Table 5, where the Cross and Carreau models
were privileged, based on the high values of linear

correlation coefficient (R2), as the best model fitting
the experimental data.

According to both models (Cross and Carreau), the
increase in SSA and organic additives' TS resulted in an
increase of the infinite-shear rate apparent viscosity (ηC =

η∞). This rise in viscosity is possibly due to the effective
homogeneous dispersion of SSA and organic additives mix-
tures in water, and to the improvement of particle–particle
interactions via electrostatic, steric or electrosteric mechan-
isms, forming a strong structural network [43,78,80].
Furthermore, for TS = 4%, the increase in calcination tem-
perature is accompanied by an increase of the infinite-
shear rate apparent viscosity (ηC = η∞). This is probably
due to the low presence of the mixture dispersed in the
water. Above TS = 4%, the infinite-shear rate apparent
viscosity (ηC = η∞) decreases when the calcination tempera-
ture increases from 800 to 850°C, then it increases, respec-
tively, with a big step to reach a maximum value when the
calcination temperature increases from 900 to 950°C.

Table 3: Fitting parameters of different viscosity rheological models for different TS of SS0 and SSAs at 20°C

Sludge TS (%) Cross model Carreau model

== ++ (( ))
++ (( ))η η

∞

η η

λγ

‒
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∞

m

0 == ++ (( ))(( ++ (( )) ))⎡⎣ ⎤⎦η η η η λγ‒ 1 ̇
∞ ∞
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0

2
‒1

2

η
∞
(Pa s) η

0
(Pa s) λ (s) m R2 η

∞
(Pa s) η

0
(Pa s) λ (s) n R2

SS0 4 1.967 × 10−3 1.45 11.64 1.15 1.0000 1.547 × 10−3 1.18 16.01 7.00 × 10−4 0.9906
7 2.268 × 10−3 1.05 14.71 1.00 0.9964 2.288 × 10−3 0.69 10.10 6.84 × 10−4 0.9947
10 2.280 × 10−3 0.59 13.16 0.95 0.9985 2.336 × 10−3 0.05 0.71 7.59 × 10−4 0.9920
13 2.760 × 10−3 0.92 11.34 1.01 1.0000 2.760 × 10−3 0.23 2.93 7.46 × 10−4 0.9971
15 3.310 × 10−3 0.21 3.05 0.97 1.0000 3.372 × 10−3 0.06 0.78 7.87 × 10−4 0.9976

SSA800 4 1.208 × 10−3 0.54 10.85 0.99 1.0000 1.245 × 10−3 0.10 1.95 7.49 × 10−4 0.9986
7 1.444 × 10−3 0.66 11.49 1.03 0.9989 1.388 × 10−3 0.20 3.87 5.93 × 10−4 0.9938
10 1.587 × 10−3 0.50 9.26 0.98 1.0000 1.552 × 10−3 0.05 0.79 7.55 × 10−4 0.9956
13 1.982 × 10−3 0.13 1.98 0.92 1.0000 2.203 × 10−3 0.04 0.54 9.40 × 10−4 0.9985
15 2.264 × 10−3 0.18 2.08 0.90 1.0000 2.542 × 10−3 0.07 0.72 7.56 × 10−4 0.9969

SSA850 4 1.167 × 10−3 0.16 3.49 0.96 1.0000 1.062 × 10−3 0.05 1.10 1.15 × 10−4 0.9897
7 1.242 × 10−3 0.43 7.51 1.03 1.0000 1.241 × 10−3 0.13 2.47 5.89 × 10−4 0.9979
10 1.267 × 10−3 0.41 6.20 1.00 0.9990 1.237 × 10−3 0.06 0.85 7.56 × 10−4 0.9881
13 1.695 × 10−3 0.20 2.95 0.97 1.0000 1.566 × 10−3 0.05 0.69 8.01 × 10−4 0.9941
15 2.128 × 10−3 0.11 1.49 0.90 1.0000 1.830 × 10−3 0.06 0.78 7.29 × 10−4 0.9918

SSA900 4 1.164 × 10−3 0.23 3.98 1.04 1.0000 1.250 × 10−3 0.10 1.90 7.45 × 10−4 0.9974
7 1.237 × 10−3 0.29 4.63 1.05 1.0000 1.202 × 10−3 0.24 4.75 7.04 × 10−4 0.9984
10 1.268 × 10−3 0.31 6.10 0.95 0.9994 1.394 × 10−3 0.05 0.87 7.47 × 10−4 0.9939
13 1.332 × 10−3 0.25 3.99 0.96 1.0000 1.418 × 10−3 0.06 0.86 8.06 × 10−4 0.9978
15 1.854 × 10−3 0.12 1.54 0.90 0.9992 2.480 × 10−3 0.06 0.76 1.07 × 10−3 0.9936

SSA950 4 1.162 × 10−3 0.24 3.90 1.03 1.0000 1.193 × 10−3 0.10 1.76 9.99 × 10−4 0.9941
7 1.233 × 10−3 0.26 4.26 1.04 0.9995 1.208 × 10−3 0.24 4.69 9.76 × 10−4 0.9246
10 1.248 × 10−3 0.17 3.96 0.93 0.9993 1.261 × 10−3 0.04 0.70 1.00 × 10−3 0.9973
13 1.355 × 10−3 0.17 3.01 0.91 1.0000 1.608 × 10−3 0.05 0.69 1.00 × 10−3 0.9961
15 1.361 × 10−3 0.13 1.65 1.04 0.9997 1.291 × 10−3 0.05 0.74 1.00 × 10−3 0.9986
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3.6.4 Effect of methocel percentage on the rheological
behaviour of SSA and organic additive mixtures

Figures 10 and 11, respectively, illustrate the first step shear
stress (τ)−shear rate (γ̇) and apparent viscosity (η)−shear
rate (γ̇) curves with the best-fit rheological model of

sewage sludge ash SSA850, mixed with organic additives
(4% amijel + 8% starch) and various percentages of meth-
ocel: 3, 4, 5, and 6%, for different TS = 4, 7, 10, 13, and 15%,
at 20°C.

Figure 10 highlights that for SSA850 and organic addi-
tives mixtures, the shear stress increases with increasing

Figure 8: Shear stress (τ)−shear rate (γ̇) curves of SSAs, mixed with organic additives (4% methocel + 4% amijel + 8% starch), for different TS = 4, 7, 10,
13, and 15%, at 20°C.
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shear rate indicating non-Newtonian shear thickening
(yield dilatant) flow behaviour at low TS (4 and 7%) for
all methocel percentages and shear-thinning (pseudo-
plastic) flow behaviour at high TS (10, 13, and 15%) for
methocel percentages of 4, 5, and 6%. It can be remarked
from this figure that the shear stress increases significantly
when the percentage of methocel increases from 2 to 6%.

This means that the increase in organic additives percen-
tage enhances the shear-thinning behaviour and leads to
higher shear-stress magnitudes [59,81].

The shear stress (τ)−shear rate (γ̇) experimental data
were fitted to different rheological models discussed in
equations (1)–(3). Several rheological parameters estimated
from different models are presented with a thixotropic

Figure 9: Apparent viscosity (η)−shear rate (γ̇) curves of SSA, mixed with organic additives (4% methocel + 4% amijel + 8% starch), for different TS = 4,
7, 10, 13, and 15%, at 20°C.
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area (rHa) in Table 6, where the Herschel–Bulkley and Ost-
wald–de Waele models were preferred, referring to the high
values of linear correlation coefficient (R2) and the physical
meaning, as the best models fitting the experimental data.
According to Herschel–Bulkley and Ostwald–de Waele
models, for each TS, the increase in the methocel percentage
caused roughly a decrease in flow behaviour index (n) and an
increase in flow consistency coefficient (K).

As expected from Table 6, SSA850 and organic addi-
tives mixtures containing 3, 5, and 6% of methocel exhibit a
non-thixotropic behaviour. This alteration in behaviour
(non-thixotropy) occurs at the cross-over point of the
shear-rate-rising (continuous ramp step 1) and shear-rate-
falling (continuous ramp step 2) for methocel percentages
of 3 and 5%. However, for a methocel percentage of 6%,
the non-thixotropy occurs while the shear-rate-falling is
greater than the shear-rate-rising.

Figure 11 compares different TS, the viscosity beha-
viour of SSA850 and organic additives mixtures, as the
methocel percentage varies from 3 to 6%, and an applied
shear rate increases from 0 to 600 s−1. For a low methocel
percentage (3%), the apparent viscosity exhibits similar
behaviours as that detected for SS0 and SSA (shear-thin-
ning laminar and shear-thickening turbulent behaviours,

Figure 6). However, for methocel percentages above 3%
(4–6%), the shear rate dependence of the apparent visc-
osity reveals a shear-thinning flow behaviour. As also
reported in Figure 11, it could be stated that for all TS,
the apparent viscosity increases with the increase of the
methocel percentage. The viscosity rheological parameters
estimated from different models are presented in Table 7,
where the Cross model was preferred as the best model
fitting the experimental data.

According to the Cross model, the increase in the meth-
ocel percentage resulted in an increase of the infinite-shear
rate apparent viscosity (ηC = η∞). This interesting increase
in viscosity is due to the primordial role of the plasticizer
(methocel), which makes it possible to extend the pseudo-
plastic plateau by reducing the migration of the liquid
phase [82–84]. Plasticizers are adsorbed on the surface of
SSA particles and, depending on their chemistry, create
surface charges participating in the electrostatic repulsion
of the SSA particles [85] or form deposits covering the
particles' morphology and allowing better relative sliding
of these last ones. In addition, plasticizers can also attach
water molecules to their chains, thus creating a water-satu-
rated network which in turn facilitates the sliding of par-
ticles over each other [82,86].

Table 4: Fitting parameters of different shear stress rheological models for different TS of SSAs mixed with organic additives (4% methocel + 4%
amijel + 8% starch) at 20°C

Sludge TS (%) Herschel–Bulkley model Ostwald–de Waele model Thixotropy

== ++τ τ Kγ
n

0 ==τ Kγ
n

τ0 (Pa) K (Pa s) n R2 K (Pa s) n R2 rHa (Pa s−1)

SSA800 + 4% methocel + 4% amijel + 8% starch 4 0.2306 1.96 × 10−4 1.4864 0.9913 1.50 × 10−3 1.1813 0.9834 18.87
7 0.1844 6.21 × 10−3 1.0490 0.9998 1.08 × 10−2 0.9665 0.9989 82.19
10 −0.0500 4.39 × 10−2 0.8634 0.9998 4.15 × 10−2 0.8718 0.9998 242.35
13 −0.7437 2.50 × 10−1 0.7275 0.9996 1.85 × 10−1 0.7707 0.9993 525.66
15 −0.7322 3.12 × 10−1 0.7432 0.9999 2.51 × 10−1 0.7746 0.9997 NT

SSA850 + 4% methocel + 4% amijel + 8% starch 4 0.1423 9.44 × 10−4 1.2445 0.9966 2.54 × 10−3 1.0953 0.9941 41.14
7 0.2324 4.64 × 10−3 1.0786 0.9997 1.02 × 10−2 0.9613 0.9978 69.48
10 0.0738 3.54 × 10−2 0.8898 0.9999 3.88 × 10−2 0.8764 0.9999 175.48
13 −0.3084 1.64 × 10−1 0.7735 0.9999 1.41 × 10−1 0.7952 0.9998 241.47
15 −0.3487 1.73 × 10−1 0.7659 0.9999 1.47 × 10−1 0.7900 0.9998 NT

SSA900 + 4% methocel + 4% amijel + 8% starch 4 0.1372 2.29 × 10−3 1.1097 0.9987 5.10 × 10−3 0.9891 0.9968 58.18
7 0.1416 7.57 × 10−3 1.0329 0.9999 1.11 × 10−2 0.9756 0.9994 58.77
10 −0.2419 8.86 × 10−2 0.8036 0.9998 7.35 × 10−2 0.8310 0.9997 268.27
13 −0.4811 2.66 × 10−1 0.7452 0.9998 2.26 × 10−1 0.7690 0.9997 233.02
15 −0.7838 3.96 × 10−1 0.7082 0.9999 3.19 × 10−1 0.7394 0.9997 NT

SSA950 + 4% methocel + 4% amijel + 8% starch 4 0.1230 2.42 × 10−3 1.1084 0.9993 4.80 × 10−3 1.0048 0.9979 56.79
7 0.1301 8.77 × 10−3 1.0246 0.9999 1.21 × 10−2 0.9770 0.9996 58.35
10 −0.2068 8.23 × 10−2 0.8149 0.9998 6.99 × 10−2 0.8387 0.9997 219.88
13 −1.4948 5.41 × 10−1 0.6644 0.9997 3.70 × 10−1 0.7185 0.9991 NT
15 −1.4462 6.94 × 10−1 0.6836 0.9997 5.36 × 10−1 0.7205 0.9995 NT
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3.6.5 Effect of testing temperature on the rheological
behaviour of sludge systems

The effect of temperature on rheological properties of dif-
ferent sludge systems (SS0, SSA850, SSA850 mixed with 4%
methocel + 4% amijel + 8% starch, and SSA850 mixed with

5% methocel + 4% amijel + 8% starch) has been studied at
different testing temperatures of 20, 30, 40, 50, and 60°C for a
TS of 10%. As shown in Figures 12 and 13, experimental results
show that temperature exerted a significant impact on the
shear stress (τ)−shear rate (γ̇) and apparent viscosity (η)−shear
rate (γ̇) curves over the entire temperature range (20–60°C).

Figure 10: Shear stress (τ)−shear rate (γ̇) curves of sewage sludge ash SSA850, mixed with organic additives (4% amijel + 8% starch) and various
percentages of methocel: 3, 4, 5, and 6%, for different TS, at 20°C.
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Figure 12 reports that for all testing temperatures, the
shear stress increases with increasing shear rate, indi-
cating non-Newtonian shear thickening (yield dilatant)
flow behaviour for SS0 and SSA850 and shear-thinning
(pseudoplastic) for SSA850 mixed with 4% methocel + 4%
amijel + 8% starch, and SSA850 mixed with 5% methocel +
4% amijel + 8% starch. As can be obviously observed in this

figure, the shear stress decreases meaningfully when
the testing temperature increases from 20 to 60°C. This
decrease is the result of the thermal destruction of sludge
systems, which manifests itself in the reduction of the
mutual interaction between particles [42,52,58,85,87].

As also mentioned in Table 8, only the sludge system
composed of SSA850 mixed with 4% methocel + 4% amijel

Figure 11: Apparent viscosity (η)−shear rate (γ̇) curves of sewage sludge ash SSA850, mixed with organic additives (4% amijel + 8% starch) and various
percentages of methocel: 3, 4, 5, and 6%, for different TS, at 20°C.
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+ 8% starch exhibited a thixotropic response at testing
temperatures of 20, 30 and 40°C. With the increase of tem-
perature from 20 to 40°C, the rHa decreased gradually
from 175.48 to 59.04 Pa s−1. This indicates that the thixo-
tropic behaviour of the sludge system was distinctly wea-
kened during the heating testing. Thus highlighting that
temperature negatively impacts the network strength
between the particles and breaking some chemical bonds
of macromolecules. The more aggregated particles can be
fractured, the size and fraction of particles be reduced, and
solid matter dissolves into liquid [81].

The shear stress–shear rate rheograms were found to
best fit the Herschel–Bulkley model. The several rheolo-
gical parameters extracted from different models are col-
lected with the thixotropic area (rHa) in Table 8. For
all sludge systems, conforming to the Herschel–Bulkley
model, an increase in testing temperature usually brings
about a decrease in yield stress (τ0).

The relationship between sludge systems’ apparent
viscosity and temperature is exposed in Figure 13. On
the whole testing temperature range (20–60°C), the visc-
osity decreased with the increasing temperature due to
the weakening of inter-molecular cohesive forces within
the sludge systems. For all testing temperatures, the
apparent viscosity of SS0 and SSA850 systems exhibit

shear-thinning laminar and shear-thickening turbulent
behaviours. Furthermore, for the systems composed of
SSA850 mixed with 4% methocel + 4% amijel + 8% starch,
and SSA850 mixed with 5% methocel + 4% amijel + 8%
starch, the shear rate dependence of the apparent viscosity
discloses a shear-thinning flow behaviour.

Moreover, different rheological models were fitted to
the apparent viscosity (η)−shear rate (γ̇) curves, and the
obtained rheological parameters are tabulated in Table 9.
According to Cross and Carreau models, the increase in
testing temperature induced a decrease of the infinite-
shear rate apparent viscosity (ηC = η∞). This decrease in
infinite-rate viscosity is due to some restructuring in the
sludge systems network, which resulted in the weakening
of the network strength [42,52,58,81,85,87].

3.6.6 Relationship between activation energy and
apparent viscosity of sludge systems

In general, the activation energy signifies the strength of
the inter-particle forces that preserve the cohesion of the
sludge system network. An increase in activation energy
reveals higher resistance to flow and greater sludge net-
work strength [56–58,81].

Table 6: Fitting parameters of different shear stress rheological models for different TS of SSA850, mixed with organic additives (4% amijel + 8%
starch) and various percentages of methocel: 3, 4, 5, and 6%, at 20°C

Sludge TS (%) Herschel–Bulkley model Ostwald–de Waele model Thixotropy

== ++τ τ Kγ
n

0 ==τ Kγ
n

τ0 (Pa) K (Pa s) n R2 K (Pa s) n R2 rHa (Pa s−1)

SSA850 + 3% methocel + 4% amijel + 8% starch 4 0.1117 7.97 × 10−6 1.9683 0.9993 3.97 × 10−5 1.7211 0.9949 NT
7 0.3205 6.56 × 10−6 2.0215 0.9956 3.06 × 10−4 1.4294 0.9728 NT
10 0.2465 1.42 × 10−4 1.6243 0.9990 5.79 × 10−4 1.4091 0.9950 NT
13 0.5263 5.27 × 10−4 1.4941 0.9991 2.69 × 10−3 1.2460 0.9932 NT
15 0.7269 1.54 × 10−3 1.3971 0.9993 5.78 × 10−3 1.1968 0.9951 NT

SSA850 + 4% methocel + 4% amijel + 8% starch 4 0.1423 9.44 × 10−4 1.2445 0.9966 2.54 × 10−3 1.0953 0.9941 41.14
7 0.2324 4.64 × 10−3 1.0786 0.9997 1.02 × 10−2 0.9613 0.9978 69.48
10 0.0738 3.54 × 10−2 0.8898 0.9999 3.88 × 10−2 0.8764 0.9999 175.48
13 −0.3084 1.64 × 10−1 0.7735 0.9999 1.41 × 10−1 0.7952 0.9998 241.47
15 −0.3487 1.73 × 10−1 0.7659 0.9999 1.47 × 10−1 0.7900 0.9998 NT

SSA850 + 5% methocel + 4% amijel + 8% starch 4 0.1618 2.10 × 10−3 1.1285 0.9990 5.31 × 10−3 0.9897 0.9966 NT
7 0.1035 1.47 × 10−2 0.9779 1.0000 1.79 × 10−2 0.9491 0.9998 NT
10 −0.2135 8.02 × 10−2 0.8297 0.9998 6.83 × 10−2 0.8531 0.9997 NT
13 −0.5515 2.97 × 10−1 0.7552 0.9999 2.53 × 10−1 0.7786 0.9998 NT
15 −0.9060 6.48 × 10−1 0.7163 0.9997 5.60 × 10−1 0.7374 0.9996 NT

SSA850 + 6% methocel + 4% amijel + 8% starch 4 0.1208 2.15 × 10−3 1.1360 0.9993 4.42 × 10−3 1.0284 0.9979 NT
7 0.1226 1.78 × 10−2 0.9539 0.9999 2.21 × 10−2 0.9220 0.9997 NT
10 −0.0702 1.20 × 10−1 0.8106 0.9999 1.05 × 10−1 0.8304 0.9999 NT
13 −0.2255 8.35 × 10−1 0.6900 0.9993 6.70 × 10−1 0.7215 0.9991 NT
15 −0.7781 8.19 × 10−1 0.7039 0.9985 8.26 × 10−1 0.7025 0.9985 NT
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The dependence between temperature and apparent
viscosity of different sludge systems (SS0, SSA850, SSA850 +
4% methocel + 4% amijel + 8% starch, and SSA850 + 5%
methocel + 4% amijel + 8% starch), at a TS of 10%, can be
commonly expressed by the Arrhenius model equation:

= +∞η η
E

RT
ln ln ,

0

a (7)

where η∞ is the infinite-shear rate apparent viscosity (Pa s),
η0 is the zero-shear rate apparent viscosity (Pa s) (generally
termed the frequency factor: pre-exponent coefficient), Ea
is the activation energy (J mol−1), R is the universal gas
constant (8.314 J mol−1 K−1), and T is the absolute tempera-
ture (K).

The activation energies and the zero-shear rate
apparent viscosities of the flow process were calculated,
respectively, from the slope and the intercept of the
Arrhenius-type plots (ln η∞ against 1/T) as shown in
Figure 14, and the obtained values are presented in
Table 10.

It shows that the sludge system composed of SSA850
mixed with 5% methocel + 4% amijel + 8% starch exhibits
the highest activation energy (24.67 kJ mol−1) followed by
the system consisting of SSA850 mixed with 4% methocel +
4% amijel + 8% starch (23.35 kJ mol−1), then the SS0 system
(20.80 kJ mol−1) and lastly the SSA850 system (5.10 kJ mol−1).
The activation energies obtained for SS0 and SSA850 mixed
with organic additive systems are in the same order
of magnitude and compared to those obtained by Hong
et al. [56], Gienau et al. [57], and Liu et al. [88], respectively,
for municipal TEAS (13.10–24.80 kJ mol−1), for anaerobic
sludge obtained from agricultural and bio-waste biogas
plants (13.00–20.00 kJ mol−1), and for swine manure (com-
posed of protein, polysaccharide, volatile fatty acids, lignin,
etc.)/sewage sludge systems (13.91–25.91 kJ mol−1). The acti-
vation energies are also found to be significantly higher
than those obtained by Trávníček and Junga [89] for non-
diluted (8.87 kJ mol−1) and diluted (9.41–11.56 kJ mol−1)
sewage sludge. The activation energy measured for the
SSA850 system was proven to be lower than that reported

Figure 12: Shear stress (τ)−shear rate (γ̇) curves of sludge systems (SS0, SSA850, SSA850 + 4% methocel + 4% amijel + 8% starch, and SSA850 + 5%
methocel + 4% amijel + 8% starch) for a TS = 10%, at different testing temperatures (20, 30, 40, 50, and 60°C).
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by Lopez et al. [90] for the activated sludge in MBR
(17.69 kJ mol−1).

Through the results presented in Table 10, it can be
deduced that, on the one side, the increase of calcination
temperature to 850°C induces a sharp decrease in the acti-
vation energy from SS0 to SSA850 suspensions, where the
apparent viscosity curves shifted to lower levels of visc-
osity (Figure 7 and Table 9). The reduction of sludge visc-
osity can be achieved by reduction of its interfacial tension
[91]. The observed decrease in the activation energy is due
to a combination of devolatilization of organic matter and
the transformation of inorganic matter. Indeed, due to the
effect of thermal calcination, the overall organic matter
content is removed, the oxygen is consumed during the
oxidation to form vacancies, and the SSA850 structure
underwent modifications such as the transformation of
calcite (CaCO3) into lime (CaO). Therefore, the gases gener-
ated by the decomposition of minerals and organic addi-
tives must pass through the very fine and tortuous porosity

to escape from the aggregate [92]. These synergistic effects
can be manifested in the increase of the average pore
diameter and nanoscale surface roughness of SSA850 par-
ticles [93].

On the other side, the addition of organic additives and
the increase of methocel percentage to 5% lead to an
increase in activation energy caused by the modification
of the interaction mechanisms/pathways. This increase can
be related to the strong solubilization of organic additives
during the thermal treatment, which induced a transfer of
the organic matter from the solid compounds to the dis-
solved constituents, and this transfer is proportional to the
evolutions of the yield stress and viscosity [87]. The col-
loidal sludge suspensions (CSS) are generally stabilized
by adsorption of organic compounds on their surface
[94–97]. The enhanced stability of CSS with organic coat-
ings has stereotypically been attributed to steric hindrance
effects when compressed or deformed adsorbed organic
layers overlap and exhibit nonuniform or incomplete

Figure 13: Apparent viscosity (η)−shear rate (γ̇) curves of sludge systems (SS0, SSA850, SSA850 + 4% methocel + 4% amijel + 8% starch, and SSA850 +
5% methocel + 4% amijel + 8% starch) for a TS = 10%, at different testing temperatures (20, 30, 40, 50, and 60°C).
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surface coverage [94,98]. Molecular organic coatings can
either enhance or inhibit colloid aggregation and retention
behaviour. Enhanced colloid interactions have been linked
to charge neutralization or bridging of macromolecules
[94,96]. Contrarily, inhibited aggregation or retention has
been elucidated by an increase in repulsive electrostatic,
steric hindrance, or electrosteric interactions [94,99–101].
The case of inhibited aggregation or retention effect can
be applied to compare the colloidal suspension systems
(SSA850; SSA850 + meth4% + ami4% + star8%; SSA850 +

meth5% + ami4% + star8%), where the increase of activa-
tion energy is attributed to the increase of apparent visc-
osity and interfacial tension. This last physical parameter
strongly dependent on the interaction energy remains to
be confirmed by the use of different methods of measuring
surface and interfacial tension. So, in this sense, it can be
categorically stated that to envisage situations that are
promising or unpromising for colloid aggregation and/or
retention mechanism, it is necessary to calculate the inter-
action energy taking into account the van der Waals and
electrostatic double-layer interactions; the particle sizes,
shapes and orientation; the curvature and nanoscale sur-
face roughness; and finally the steric or electrosteric

barrier energies [94–101]. This last one is considered the
vital parameter tuning sludge rheology. Because the elec-
trical characteristics follow the same temperature-depen-
dence relationships as the rheological characteristics with

Table 8: Fitting parameters of different shear stress rheological models for a TS = 10% of SS0, SSA850, SSA850 mixed with 4% methocel + 4% amijel +
8% starch, and SSA850 mixed with 5% methocel + 4% amijel + 8% starch, at different testing temperatures (20, 30, 40, 50, and 60°C)

Sludge system T (°C) Herschel–Bulkley model Ostwald–de Waele model Thixotropy

== ++τ τ Kγ
n

0 ==τ Kγ
n

τ0 (Pa) K (Pa s) n R2 K (Pa s) n R2 rHa (Pa s−1)

SS0 20 0.1628 2.15 × 10−5 1.8161 0.9976 1.61 × 10−4 1.5076 0.9900 NT
30 0.1128 1.63 × 10−5 1.8572 0.9994 7.16 × 10−5 1.6296 0.9953 NT
40 0.0846 2.03 × 10−5 1.8243 0.9992 6.01 × 10−5 1.6581 0.9969 NT
50 0.0836 1.29 × 10−5 1.8677 0.9994 4.85 × 10−5 1.6638 0.9962 NT
60 0.0661 2.64 × 10−5 1.7487 0.9993 7.23 × 10−5 1.5945 0.9972 NT

SSA850 20 0.0698 5.63 × 10−5 1.6359 0.9992 1.44 × 10−4 1.4926 0.9972 NT
30 0.0609 3.92 × 10−5 1.6861 0.9993 9.55 × 10−5 1.5501 0.9976 NT
40 0.0397 1.04 × 10−4 1.5204 0.9986 1.81 × 10−4 1.4354 0.9979 NT
50 0.0275 1.96 × 10−4 1.3989 0.9973 2.93 × 10−4 1.3383 0.9969 NT
60 0.0409 1.75 × 10−4 1.3898 0.9986 3.52 × 10−4 1.2838 0.9973 NT

SSA850 + 4% methocel + 4% amijel + 8% starch 20 0.0738 3.54 × 10−2 0.8898 0.9999 3.88 × 10−2 0.8764 0.9999 175.48
30 0.2021 1.60 × 10−2 0.9644 0.9998 2.31 × 10−2 0.9095 0.9994 111.92
40 0.2005 6.94 × 10−3 1.0533 0.9996 1.18 × 10−2 0.9743 0.9988 59.04
50 0.1598 3.74 × 10−3 1.1101 0.9997 1.57 × 10−4 0.0039 0.9987 NT
60 0.1398 1.31 × 10−3 1.2387 0.9997 2.72 × 10−3 1.1293 0.9983 NT

SSA850 + 5% methocel + 4% amijel + 8% starch 20 −0.2135 8.02 × 10−2 0.8297 0.9998 6.83 × 10−2 0.8531 0.9997 NT
30 0.0962 4.32 × 10−2 0.8711 1.0000 4.81 × 10−2 0.8554 0.9999 NT
40 0.1929 1.61 × 10−2 0.9813 0.9998 2.23 × 10−2 0.9333 0.9995 NT
50 0.1875 8.13 × 10−3 1.0435 0.9998 1.27 × 10−2 0.9767 0.9991 NT
60 0.2102 2.52 × 10−3 1.1967 0.9995 5.15 × 10−3 1.0893 0.9981 NT

Figure 14: Arrhenius plots of ln(η) versus 1/T for sludge systems (SS0,
SSA850, SSA850 mixed with 4% methocel + 4% amijel + 8% starch, and
SSA850 mixed with 5% methocel + 4% amijel + 8% starch), at TS = 10%.
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the same activation energies, the same interactions are
most likely involved in both the rheological and electrical
properties [85].

4 Conclusion

In this current work, we have investigated the evolution of
rheological characteristics of SS0 and SSAs in relation to
calcination temperature, organic additives percentages, TS,
and testing temperature. In parallel, the impact of calcina-
tion temperature on the elemental composition, structural,
specific surface area, and microstructural changing of
sludge was also investigated.

It was found that for all TS (4–15%), SS0 and SSAs
exhibit non-Newtonian shear thickening (yield dilatant)
and non-thixotropic behaviours in terms of shear stress
and encompass both shear-thinning laminar and shear-
thickening turbulent behaviours in terms of apparent visc-
osity. According to Herschel–Bulkley and Cross models,
both the yield stress and the infinite apparent viscosity
of all sludges increased by increasing the TS (from 4 to
15%) and decreased by increasing the calcination tempera-
ture (from 800 to 950°C). This last decrease of rheological
characteristics can be related not only to the sludge che-
mical composition and crystalline phase variation, but also
to the decrease of BET specific surface area from 10.28 to
3.15 m2/g and the average pore diameter from 26.58
to 9.60 nm when calcination temperature increased from
800 to 950°C.

The incorporation of organic additives (4% methocel,
4% amijel, and 8% starch) in SSA sludges, at high TS
(10–15%), has conducted to a shear-thinning (pseudo-
plastic) behaviour, where yield stress and infinite apparent
viscosity are increased. These two characteristics showed a
significant rise when the methocel percentage increases from
2 to 6%. In addition, roughly the thixotropic behaviour of SSA
mixed with 4% methocel, 4% amijel, and 8% starch was
shown enhanced and weakened, respectively, when TS and
calcination temperature increased.

As the results of testing temperature rise, a meaningful
decrease in shear stress and apparent viscosity of sludge
systems was noticed. Hence, the relationship between tem-
perature and apparent viscosity of many sludge systems was
characterized by temperature-dependent activation energy.
The sludge system composed of SSA850 mixed with 5%
methocel, 4% amijel, and 8% starch exhibited the highest
inter-particle strength (Ea = 24.67 kJ mol−1) followed by the
system consisted of SSA850 mixed with 4% methocel, 4%
amijel, and 8% starch (Ea = 23.35 kJ mol−1), then the SS0
system (Ea = 20.80 kJ mol−1), and finally the SSA850 system
(Ea = 5.10 kJ mol−1). This explains the negative and positive
impact, respectively, of the calcination temperature and the
percentage of organic additives on activation energy.

From the perspective of this research, we suggest car-
rying out an extended analysis on the use of SSA’s obtained
at different calcination temperatures as efficient adsor-
bents or as low-cost tubular ceramic membranes for heavy
metal ions removal from industrial effluents and is also
interesting to study the effect of alkaline or acid pretreat-
ment of SSA’s on the removal efficiency of heavy metals
from industrial wastewater.
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SSA850 10 1.56 × 10−4 5.10 0.9885
SSA850 + meth4%+ ami4%+ star8% 10 1.23 × 10−6 23.35 0.9939
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