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Abstract: In this study, the rheological properties of thermophilic biological sludge (TBS) have
been investigated evaluating the influence of non-volatile solids (NVS). Calcium carbonate, sand,
and sodium bentonite were separately added to the sludge to evaluate the effect of concentration
and type of NVS. Results show that TBS consistency coefficient significantly enhanced increasing
sodium bentonite concentration. On the contrary, calcium carbonate and sand showed relatively
small influence on the rheological properties of TBS. Thixotropic behaviour of TBS has also been
investigated and is more pronounced at higher shear rate (1000 s−1). Double exponential fitting
model was the best choice to represent thixotropic behaviour in case of low (100 s−1) and high shear
rate (1000 s−1), while a single-exponential model represents the best option in case of medium shear
rate (400 s−1).

Keywords: thermophilic sludge; non-volatile solids; sewage sludge; rheology; sludge conditioning;
thixotropic behaviour

1. Introduction

Knowledge of the rheological properties of biological sludge (BS) is essential for
optimizing the management of a high-strength wastewater treatment plant for several
aspects: (i) membrane performance [1], energy consumption (e.g., in sludge pumping),
hydrodynamics of bioreactors [2], oxygen transfer by aeration systems [3], and sludge
sedimentation [4].

The hydrodynamic behaviour of the BS is closely related to its characteristics, which
include the relative concentration of solids, the nature of the wastewaters and the treatment
process to which it is subjected. At low concentrations of total solids (TS), the sludge
behaviour can be reasonably approximated in most cases as a Newtonian fluid with a linear
relationship between shear stress and strain rate and negligible yield stress [5]. Therefore,
measured viscosity is rather independent of the shear rate at given temperature and
pressure values, and the flow curve is represented by a straight line. As the concentration
of TS increases, the sludge deviates from the Newtonian behaviour and can assume shear-
thinning or shear-thickening behaviour. For such a non-Newtonian sludge the measured
viscosity becomes dependent on the shear rate and the ratio of shear stress to shear rate,
so-called apparent viscosity, is introduced [6]. The rheological characterization of non-
Newtonian sludge leads to practical difficulties in interpreting the behaviour of mixed
liquor. The Ostwald–de Waele model, the Bingham model, the Herschel and Buckley model,
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and the Casson model are most commonly used to express non-Newtonian relationships
between shear stress and shear rate for activated sludge. They can provide a suitable
description of the sludge properties for practical applications [7].

Several studies have shown that temperature significantly influences rheological char-
acteristics [6,8]. For instance, Baroutian et al. [6] studied the dependence of the rheological
properties of a BS on temperature in a range from 25 ◦C to 55 ◦C, finding a reduction of
the viscosity value with increasing temperature. As already described in the literature, the
rheological parameters of a sludge depend upon other process parameters such as pH [9,10],
TS concentration [11,12], and volatile solids (VS) concentration [13]. Treatments to which
the sludge is subjected also influence the rheological properties. Several differences have
been reported in the literature between non-digested mesophilic sludge [9,14], digested
mesophilic sludge [14,15], and thermal hydrolysed sludge [14,16]. For instance, digestion in-
fluences the rheological properties reducing viscosity of BS due to VS degradation [9,14,15].
Also thermal hydrolysis processes can lead to a reduction of the consistency coefficient
of BS thanks to the breaking of the long chains of fatty acids inside the sludge [14,16].
These differences highlight how those processes to which the BS is subjected can strongly
influence its rheological behaviour. In spite of how the knowledge that the rheological
behaviour of BS is increasing, most of the studies were conducted in mesophilic conditions—
though thermophilic sludge can also be used to biologically treat high strength wastewaters.
With high temperature conditions (T: 45–48 ◦C), a biomass was selected that had several
advantages such as a higher degradation rate of the organic substrate, lower excess sludge
production and rapid inactivation of pathogens [17]. However, as a drawback, thermophilic
biological sludges (TBS) have poor settling properties which make it necessary to couple
membranes in case of operation with high biomass concentration [18].

Data on the rheological properties of TBS are limited to the influence of temperature
and TS, without focusing, for example, on non-volatile solids (NVS). Furthermore, the
modelling of the thixotropic behaviour of a TBS represents a new topic in the international
scientific panorama. In the technical literature relatively few studies have been found
linking shear stress and time in a deterministic way [19–22].

This work aims to study how diverse types and concentrations of NVS affect the
rheological properties of a complex biological substrate such as TBS. Understanding the
influence of diverse types of NVS on the rheology of TBS represents a key point to reliably
characterize the hydrodynamic behaviour of the matrix. Furthermore, the time–response of
TBS was investigated for applied shear stress to evaluate and characterize the thixotropic
properties. The investigation approach and obtained data aim at providing practical
information for facility managers to deal with practical problems occurring during the
treatment process while assuring suitable levels of the plant efficiency.

2. Materials and Methods
2.1. Thermophilic Biological Sludge (TBS)

TBS was sampled in a full-scale membrane reactor fed with high-strength wastewaters.
Thermophilic biological reactor operated at a temperature of almost 48–50 ◦C and was
followed by ultrafiltration membranes for sludge separation. Details about the full-scale
thermophilic membrane reactor configurations are reported in our previous study [23].
After sampling, TBS was delivered to the laboratory in a plastic tank within 1 h to preserve
the biological activity and qualitative properties of the sludge. The main characteristics of
the unconditioned sludge are reported in Table 1.
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Table 1. Characteristics of unconditioned TBS. u.m.: unit of measure; (*): calculated as a difference
between TS and VS.

Parameter (u.m.) Value Analytical Method

Rheological Properties

k (–) 0.012–0.22 -
n (–) 0.51–1.1 -

Physico-Chemical Properties

pH (–) 7.5–8 [24]
TS (kg m−3) 175–185 [25]
VS (kg m−3) 85–95 [26]

NVS (kg m−3) 85–95 *
COD (mg L−1) 180,000–190,000 [27]
Ntot (mg L−1) 4000–5000 [28]
Ptot (mg L−1) 45–50 [29]

N-NH4
+ (mg L−1) 150–160 [30]

N-NO3
− (mg L−1) 250–300 [31]

N-NO2
− (mg L−1) 40–55 [32]

2.2. Choice of Non-Volatile Media

The main aim of this work is to investigate the rheological properties of TBS during the
operating conditions of existing treatment plants at full scale and how these properties can
be affected by most frequent causes of malfunctioning in order to provide a useful dataset
that can be of help for managers to adopt remedial measures and assure suitable plant
efficiency levels. For this reason, it was decided to test three types of NVS species usually
already present within a WWTP because the article aims to provide useful information to the
operator of a thermophilic biological plant for the treatment of high-strength wastewaters.
The non-volatile media tested were:

• Calcium carbonate, as it represents a residual product of the reaction of lime in water
and is very frequently used in full-scale high-strength wastewater treatment plants;

• Sand, to understand if malfunctions of the sand removal processes, which result in a
high number of solid particles entering the thermophilic biological reactor, can affect
the rheology of the BS;

• Sodium bentonite, as it can limit the filtering properties of membranes. For this reason,
understanding the influence of this substance in biological membrane processes is a
fundamental aspect for the optimization of treatment.

2.3. Rheological Properties
2.3.1. Evaluation of Sludge Consistency

In literature, several mathematical models are available in order to describe the rheo-
logical properties of BS [33]. Most of these models adopt a power-low curve that includes
an offset to account for the yield stress (τ0). When considering thermophilic biological
sludge from a membrane system [34], the Herschel–Buckley model (Equation (1)) [35] can
provide an adequate representation of the experimental data because BS is characterized by
a high concentration of solids [36]. Denoting with τ the shear stress and with

.
γ the shear

rate, the model reads:
τ = τ0

HB + k
.
γ

n (1)

where k and n represent the consistency coefficient and the flow behaviour index, respec-
tively. When n equals to 1 a Newtonian behaviour is obtained, n lower than 1 indicates
pseudoplastic properties, and n higher than 1 indicates a dilatant behaviour. The more
n differs from 1, the more fluid deviates from Newtonian properties. τHB

0 indicates the
yield stress.
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For every different dosage of diverse type of NVS, the estimated values ki and ni
of Herschel–Buckley model were related to the corresponding parameters k0 and n0 of
unconditioned sludge.

2.3.2. Evaluation of Thixotropic Behaviour

Three different models, referred to as single, double, and triple exponentials, were
used to interpolate the measured shear stress values over time (Equations (2)–(4)) and were
then compared to evaluate which one provides the best fitting to the experimental curve.

τ = Ae−αt (2)

τ = Ae−αt + Be−βt (3)

τ = Ae−αt + Be−βt + Ce−χt (4)

2.4. Experimental Procedure

To evaluate the effect of increasing TS concentration on rheological behaviour, TBS
was conditioned with calcium carbonate, sand, and sodium bentonite that were separately
added. Calcium carbonate (particle size 1–3 µm) and sodium bentonite (particle size
35–105 µm) in powdered form were purchased (Heiltropfen, London, UK) while sand
(particle size 0.16–0.24 mm) was sampled as a grit removal residue in a full-scale wastewater
treatment plant (WWTP). Sand was washed with distilled water to avoid the presence of
organic matter; it was subsequently dried at 105 ◦C in an oven (Memmert, Schwabach,
Germany) to avoid the presence of water which could alter the test.

TBS was conditioned by adding NVS from 90 kg m−3 up to 190 kg m−3 of concen-
tration. After that, the conditioned TBS was mixed for 4 h at 50–80 rpm to completely
homogenize the sample before performing the rheological measurement. The value of VS,
on the other hand, remained unchanged compared with the unconditioned sample.

Rheological tests were performed using RC20 coaxial cylinders rheometer (RheoTec,
Dresden, Germany) with a CC25DIN configuration (i.e., spindle radius 12.5 mm; stator
internal radius 13.56 mm). The following shear rate values were tested: 25 s−1, 50 s−1,
100 s−1, 200 s−1, 400 s−1, 600 s−1, 800 s−1, and 1000 s−1. The experimental procedure to
acquire data for evaluating the flow curve of the testing sludge sample was carried out by
maintaining each shear rate value for 150 s before increasing it at the next measurement
step. Shear stress and apparent viscosity were acquired every 15 s (i.e., ten datasets for each
share rate step). The shear stress values measured at each time and plotted in the following
figures should not be intended as instantaneous values as they represent the average of the
measures taken within the corresponding sampling time interval of 15 s. The mean and
confidence interval of the shear stress measurements were calculated for each applied shear
rate. Moreover, before carrying out the shear stress measurement at different shear rate
steps, each sludge sample was preliminary subjected to a fixed shear rate (i.e., 400 s−1) for a
constant time (i.e., 300 s) to cause structure breakdown and reduce the possible thixotropic
influence on the rheological measurements.

In a subsequent step, to evaluate a possible thixotropic property of TBS, the shear stress
and the apparent viscosity were recorded at three diverse shear rates (100 s−1, 400 s−1, and
1000 s−1), each of which has been maintained for a suitably long-time interval (i.e., 1200 s).
Shear rate values have been selected to provide an overview of the sludge behaviour within
the investigated range. These values have been considered sufficient to obtain suitable
information at this early stage of investigation, while the number of investigated shear rate
values will be enhanced in subsequent studies.

It must be pointed out that other experimental techniques can be applied for the
thixotropic analysis of a non-Newtonian fluid, such as the 3-intervals thixotropy test (3ITT)
from the multiple interval thixotropic test protocol (miTT) [37]. The 3ITT test can be
conveniently used for applying an instant shear stress/shear rate deformation in order to
simulate effects of pumping and stirring during food processing [38]. In any case, common
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full-scale applications of TBS in wastewater treatment plants involve overall steady state
operating conditions with negligible shear stress/shear rate mean local variations.

To reproduce full-scale operating conditions, the temperature during all tests was kept
at 48 ± 2 ◦C using a thermostatic bath (VELP Scientifica, Usmate Velate, Italy).

2.5. Data Processing

All parameters of Equation (1) were estimated by fitting the experimental data. The
yield stress was considered as a deterministic parameter ranging in the interval (0–3.9 Pa)
with steps of 0.05 Pa [36]. For each of these values, the coefficient of determination R2 was
estimated for the measured shear stress–shear rate values. The yield stress that maximizes
R2 has been assigned to the parameter τ0 in Equation (1). The accuracy of the fitting of
model was assessed through the standard estimation error. For each concentration (say i) of
NVS, k and n parameters of the Herschel–Buckley model were related to the corresponding
parameters of the unconditioned sludge.

For the description of the thixotropic properties, the parameters of exponential mod-
els (Equations (2)–(4)) have been estimated with a non-linear least square constrained
algorithm, as implemented by the lsqcurvefit function of Matlab®.

The parameter ∆ (Equation (5)) was used to compare fittings of different exponential
models in diverse conditions.

∆ = mline − 1 (5)

where mline represents the coefficient of linear interpolation of model data as a function of
experimental data. If ∆ is positive the model overestimates experimental data, and vice
versa models were also compared using the Akaike’s Information Criteria (AIC) index [39]
(Equation (6)), which represents a method for evaluating and comparing statistical models.
It is defined as:

AIC = 2p − 2ln(L) (6)

where p represents the number of parameters in the statistical model and L is the maximized
value of the likelihood function of the estimated model. In this study, given the Gaussian
distribution of the error, L has been considered equal to the sum of the normalized residues
squared. The AIC index provides a measure of the quality of the estimate considering both
the goodness of fit and the mathematical complexity of the model. Generally, models with
the lowest AIC are preferred.

3. Results
3.1. Dependence of Rheological Parameters from Non-Volatile Media

Preliminary tests (see Supplementary Materials) highlighted how non-volatile media
can potentially affect the rheological behaviour of TBS sampled in diverse reactors. Two
TBS samples were extracted from two diverse full-scale plants (with similar conditions of
feeding and operational temperature) and both the consistency coefficient, and the flow
behaviour index were calculated to characterize the sludge from a rheological point of
view. Results show that TBS with lower TS and NVS content exhibited a higher consistency
coefficient, thus suggesting a possible relation between NVS and rheological properties.

Therefore, the influences of non-volatile media concentration and type were considered
and the relation between these factors and TBS rheology was deeply studied. Figure 1
shows the results of the tests carried out by varying the concentration of diverse non-volatile
media in TBS.
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The consistency coefficient (ki) of the fluid conditioned with calcium carbonate was
nearly constant despite a strong increase in the concentration of solids inside the tested
sludge sample (Figure 1a). The variation of parameter k with respect to that of the uncon-
ditioned sample (k0) was expressed by the non-dimensional ratio ki k0

−1 that reached 1.1.
However, this increase was limited when compared with an increase in NVS concentration
greater than 110% (from 90 kg m−3 to 190 kg m−3). Moreover, ni n0

−1 also remained almost
the same. It reduced from a value of 1 (unconditioned situation) to 0.98 at 190 kg m−3

concentration of NVS (Figure 1b), showing an almost negligible influence of this type of
non-volatile media on the rheology of TBS within the investigated concentration range.

In the case where the sample was conditioned with sand, the sludge consistency
coefficient reduced to 0.5 the value of the unconditioned sludge (Figure 1a). Apart from
two values of the flow behaviour index n, obtained with NVS concentration in the range
120–140 kg m−3, deserving further investigation, the distance from the Newtonian be-
haviour was relatively small (i.e., ni n0

−1 ≈ 1.1) if compared with an increase in NVS
concentration greater than 110% (Figure 1b).

Sodium bentonite produced the greatest influence on TBS rheology among the three
types of NVS (see Supplementary Materials). Increasing NVS from the initial 90 kg m−3 up
to 190 kg m−3, the ratio ki k0

−1 reached the value of 19.29 (Figure 1a). Concerning the flow
behaviour index (n), adding sodium bentonite made the conditioned sludge behave like a
pseudoplastic fluid as the ratio ni n0

−1 was always lower than 1 for all NVS concentrations,
reaching the minimum value of about 0.67 at the highest NVS concentration (Figure 1b).

3.2. Evaluation of Sludge Response after Prolonged Imposed Shear Rate

In this case the experiment was aimed at investigating the possible thixotropic be-
haviour of a TBS unconditioned with a high solids content [40,41]. Tests were carried out
on unconditioned sludge sample subjected to a constant shear rate for a duration of 1200 s.
The thixotropic properties were evaluated for three shear rate values that are assumed to be
representative of the sludge behaviour over a wide range of operating conditions: 100 s−1,
400 s−1, 1000 s−1.

The experimental values of the shear stress τ as a function of the time t are presented
in Figure 2. As previously pointed out, the shear stress value plotted at each time represents
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the average measure within the corresponding time interval of 15 s which was assumed to
be long enough to smooth out transient effects due to a change in the spindle rotation.
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Figure 2. Shear stress as a function of time for different values of applied shear rate.

We observed an initial phase with decreasing shear stress values which was quite
pronounced in the test carried out at maximum shear rate (i.e., 1000 s−1); the shear stress
dropped from 16 Pa to 13.5 Pa, showing a reduction of about 15.3% in the first 300 s from
the beginning of the test. After that, the measured shear stress became almost stable.
Such behaviour can be explained by the fact that at higher shear rates a great part of the
microscopic structures were suddenly broken, therefore fewer changes in the measured
behaviour occurred at subsequent instants. In any case, an analogous behaviour can be
observed also at the lower shear rate (i.e., 100 s−1) where the shear stress decreased from
about 3.5 Pa to 2 Pa leading to a reduction of 43% within the same time interval. Such a
behaviour was probably related to relatively complex microscopic aspects that deserve
further investigation.

The three exponential models previously described (Equations (2)–(4)) have been used
to describe the shear stress as a function of time for different values of applied shear rate
and results were compared (Figure 3). All the exponential models provided a suitable fitting
and showed the inclination to slightly overestimate the higher shear stress. In general,
the calculated values of the parameter ∆ confirmed the suitability of the three models to
fit experimental data, but double exponential model (Equation (3)) provided values of ∆
below 0.01 in all three testing conditions.
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4. Discussion
4.1. Dependence of Rheological Parameters from Non-Volatile Media

Preliminary rheological comparison of two TBS coming from two diverse high-strength
wastewater treatment plants highlighted how the results are apparently not in line with
previous literature findings [14]. As shown in the Supplementary Materials, TBS with
higher TS concentrations but lower VS was characterized by a lower consistency index with
respect to that which characterized lower concentrated sludge. Therefore, NVS influence
on the rheological properties of a biological matrix has been investigated.

In this work, three types of non-volatile media were tested. Firstly, calcium carbonate
(CaCO3) was tested as it represents a residual product of the lime reaction in water and
its presence is very common in plants with chemical-physical processes (as in this specific
case). Results highlight how calcium carbonate induced a relatively small effect on the
rheological parameters of TBS, also increasing the concentration of NVS from 90 kg m−3 up
to 190 kg m−3. This result can be attributed to the absence of chemical interaction of CaCO3
with the water present inside the sludge. In fact, as reported by Behzadfar et al. [42], the
influence of calcium carbonate on the rheological properties of fluids varies depending on
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particle size. They observed that higher increases in viscosity were appreciable with higher
particle sizes of calcium carbonate [42]. In our study particle size was too small (1–3 µm) to
lead to a significant change on sludge rheological properties. Based on these results, the
potential dosage before biological processes of lime composed of small-particle CaCO3 will
produce circumscribed effects on the rheological parameters of TBS.

Sand was tested as NVS to understand if the rheology of BS can be affected by mal-
functions of grit removal processes, which determine high quantity of granular materials
entering the biological reactor. Results agree with Adeyinka et al. [43] who have explained
that sand does not influence the consistency coefficient of a fluid given absence of chemical
interaction between silica and water. On the contrary, Mangesana et al. [44] have high-
lighted how fluid viscosity can be influenced by sand dimensions, increasing with particle
size. In our study, results were obtained focusing only on sand with size of 0.16–0.24 mm,
therefore different outcomes with sands of diverse sizes cannot be excluded. Moreover, an
increase in consistency due to the contribution of interaction between biomass and sands
over the long-term cannot be excluded, and other studies should be further developed.
Probably, based on these results, the potential malfunction of grit removal processes will
produce circumscribed effects on the rheological parameters of TBS, even if some exper-
imental points in Figure 1b show a deviation from the above-described behaviour and
deserve further investigation.

Sodium bentonite is a non-volatile media reducing the filtering properties of mem-
branes [45]. For this reason, understanding the influence of this substance in membrane
biological processes is a key aspect for process optimization. In this work, results high-
light how sodium bentonite strongly influences rheological parameters of the investigated
biological mixture, enhancing the sludge consistency coefficient about 20 times when
increasing NVS concentration from 90 kg m−3 to 190 kg m−3. These results agree with
previous findings of Hamida et al. [46], which highlighted how even small concentrations
of sodium bentonite in water produce a viscous thixotropic fluid with low filtration capacity.
However, to date no results on a thermophilic biological substrate are available. This result
represents a key tool for water utility operators to optimize the operating costs of the plant
(e.g., pumping costs, washing of the membranes) and performance of the thermophilic
biological process.

4.2. Evaluation of Sludge Response after Prolonged Imposed Shear Rate

Plots of the shear stress as a function of time at a fixed shear rate were evaluated,
highlighting the thixotropic behaviour of the investigated sludge sample. In particular,
the obtained R2 values are 0.9738, 0.9899, 0.9911, respectively for the speeds of 100 s−1,
400 s−1 and 1000 s−1. These results can be related to the different speed of bond rupture
in the biological matrix. In exponential models, parameters α, β and χ can represent the
diverse phases of rupture of the surface tension of the sludge. In two-exponential model,
the parameters A and α can be associated with a faster phase describing the macro-breaking
of the ionic bonds and hydrogen bonds present in the sludge, while the other two B and
β can be related with a slower phase indicating the breaking of weak bonds inside the
biological structure.

The three-exponential model tried to explain the breaking of the bonds inside the
sludge flake at 3 temporal moments. As can be seen from Figure 3, at the higher shear rates
(i.e., 400 s−1 and 1000 s−1) the three-exponential model has the lowest value of the parame-
ter ∆ and for this reason it seems able to better mimic the 3 phases of sludge breaking.

Each exponential model was characterized by an intrinsic complexity given by the
number of parameters to be fitted. The AIC index was calculated to combine the information
on the accuracy that can be achieved by a model and the number of its tuning parameters
(Table 2).
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Table 2. Values of AIC index for different models in diverse shear rate conditions. (*): best conditions.

AIC Index

Shear Rate (s−1) Single Exponential Double Exponential Triple Exponential

100 −19.859 −39.862 * 14.883
400 −55.641 * −41.035 −26.070

1000 102.200 89.300 * 132.827

Based on the results, for shear rate equal to 100 s−1 and 1000 s−1, the double-exponential
model was the best choice for describing the thixotropic behaviour (−39.862 and 89.300)
while in case of 400 s−1, lower AIC was reached using single-exponential model despite the
difference with double-exponential model is very limited (−55.641 vs. −41.035). Therefore,
balancing accuracy and mathematical complexity of the model, double-exponential model
can be suitably adopted to describe thixotropic behaviour of TBS in this range of shear
stress. The tested matrix shows a first phase in which breaking of particles bonds results
in a rapid decrease of its viscosity and a second phase where the decrease of the viscosity
value is slower.

5. Conclusions

This work aimed to quantify the influence of non-volatile media on rheological prop-
erties of TBS and to better explore the response of thermophilic sludge in case of prolonged
shear rate. The results show a significant dependence of TBS from sodium bentonite con-
centration, while calcium carbonate and sand produced relatively lower influence. TBS
response to diverse shear rates for longer period highlighted a thixotropic behaviour which
is much pronounced at higher shear rate (1000 s−1). Double exponential fitting model
was the best choice in terms of interpolation accuracy of the results and mathematical
complexity for describing thixotropic behaviour in case of low (100 s−1; AIC: −39.826)
and high shear rate (1000 s−1; AIC: 89.300), while single-exponential model represented
the best option in case of medium shear rate (400 s−1) but with limited difference with
double-exponential model (−55.641 vs. −41.035).

This study represented a crucial step in gaining insight into the rheological properties
of TBS, with special reference to thixotropic behaviour. Future research is needed to clarify
a few aspects that have been pointed out in this work. The acquired experimental find-
ings will be useful for managers of high-strength wastewater treatment plants, providing
important information for improving the process efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12105198/s1, Section: Dependence of rheological parameters
from the thermophilic sewage sludge composition; Figure S1: Shear stress of TBS sampled from
(a) plant 1 and (b) plant 2 as a function of imposed shear rate. Section: Dependence of rheological
parameters from the type of NVS; Figure S2: Viscosity as a function of shear rate during TBS
conditioning with (a) calcium carbonate, (b) sand, and (c) sodium bentonite. Unconditioned situation
is represented by 180 g L−1 of TS concentration.
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Nomenclature

AIC: Akaike information criterion; BS: biological sludge; COD: chemical oxygen demand;
N-NH4

+: ammonia nitrogen; N-NO2
−: nitrite; N-NO3

−: nitrate; Ntot: total nitrogen; NVS: non-
volatile solids; Ptot: total phosphorous; TBS: thermophilic biological sludge; TS: total solids; VS:
volatile solids; 3ITT: three interval thixotropic test; WWTP: wastewater treatment plant.

References
1. Cornel, P.; Wagner, M.; Krause, S. Investigation of oxygen transfer rates in full scale membrane bioreactors. Water Sci. Technol.

2003, 47, 313–319. [CrossRef] [PubMed]
2. Manenti, S.; Todeschini, S.; Collivignarelli, M.C.; Abbà, A. Integrated RTD−CFD Hydrodynamic Analysis for Performance

Assessment of Activated Sludge Reactors. Environ. Process. 2018, 5, 23–42. [CrossRef]
3. Craig, K.J.; Nieuwoudt, M.N.; Niemand, L.J. CFD simulation of anaerobic digester with variable sewage sludge rheology. Water

Res. 2013, 47, 4485–4497. [CrossRef] [PubMed]
4. Collivignarelli, M.C.; Carnevale Miino, M.; Manenti, S.; Todeschini, S.; Sperone, E.; Cavallo, G.; Abbà, A. Identification and

Localization of Hydrodynamic Anomalies in a Real Wastewater Treatment Plant by an Integrated Approach: RTD-CFD Analysis.
Environ. Process. 2020, 7, 563–578. [CrossRef]

5. Chhabra, R.P. Non-Newtonian Fluids: An Introduction. In Rheology of Complex Fluids; Springer: New York, NY, USA, 2010;
pp. 3–34.

6. Baroutian, S.; Eshtiaghi, N.; Gapes, D.J. Rheology of a primary and secondary sewage sludge mixture: Dependency on temperature
and solid concentration. Bioresour. Technol. 2013, 140, 227–233. [CrossRef]

7. De Souza Mendes, P.R. Modeling the thixotropic behavior of structured fluids. J. Nonnewton. Fluid Mech. 2009, 164, 66–75.
[CrossRef]

8. Baudez, J.C.; Slatter, P.; Eshtiaghi, N. The impact of temperature on the rheological behaviour of anaerobic digested sludge. Chem.
Eng. J. 2013, 215, 182–187. [CrossRef]

9. Hong, E.; Yeneneh, A.M.; Sen, T.K.; Ang, H.M.; Kayaalp, A. A comprehensive review on rheological studies of sludge from
various sections of municipal wastewater treatment plants for enhancement of process performance. Adv. Colloid Interface Sci.
2018, 257, 19–30. [CrossRef]

10. Dollet, P.; Baudu, M. Rheological Application to the Characterization of the Bioflocculation of Activated Sludge. Ph.D. Thesis,
Université de Limoges, Limoges, France, 2000. (In French)

11. Christensen, J.R.; Sørensen, P.B.; Christensen, G.L.; Hansen, J.A. Mechanisms for Overdosing in Sludge Conditioning. J. Environ.
Eng. 1993, 119, 159–171. [CrossRef]

12. Dentel, S.K. Evaluation and role of rheological properties in sludge management. Water Sci. Technol. 1997, 36, 1–8. [CrossRef]
13. Vachoud, L.; Ruiz, E.; Delalonde, M.; Wisniewski, C. How the nature of the compounds present in solid and liquid compartments

of activated sludge impact its rheological characteristics. Environ. Technol. 2019, 40, 60–71. [CrossRef] [PubMed]
14. Collivignarelli, M.C.; Carnevale Miino, M.; Bellazzi, S.; Caccamo, F.M.; Durante, A.; Abbà, A. Review of rheological behaviour of

sewage sludge and its importance in the management of wastewater treatment plants. Water Pract. Technol. 2022, 17, 483–491.
[CrossRef]

15. Di Capua, F.; Spasiano, D.; Giordano, A.; Adani, F.; Fratino, U.; Pirozzi, F.; Esposito, G. High-solid anaerobic digestion of sewage
sludge: Challenges and opportunities. Appl. Energy 2020, 278, 115608. [CrossRef]

16. Hii, K.; Parthasarathy, R.; Baroutian, S.; Gapes, D.J.; Eshtiaghi, N. Rheological measurements as a tool for monitoring the
performance of high pressure and high temperature treatment of sewage sludge. Water Res. 2017, 114, 254–263. [CrossRef]

17. Bertanza, G.; Collivignarelli, M.C.; Crotti, B.M.; Pedrazzani, R. Integration between chemical oxidation and membrane ther-
mophilic biological process. Water Sci. Technol. 2010, 61, 227–234. [CrossRef]

18. Collivignarelli, M.C.; Abbà, A.; Carnevale Miino, M.; Caccamo, F.M.; Argiolas, S.; Bellazzi, S.; Baldi, M.; Bertanza, G. Strong
minimization of biological sludge production and enhancement of phosphorus bioavailability with a thermophilic biological
fluidized bed reactor. Process Saf. Environ. Prot. 2021, 155, 262–276. [CrossRef]

19. Mewis, J.; Wagner, N.J. Thixotropy. Adv. Colloid Interface Sci. 2009, 147, 214–227. [CrossRef]
20. Hammadi, L.; Ponton, A.; Belhadri, M. Temperature effect on shear flow and thixotropic behavior of residual sludge from

wastewater treatment plant. Mech. Time-Dependent Mater. 2013, 17, 401–412. [CrossRef]

http://doi.org/10.2166/wst.2003.0620
http://www.ncbi.nlm.nih.gov/pubmed/12906305
http://doi.org/10.1007/s40710-018-0288-5
http://doi.org/10.1016/j.watres.2013.05.011
http://www.ncbi.nlm.nih.gov/pubmed/23764598
http://doi.org/10.1007/s40710-020-00437-4
http://doi.org/10.1016/j.biortech.2013.04.114
http://doi.org/10.1016/j.jnnfm.2009.08.005
http://doi.org/10.1016/j.cej.2012.10.099
http://doi.org/10.1016/j.cis.2018.06.002
http://doi.org/10.1061/(ASCE)0733-9372(1993)119:1(159)
http://doi.org/10.2166/wst.1997.0387
http://doi.org/10.1080/09593330.2017.1378729
http://www.ncbi.nlm.nih.gov/pubmed/28893149
http://doi.org/10.2166/wpt.2021.098
http://doi.org/10.1016/j.apenergy.2020.115608
http://doi.org/10.1016/j.watres.2017.02.031
http://doi.org/10.2166/wst.2010.793
http://doi.org/10.1016/j.psep.2021.09.026
http://doi.org/10.1016/j.cis.2008.09.005
http://doi.org/10.1007/s11043-012-9191-z


Appl. Sci. 2022, 12, 5198 12 of 12

21. Thiène, O.; Dieudé-Fauvel, E.; Baudez, J.-C. Experimental difficulties often encountered with sludge rheological properties
determination and advices to perform reliable measurements. Appl. Rheol. 2019, 29, 117–129. [CrossRef]

22. Thiène, O.; Dieudé-Fauvel, E.; Baudez, J.C. Impact of mechanical history on sludge rheological properties: Role of the organic
content. Water Res. 2019, 157, 175–180. [CrossRef]

23. Collivignarelli, M.C.; Carnevale Miino, M.; Caccamo, F.M.; Baldi, M.; Abbà, A. Performance of Full-Scale Thermophilic Membrane
Bioreactor and Assessment of the Effect of the Aqueous Residue on Mesophilic Biological Activity. Water 2021, 13, 1754. [CrossRef]

24. APAT-IRSA-CNR. Method n.2060—pH; Italian Agency for the Protection of the Environment and for Technical Services and Italian
Water Research Institute: Rome, Italy, 2003. (In Italian)

25. UNI EN. UNI EN 14346 Waste Characterization—Calculation of Dry Matter by Determining the Dry Residue or Moisture Content; Italian
National Unification: Rome, Italy, 2007.

26. UNI EN. UNI EN 15169 Waste Characterization—Determination of Fire Loss in Waste, Sludge and Sediment; Italian National Unification:
Rome, Italy, 2007.

27. ISO. ISO 6060 Water Quality—Determination of the Chemical Oxygen Demand; International Organization for Standardization:
Geneva, Switzerland, 1989.

28. CNR-IRSA. CNR-IRSA 6 Notebook 64, Volume 3, Nitrogen. Analytical Methods for Sludge; Italian Water Research Institute: Rome,
Italy, 1985. (In Italian)

29. UNI EN. UNI EN 13657: Waste Characterization—Digestion for the Subsequent Determination of the Water-Soluble Portion of the Elements
Contained in the Waste; Italian National Unification: Rome, Italy, 2004. (In Italian)

30. APAT-IRSA-CNR. Method n.4030—Ammoniacal Nitrogen. Non-Metallic Inorganic Constituents. METHOD A1-Spectrophotometric
Determination of Indophenol; Italian Agency for the Protection of the Environment and for Technical Services and Italian Water
Research Institute: Rome, Italy, 2003. (In Italian)

31. EPA. EPA 300.1: Determination of Inorganic Anions in Drinking Water by Ion Chromatography—Revision 1.0; United States Environ-
mental Protection Agency: Cincinnati, OH, USA, 1997.

32. APAT-IRSA-CNR. Analytical Methods for Water—n. 4050: Nitrous Nitrogen; Italian Agency for the Protection of the Environment
and for Technical Services and Italian Water Research Institute: Rome, Italy, 2003. (In Italian)

33. Ratkovich, N.; Horn, W.; Helmus, F.P.; Rosenberger, S.; Naessens, W.; Nopens, I.; Bentzen, T.R. Activated sludge rheology: A
critical review on data collection and modelling. Water Res. 2013, 47, 463–482. [CrossRef] [PubMed]

34. Collivignarelli, M.C.; Abbà, A.; Frattarola, A.; Manenti, S.; Todeschini, S.; Bertanza, G.; Pedrazzani, R. Treatment of aqueous
wastes by means of Thermophilic Aerobic Membrane Reactor (TAMR) and nanofiltration (NF): Process auditing of a full-scale
plant. Environ. Monit. Assess. 2019, 191, 708. [CrossRef] [PubMed]

35. Huang, X.; Garcia, M.H. A Herschel–Bulkley model for mud flow down a slope. J. Fluid Mech. 1998, 374, 305–333. [CrossRef]
36. Abbà, A.; Collivignarelli, M.C.; Manenti, S.; Pedrazzani, R.; Todeschini, S.; Bertanza, G. Rheology and Microbiology of Sludge

from a Thermophilic Aerobic Membrane Reactor. J. Chem. 2017, 2017, 8764510. [CrossRef]
37. Stadler, F.J.; Cui, S.; Hashmi, S.; Handschuh-Wang, S.; Li, W.; Wang, S.; Yan, Z.-C.; Zhu, G. Multiple interval thixotropic test

(miTT)—An advanced tool for the rheological characterization of emulsions and other colloidal systems. Rheol. Acta 2022,
61, 229–242. [CrossRef]

38. Toker, O.S.; Karasu, S.; Yilmaz, M.T.; Karaman, S. Three interval thixotropy test (3ITT) in food applications: A novel technique to
determine structural regeneration of mayonnaise under different shear conditions. Food Res. Int. 2015, 70, 125–133. [CrossRef]

39. Li, Y.; Shi, X.; Yang, M.; Liang, L. Variable selection in data envelopment analysis via Akaike’s information criteria. Ann. Oper.
Res. 2017, 253, 453–476. [CrossRef]

40. Cao, X.; Jiang, K.; Wang, X.; Xu, G. Effect of total suspended solids and various treatment on rheological characteristics of
municipal sludge. Res. Chem. Intermed. 2018, 44, 5123–5138. [CrossRef]

41. Wei, P. Characterisation of Sludge Rheology and Sludge Mixing in Gas-mixed Anaerobic Digesters. Ph.D. Thesis, Delft University
of Technology, Delft, The Netherlands, 2021.

42. Behzadfar, E.; Abdolrasouli, M.H.; Sharif, F.; Nazockdast, H. Effect of solid loading and aggregate size on the rheological behavior
of pdms/calcium carbonate suspensions. Braz. J. Chem. Eng. 2009, 26, 713–721. [CrossRef]

43. Adeyinka, O.B.; Samiei, S.; Xu, Z.; Masliyah, J.H. Effect of particle size on the rheology of Athabasca clay suspensions. Can. J.
Chem. Eng. 2009, 87, 422–434. [CrossRef]

44. Mangesana, N.; Chikuku, R.S.; Mainza, A.N.; Govender, I.; van der Westhuizen, A.P.; Narashima, M. The effect of particle sizes
and solids concentration on the rheology of silica sand based suspensions. J. S. Afr. Inst. Min. Metall. 2008, 108, 237–243.

45. Hilal, N.; Ogunbiyi, O.O.; Miles, N.J. Experimental Investigation on the Separation of Bentonite using Ceramic Membranes: Effect
of Turbulence Promoters. Sep. Sci. Technol. 2008, 43, 286–309. [CrossRef]

46. Hamida, T.; Kuru, E.; Pickard, M. Rheological characteristics of aqueous waxy hull-less barley (WHB) solutions. J. Pet. Sci. Eng.
2009, 69, 163–173. [CrossRef]

http://doi.org/10.1515/arh-2019-0011
http://doi.org/10.1016/j.watres.2019.03.040
http://doi.org/10.3390/w13131754
http://doi.org/10.1016/j.watres.2012.11.021
http://www.ncbi.nlm.nih.gov/pubmed/23219387
http://doi.org/10.1007/s10661-019-7827-z
http://www.ncbi.nlm.nih.gov/pubmed/31677112
http://doi.org/10.1017/S0022112098002845
http://doi.org/10.1155/2017/8764510
http://doi.org/10.1007/s00397-021-01323-y
http://doi.org/10.1016/j.foodres.2015.02.002
http://doi.org/10.1007/s10479-016-2382-2
http://doi.org/10.1007/s11164-018-3413-1
http://doi.org/10.1590/S0104-66322009000400010
http://doi.org/10.1002/cjce.20168
http://doi.org/10.1080/01496390701787438
http://doi.org/10.1016/j.petrol.2009.08.003

	Introduction 
	Materials and Methods 
	Thermophilic Biological Sludge (TBS) 
	Choice of Non-Volatile Media 
	Rheological Properties 
	Evaluation of Sludge Consistency 
	Evaluation of Thixotropic Behaviour 

	Experimental Procedure 
	Data Processing 

	Results 
	Dependence of Rheological Parameters from Non-Volatile Media 
	Evaluation of Sludge Response after Prolonged Imposed Shear Rate 

	Discussion 
	Dependence of Rheological Parameters from Non-Volatile Media 
	Evaluation of Sludge Response after Prolonged Imposed Shear Rate 

	Conclusions 
	References

