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Abstract: This study investigates the drying behavior and rheological properties of de-
hydrated sewage sludge from various wastewater treatment plants in the Liege region
(Belgium). Emphasizing the characterization of key parameters to enhance sludge man-
agement strategies, a series of experiments were conducted, including total solid content
(TSC) determination, volatile solid content (VSC) analysis, texture profile analysis (TPA),
penetrometry, and oscillatory rheology tests. Results showed no significant trends between
specific evaporation capacity and the analyzed variables, cohesiveness, TSC, VSC, hardness,
yield, and flow point. However, a clear trend indicated that higher G’ values are associ-
ated with improved drying rates. This aligns with the existing literature, suggesting that
the viscoelastic properties of sludge, represented by G’, could potentially predict drying
performance. A strong correlation between G’ and cohesiveness was also observed, recom-
mending the use of G’ as the primary parameter due to the standardization and reliability
of rheological tests. Despite the limited sample size, the study provides a valuable starting
point for future research. Further investigations with larger sample sizes and controlled lab-
oratory conditions are recommended to validate these findings and establish ranges within
which the studied properties can be useful for future calculations and analyses. These
efforts will contribute to optimizing sludge drying processes and promoting sustainable
wastewater treatment practices.

Keywords: sewage sludge; drying behavior; textural properties; viscoelasticity; adhesiveness;
cohesiveness

1. Introduction

Wastewater treatment plants (WWTDPs) consist of a series of well-defined stages involv-
ing physical, chemical, and microbiological operations to eliminate contaminants. These
operations produce sewage sludge (SS), a complex mixture comprising microorganisms,
traces of inorganic matter, and occasional pollutants derived from human activity. SS
composition is variable and depends on the treatment used, the origin of waste water, the
localization of WWTP, and the water content or the total solid content (TSC) of SS itself,
among others variables [1].

The increasing production of sewage sludge presents a significant challenge both do-
mestically and industrially, reflecting the rapid growth and urbanization of global society.
As more populations and industrial sectors connect to wastewater treatment systems, the
amount of sludge generated is rising exponentially. For instance, in Europe, sewage sludge
production reached approximately 12 million tons in 2022, doubling since 1995 [2]. This
trend poses considerable challenges in terms of management and final disposal of sludge,
especially within the context of increasingly stringent environmental legislation. Current
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regulations impose rigorous limits on emissions and the quality of treated waste, com-
pelling wastewater treatment plants to adopt more efficient and sustainable management
practices [3].

Throughout its treatment, SS transitions from a Newtonian liquid to a dry solid.
Initially behaving as a Newtonian liquid with a TSC of 0.5 to 1% during pretreatment
phases, it becomes a highly viscous non-Newtonian liquid with a TSC between 1 and
5% [4-6]. Following mechanical dewatering, SS is transformed into a mud-like substance
also known as dehydrated sewage sludge (DSS), with a TSC of 20 to 30% [7-11], eventually
drying into a granular solid during thermal treatment, with a TSC higher than 95% [12-14].

Drying, a critical post-dewatering step, addresses numerous challenges and rep-
resents the most energy-intensive and sometimes the most expensive operation in SS
management [15]. The composition of DSS, including moisture, volatile content, particle
distribution, surface area, porosity, and structure, varies based on its origin, significantly
affecting the efficiency of the drying process [16]. For example, DSS with higher volatile
solid content dries slowly and shows reduced evaporation capacity, while DSS with lower
initial moisture content dries more efficiently and yields a better-quality product. Moreover,
the rheological and textural behavior of DSS is crucial as changes in structure affect the
drying rate [17-20]. Some authors have found that it is possible to predict the drying
behavior of the DSS by understanding and knowing its hydro-textural characteristics, as
well as the dewatering and shrinkage aptitude [21]. As a consequence, many authors have
studied how the viscoelastic and textural properties of DSS behave and change with the
dewatering conditions, as well as the addition of substance (flocculants and coagulants), in
order to predict, optimize, and control DSS management including its drying [16,22-24].

This study explores the variability of textural properties and their influence on DSS
drying behavior, alongside the historical factors associated with DSS origins and treatment
processes, providing a holistic understanding of DSS mechanical properties and drying
behavior, using real processed samples of DSS. Moreover, this study provides a valuable
starting point for identifying the best way to measure the texture of DSS and the ranges
for some textural properties such as hardness, cohesiveness, adhesiveness, and storage
modulus (G'). A strong correlation was identified between G’ and cohesiveness, and a clear
trend was observed suggesting that higher G’ values are associated with better drying rates,
aligning this study with the existing literature, indicating that the viscoelastic properties of
sludge, as represented by G’, could describe or predict drying performance.

2. Materials and Methods
2.1. Dehydrated Sludge Samples

DSS samples were collected from five WWTPs around the city of Liege, Belgium:
Embourg (S;), Lantin (S;), Grosses-Battes (S3), Sclessin (S4), and Oupeye (Ss). Each sample
was stored at 4 °C throughout the experimental period to prevent biochemical activity and
loss of integrity. The geographical layout of these WWTPs is illustrated in Figure 1.

2.2. Total Solid Content and Loss on Ignition

TSC and loss on ignition, which reflects the volatile solid content (VSC), were deter-
mined following the standard methodologies [25]. This involved drying the samples at
105 °C until a constant mass was achieved, followed by calcination at 550 °C for 2 h to
quantify the organic matter content through weight loss.
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Figure 1. Map of localization of Liege WWTPs considered in the study.

2.3. Penetrometry, Texture Profile Analysis, and Oscillatory Rheology

Penetration and texture profile analysis (TPA) tests were performed using a universal
traction machine of LS1penetrometer (AMETEK Lloyd Instruments, West Sussex, England)
equipped with a 10 N probe and a 30 mm diameter spherical geometry probe for penetration
tests, and a flat circular head (diameter = 60 mm) for TPA. The rheological behavior was
evaluated using an MCR302e modular rheometer equipped (Anton Paar, Graz, Austria)
with a 50 mm diameter serrated parallel plate geometry, controlled by Rhocompass 1.30
software. All measurements were carried out at a controlled temperature of 20 °C to
prevent moisture evaporation from the samples and ensure consistency [14,26].

2.3.1. Penetration Test

DSS samples weighing 60 g were placed in an aluminum capsule and penetrated to
a depth of 15 mm at a constant speed of 1 mm/s [20]. This setup simulates the practical
conditions that DSS might encounter in handling and processing.

2.3.2. Texture Profile Analysis Test

Samples were molded into cylinders measuring 18 mm in diameter and 30 mm in
height. The samples were subjected to a dual-round compression test using a flat circular
head with a diameter of 60 mm. The compression was performed to achieve 30% of the
original sample height at a constant speed of 1 mm/s. This testing protocol is crucial
for evaluating how the material behaves under pressure, providing valuable data on its
hardness, cohesiveness, and adhesiveness. These properties are essential for understanding
the structural integrity and processing suitability of DSS [11,27].

2.3.3. Oscillatory Rheology Test: Amplitude Sweep Test

The tests were carried out in a controlled environment, with a logarithmic shear strain
ramp from 0.01 to 1000% at a constant angular frequency of 1 Hz. To maintain consistency
in sample conditions, a pre-shearing process was instituted for 1 min at a shear rate of
0.05% and frequency of 1 Hz, followed by a 10-minute rest period before measurements.
This procedure ensures minimal structural changes, thus providing reliable and repeatable
results [14,26].
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2.4. Convective Drying Tests

Drying experiments were performed in a specially designed micro-drier, capable of
handling small individual samples ranging from 0.5 to 5 g. The test followed controlled
conditions with an air temperature of 90 °C, airflow velocity of 2 m/s, and ambient
humidity maintained at approximately 0.005 kg water per kg of dry.

The dryer is illustrated in Figure 2 and consists of two main components: the air
conditioning and feeding system, and the drying chamber. Compressed air is supplied
from the laboratory network, with its flowrate regulated by a pneumatic valve connected
to a mass flowmeter. The air can be humidified by introducing steam from a generator,
heated to the desired temperature via a heating channel, and subsequently directed into

Mass Pneumatic QOil Remover /
Flowmeter Valve Pressure regulator

the drying chamber.

Compressed air
network

Steam injection

Steam

generator @—
G

Precision
wheighing divice

j ‘ Heating channel
> > ? _@

\
Dehydrated
sludge Sample

Figure 2. Micro-dryer unit adapted from [28].

Within the drying chamber, the sludge extrudate is placed on a supporting grid
attached to a precision balance (BP 150, Sartorius, Gottingen, Germany) with an accuracy of
0.001 g. This setup ensures uniform drying across the entire external surface of the sample.
The balance is connected to a PC, which records the mass every five seconds.

The drying exchange surface and volume of sludge samples were measured using
the methodology developed by A. Léonard (2002) [28]. During the experiments, the
samples were periodically removed from the dryer chamber and placed about 2 min into a
Skyscan-1074 X-ray scanner (Skyscan, Ghent, Belgium) in order to obtain images of several
cross-sections. This procedure was repeated approximately ten times without affecting
the drying kinetics. The obtained images, with a pixel size of 41 um, were reconstructed
using the Skyscan/NRecon V1.7.4.2 software. Matlab 2024® software was subsequently
used to determinate the average equivalent diameter [mm] and average height [mm] and
finally calculate the surface area of the sample. The obtained data were used to generate
the Krischer’s curve of DSS drying.

Figure 3 shows from left to right the raw images obtained from tomography, a transver-
sal cut obtained from NRecon, and finally a processed black and white image from Matlab
2024® software.
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Figure 3. Sequence of DSS image reconstruction.

3. Results and Discussion
3.1. General Differences in Treatment Process

It is essential to highlight the differences in the treatment process between the various
stations. As previously mentioned, the origin has a significant impact on DSS rheology,
texture, and consequently, on the drying behavior. To understand these differences, we
relied on surveys conducted with WWTP supervisors, although unfortunately we were
unable to obtain detailed responses.

Table 1 summarizes the key characteristics of the WWTPs considered in this study,
which could potentially influence the behavior and properties of the samples. The table
does not show significant differences in the types of treatments employed, but there could
be substantial variations in the techniques or equipment used. However, the available data
indicate differences in capacity and commissioning years, which could have a noticeable
impact on the results. In Table 1, symbols  and X mean if the treatment is done or not in
each WWTP respectively.

Table 1. Highlights of the WWTPs considered in the study.

Feature Embourg Lantin Grosses-Battes Sclessin Oupeye
Code Sl 52 83 /SL3 S4 55
Capacity [PE] 24,300 31,500 53,100 135,000 402,000
Commissioning 1996 2003 2002 2001 2007
Water treatment Activated sludge

e - C e e aw Anaerobic

Sludge stabilization Liming Liming Liming Liming digestion
Sludge thickening v X X X X
Dewatering technology Belt Filter Belt Filter Belt Filter Press Filter Centrifugation
Liming X X v /X v X
Carbon treatment v v v v v
Nitrogen treatment v v v v v
Bacteriological X X X X X
treatment
Final disposition Agriculture/Incineration Incineration

* Sludge is limed after being dehydrated in an external installation. ** Sludge is limed after being dehydrated
inside the WWTP.

From Table 1, we obtained six samples in total, four being sludge not subjected to
liming and two subjected to it, with S3 being the only sample that we have before and
after liming.

3.2. Samples Differences

TSC allows us to identify valuable characteristics of the material, such as the minimum
achievable sample mass following the process of conductive drying and the initial moisture
content or humidity of the sample. As shown in Table 2, the TSC for the five stations
ranges between 14 and 25%. TSC also provides insights into the effectiveness of the plant’s
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dewatering system. For instance, Grosses-Battes (S3/513) and Lantin (S;) appear to have
less effective mechanical dewatering systems compared to Embourg (S1) and Oupeye (Ss).
The literature indicates that there is no universally superior mechanical dewatering system;
the choice of equipment depends on multiple factors such as desired final dryness, cost,
compatibility, and productivity. The results suggest that it is most relevant to compare
samples with similar TSC, such as S,-S3 and S4—Ss.

Table 2. TSC and VSC of DSS samples.

Sample TSC [g/100 gl VSC [% of TSC]
S 24.58 £+ 0.07 49.1 £0.36
Sy 14.35 + 0.03 77.8 £ 0.54
Ss 14.41 £ 0.01 72.1 £0.85
Si3 19.3 + 0.05 40.4 + 0.36
Sy 24.02 £+ 0.06 45.1 £ 0.06
Ss 22.20 £+ 0.08 64.8 £ 0.31

Most importantly, the impact of lime on reducing sludge humidity is evident when
comparing the TSC of S3 and Sy 3. Liming is a widely practiced method worldwide because
it increases TSC, reduces the VSC, making DSS more stable and easier to store. When
performed correctly, this process also facilitates the drying of the sludge [29-31].

VSC represents the organic components of the sludge, usually valorized for agricul-
tural applications. Higher volatile solid content in sludge enhances its effectiveness for
agricultural uses. The data indicate, as expected, that samples subjected to liming have
a lower content of volatile solids (less than 40%) compared to those that were not limed,
which had a VSC greater than 60%, classifying them as organic sludge. According to the
VSC, samples can be classified into two groups: mostly organic (S1, Sy, S3, and Ss) and
mostly inorganic (S31, and Sy).

3.3. Penetration Test Results

The penetration test, as described in the methodology, consists of a two-phase cycle:
compression (loading) and decompression (unloading). This test is critical for evaluating
the mechanical properties of the dehydrated sewage sludge (DSS) samples [20,32]. Figure 4
shows the standard penetration curve obtained in this type of experiment, and the mean
values of adhesiveness and cohesiveness are shown in Table 3.

4

— = Penetration Curve

8

Applied Force [N]

v

min

Penetration Depth [mm]

Figure 4. Standard force-depth curve obtained from penetration test.
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Table 3. Penetration results.

Sample Cohesiveness [kPal] Adhesiveness [N]
51 38 £0.43 1.113 £ 0.001
S, 56 £0.21 0.187 £ 0.003
S3 15 +0.08 0.443 + 0.004
Si3 27 £0.05 0.113 £ 0.003
Sy 35+0.17 0.166 + 0.001
Ss 31 £0.19 0.407 £ 0.002

From Figure 4, it is possible to calculate the following variables.

e Firmness/Hardness [N]: Defined as the maximum positive peak force during the
compression test (Fmax), representing the force required for the probe to penetrate
the sample to its maximum depth. Fpax is commonly associated with the sample’s
firmness or hardness.

e  Compression Work [m]J/Nmm]: Represented by the positive area under the curve
up to Fmax (A1), corresponding to the work carried out by the probe during the
compression test on the sample.

e  Adhesive Force [N]: Defined as the minimum negative peak force during the separation
of the sample from the probe (Fin). A larger negative value of Fp,;, indicates a more
adhesive material.

e  Adhesiveness/Stickiness [m]/Nmm]: Reflected by the negative area under the curve
(Ay), representing the work required to detach the probe from the sample. This param-
eter is linked to the sample’s adhesiveness, stickiness, or tackiness index, indicating
the energy required to separate the sample from surfaces.

e  Rigidity [N/mm]: Represented by the initial slope of the positive part of the penetra-
tion curve, which is related to the rigidity of the sludge sample.

e  Cohesive Load [kPa]: Defined as the maximum load value recorded when the probe
penetrates the sample, reflecting the sample’s cohesiveness.

In this study, only the values of adhesiveness and cohesiveness will be calculated, as
previous publications have identified these parameters as the most important in terms of
sludge drying, handling, and treatment [33,34].

The results indicate notable differences in the mechanical properties of the samples:

e  Cohesiveness [kPa]: Sample S, exhibited the highest cohesiveness (56 kPa), suggesting
a denser and more resilient structure compared to other samples, indicating a greater
ability to withstand deformation. Sample S3 showed the lowest cohesiveness (15 kPa),
indicating a softer material. Interestingly, the limed sample Sy 3 showed slight im-
provements in cohesiveness (27 kPa) compared to its limed counterpart, suggesting
that liming could improve the mechanical properties of DSS.

e Adhesiveness [N]: There were appreciable differences in adhesiveness among the
samples. Sample S; showed the highest adhesiveness (1.113 N), indicating a higher
tendency to stick to surfaces, while sample S3;, had the lowest adhesiveness (0.113 N),
followed by S4 (0.166 N), suggesting that liming can reduce the pasty behavior of DSS.

3.4. Texture Profile Analysis (TPA) Results

The TPA tests were conducted to evaluate the textural properties of the dehydrated
sewage sludge (DSS) samples. The TPA compression tests involved two rounds of compres-
sion, achieving 30% compression of the sample height. This testing protocol is crucial for
evaluating the material’s response to deformation and its mechanical stability [34]. Figure 5
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shows the standard force-time curve obtained from a TPA test, and the average values of
adhesiveness cohesiveness and hardness obtained by TPA are shown in Table 4.
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Figure 5. Standard force-time curve obtained from TPA test.
Table 4. Texture profile analysis (TPA) results.
Sample Cohesiveness Adhesiveness Hardness
p [Dimensionless] [N] [N]
S 32 +0.5% 2.15 4+ 0.088
S, 31 +1% 1.99 4+ 0.04
S3 23 4+ 0.8% 1 _3 1.67 4+ 0.02
S5 32 + 0.3% <1x10 2.85 + 0.06
Sy 37 £0.1% 2.85 £+ 0.05
S5 27 +1.1% 1.84 £ 0.03

The force-time curves obtained from the TPA tests typically show two significant
peaks corresponding to the two compression cycles [33,35]. These peaks provide insights
into various textural properties:

e  Cohesiveness [dimensionless]: Calculated as the ratio of the area under the second
compression curve (A4) to the area under the first compression curve (A3). This di-
mensionless parameter reflects how well the sample withstands a second deformation
relative to its initial structure.

e  Adhesiveness [N's]: Defined as the negative area during the first compression cycle,
representing the work required to pull the compressing plunger away from the sample.
Higher values indicate a more adhesive material.

e  Hardness [N]: Represented by the maximum force (Fmax) during the first compression
cycle. This parameter indicates the resistance of the sample to deformation. Higher
values suggest a firmer material.

Other textural properties such as gumminess, springiness, resilience, chewiness, and
fracturability can be calculated from the diagram, but they are more related to food sci-
ence [36].

The TPA results indicate significant variations in the textural properties of the DSS
samples:
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e  Cohesiveness: The cohesiveness values ranged from 23% to 37%. Sample S5 had the
highest cohesiveness (37%) followed by samples S31, (32%) and S; (31%), indicating
that they retain their structure better under repeated deformation. Conversely, sample
S3 showed the lowest cohesiveness (23%), again suggesting that liming can improve
the structural integrity of the sludge.

e Adhesiveness: The values for adhesiveness were found to be minimal and did not
vary significantly among the samples, as the method was not apt for measuring this
property in the given context.

e Hardness: Samples S, and Sy exhibited the highest hardness values (2.85 N), indi-
cating a firmer texture. In contrast, sample S3 showed the lowest hardness (1.67 N),
suggesting again that liming can improve the material’s texture.

3.5. Oscillatory Rheology Test Results

The rheological properties of the sludge samples were assessed using amplitude sweep
tests, providing critical insights into their viscoelastic behavior. These tests measure how the
material responds to stress and strain, revealing information about its structural integrity
and deformation characteristics. The results are presented in the form of rheograms, with
shear strain (y) on the X-axis and the storage modulus (G’) and loss modulus (G”) on the
Y-axis. Both axes are in a logarithmic scale [33]. Figure 6 shows a typical rheogram obtained
during the experiments.

A
®— Storage Modulus (G')
= Loss Modulus (G")
L e & e A
g - '-.
-
"
"
=
L
"llllIIllllllII'...' n
. -
= "t
0 S
E o
»m x
@) L
.
n
| ]
Viscoelastic Yield/Flow Flow
Region Transition Region Region
v, Y, ! >
it Shear Strain [%] £ 1000

Figure 6. Standard rheogram obtained from oscillatory rheology results.

The rheogram shown in Figure 6 describes the behavior of all the samples studied,
with some differences in the order of magnitude. In all cases, the storage modulus (G') is
initially greater than the loss modulus (G”), i.e., G’ > G”, indicating that, at low stress, the
DSS samples behave like viscoelastic gels. This suggests that they can be considered like
solids with a certain degree of viscoelasticity.

As the shear strain (y) increases, G”” decreases, giving rise to three distinct regions
in the graph. Initially, in the Linear Viscoelastic Region (LVE), G’ remains constant, with
G’ > G”, indicating that the material undergoes elastic deformations without compromising
its internal structure. The boundary of this region corresponds to the yield strain or
yield point (y1), which marks the point beyond which irreversible deformations begin to
occur. As the deformation continues to increase, the material enters the Transition Region,
where G’ > G” still holds; however, the sludge undergoes irreversible deformation as its
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microstructure is progressively destroyed. This process is evidenced by the decrease in the
G’ modulus, although the material retains its solid-like behavior. Finally, upon reaching the
flow point (yg), the G’ and G” moduli become equal, indicating the transition into the Flow
Region, where the material begins to flow under the influence of external forces. At this
stage, the sludge’s internal structure is completely destroyed, resulting in a predominantly
viscous behavior, characterized by G” > G’ [14,26,33,37,38]. The mean values of G/, v, and
vr for all the studied samples are shown in Table 5.

Table 5. Amplitude sweep results.

Sample v [%] G’ [kPa] YE [%]
S 0.17 + 0.001 324+0.6 102 + 0.01
S, 0.25 + 0.004 41 +0.7 100 + 0.03
Ss3 0.12 + 0.005 254+ 0.8 97 +0.01
Si3 0.40 + 0.002 28409 112 + 0.02
Sy 0.34 £+ 0.001 33+0.2 106 £+ 0.02
Ss 0.27 + 0.005 3104 104 + 0.02

From the oscillatory rheology results shown in Table 5, we can infer the following:

e Linear Viscoelastic Region (LVE) and yield point (yr): Sample S31, exhibited the
largest yr, (0.50%), suggesting it has the most stable structure under low strain. In
contrast, sample S3 had the smallest LVE (0.12%), indicating that liming raises the
strain tolerance of the sludge.

e  Storage Modulus: Sample S, exhibited the highest G’ (41 kPa), indicating a firmer,
more elastic structure. Conversely, sample S3 had the lowest G’ (25 kPa), not so far off
its liming counterpart S3;. with G’ (28 kPa).

e  Flow Point (vf): Sample S5, had the highest flow point (112%), indicating a higher
resistance to flow compared to other samples. Sample Sz had the lowest flow point
(97%), further supporting the observation that liming improves the structural integrity
of the sludge.

These findings underscore the significant impact of treatment processes, especially
liming, on the rheological properties of DSS. The reduced viscoelastic stability and de-
creased resistance to deformation in non-limed samples suggest that while lime treatment
can facilitate drying, it may also raise the mechanical stability of the sludge, which could
affect its handling and practical applications.

The analysis of the relationship between G’ and the other measured properties of DSS
revealed that only cohesiveness, assessed through the penetrometry test, showed a strong
positive Pearson correlation (r = 0.92). This suggests that as G’ increases, cohesiveness also
increases significantly, following a linear trend.

3.6. Convective Drying Test Results

The drying experiments were designed to evaluate the drying behavior and efficiency
of the DSS samples. The evaporation rate [kgy, /m>h] was calculated and normalized by the
dryer packed bed area (m?), obtaining the drying flux [kg, /m?h], then plotted against the
water content on a dry basis [kgw /kgps] to obtain pseudo Krischer curves. This approach,
widely employed in drying process investigations, helps in understanding the drying
dynamics of the samples [17,39].

A typical Krischer’s curve (Figure 7) can be segmented into distinct periods. The first
period, or the preheating period [X,—X1], represents a period of adaptation of the sample to
the drying conditions. The second period, or the constant-flux period [X;-X;], represents
the interval during the supplied heat which serves essentially to evaporate the sludge-free
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water. The third period, or the first falling-flux period [X,—X3], corresponds to the interval
in which the heat serves to evaporate the interstitial water and heat the sludge. The final
period, or the a second falling-flux period [X3—X4], corresponds to the end of the drying; in
this period, the heat evaporates the bound water [40-43].
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Figure 7. Theoretical Krischer’s curve.

The Krischer’s curve for dehydrated sludges (centrifugated or filtrated) is slightly
different from the theoretical curve presented in Figure 7. Since the free water has already
been removed from the sludge during the dehydration operation, the second period, or
constant-rate drying period [X;—X3], is not visible or is very short, making it difficult to
parameterize. Additionally, the difference between the third and fourth periods is not
always sufficiently noticeable, so it is considered a single falling-rate period of [X;—X4].
Figure 8 shows the obtained Krischer’s curves for the six samples.

SA

Mass Flux [kg,,/m?h]

0.0 02 0.4 0.6 08 10
Unitary Moisture Content [X/X,]

Figure 8. Obtained Krischer’s curve for DSS samples.
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From the curves, it can be seen that the samples that were limed (S3;. and S4) present a
higher drying speed than those that did not receive the treatment. In the case of sample
S3, the increase in the maximum drying speed (plateau value) is around 40%. Table 6
shows, for the set of samples, the drying time required to achieve 90% (Dt 90%) of dry solid
content and the corresponding specific evaporation capacity (SEC) (at plateau value) and
the shrinkage percent during drying in terms of external area and volume reduction (A,
and V;, respectively). The latter is important for process extrapolation as it refers to the
amount of water removed by surface unit of the belt dryer and by hour.

Table 6. Drying test results.

Sample Dt 90% [min] SEC [kg/m2 h] A; [%] V: [%]
S 75 4.6 44 58
S, 45 7.4 54 68
Ss3 150 3.5 47 62
Si3 115 5.1 76 87
Sy 45 5.3 64 78
S5 70 42 34 48

The drying results highlight significant differences in the drying behavior and effi-
ciency of the DSS samples:

e  Drying Time: Sample S; and Sy exhibited the shortest drying time (45 min) to achieve
90% dry solid content, suggesting a more efficient drying process. Sample Sz had the
longest drying time (150 min); in contrast, sample Sz, has a time of 115 min, showing
that, for the same sample, the liming operation improves the drying rate.

e  Specific Evaporation Capacity: Sample S, also showed the highest specific evaporation
capacity (7.4 kg/m? h) followed by samples S, and Sz with specific evaporation
capacities of 5.3 kg/m? h and 5.1 kg/m? h, respectively, further confirming its ef-
ficient drying behavior. Sample S3, however, had the lowest specific evaporation
capacity (3.5 kg/m? h), reinforcing the observation that liming can favorably affect the
drying rate.

The relationship between the specific evaporation capacity and various measured
variables, including TSC, VSC, TPA results, penetration results, LVE, vy, and vy, revealed no
significant correlations or trends, but G’ and penetrometry cohesiveness (which is logical
given the positive correlation between them) showed a clear positive trend, suggesting
that higher values of G’ are associated with better drying rates. This trend aligns with the
existing literature, which indicates that more structured DSS dries faster and shows that
its the viscoelastic properties of Have a direct influence on DSS thermal drying [29-31,44].
However, it is important to note that the current data do not provide sufficient evidence
to conclusively determine the predictive power of the storage modulus (G’) on the drying
performance of dehydrated sewage sludge due to the sample size that was analyzed.

Considering the different origins of DSS samples, the observed trend between higher
G’ values and better drying rates appears to be consistent. However, it is recommended
to conduct experiments using DSS samples from the same origin that exhibit variable
G’ values. This approach would help to minimize the noise from other uncontrollable
parameters and provide a clearer understanding of the specific influence of G’ on drying
performance. To ensure consistent handling and control over the samples, they can be
created in the laboratory. By controlling the sample origin and characteristics in a laboratory
setting, future studies can more accurately isolate the impact of G’ and validate its predictive
power in determining the drying efficiency of dehydrated sewage sludge.
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4. Conclusions

This study investigated the textural properties and drying characteristics of dehy-
drated sewage sludge (DSS) from various wastewater treatment plants in the Liege region,
Belgium. The analysis revealed significant variability in key properties, including the
storage modulus (G’ ranging from 28 to 41 kPa, cohesiveness from 15 to 56 kPa, total solid
content (TSC) between 14.35 and 24.58%, volatile solid content (VSC) from 40.4 to 77.8% of
TSC, adhesiveness between 0.113 and 1.113 N, and hardness ranging from 1.67 to 2.15 N.
Rheological tests indicated that DSS behaves like a viscoelastic gel under shear strains
below 0.2%, losing its structure and transitioning to a flowable state at shear strains of
approximately 100% to 112%.

Furthermore, the drying behavior analysis provided insights into the relationship
between these properties and the specific evaporation capacity. Understanding these varia-
tions is essential for optimizing sludge drying processes, particularly in terms of improving
energy efficiency and process performance across wastewater treatment facilities.

The results did not show significant correlations between the specific evaporation
capacity and the analyzed variables. However, a clear trend was observed suggesting that
higher G’ values are associated with better drying rates. This trend aligns with the existing
literature, indicating that the viscoelastic properties of sludge, as represented by G/, could
potentially describe or predict drying performance.

A strong correlation was identified between G’ and cohesiveness. Despite this, it is
recommended to use G’ as the primary parameter for predicting sludge drying performance,
as rheological tests for G’ are more standardized and reliable compared to penetration tests
for cohesiveness. To validate this hypothesis and gain a more robust understanding, future
research with a larger sample size is recommended.

Moreover, this study provides a valuable starting point for identifying the ranges
within which the studied properties can be useful for future calculations or analyses.
Establishing these ranges will facilitate more accurate and practical applications in sludge
management and treatment processes.

In summary, while the current data are insufficient to conclusively determine the
predictive power of G’ on drying performance, the observed trend is promising and
warrants further studies with a more controlled approach and an expanded sample size.
These efforts will contribute to improved sludge management practices, optimizing drying
efficiency and promoting greater sustainability in wastewater treatment operations.

5. Future Directions

This study presents a detailed analysis of the drying behavior and rheological prop-
erties of real samples of dehydrated sewage sludge from various wastewater treatment
plants in the Liege region. However, due to the limited sample size, no parametric sta-
tistical analyses were conducted. Future research should prioritize larger sample sizes to
improve the reliability and robustness of the statistical findings, enabling more accurate
and generalizable conclusions regarding the relationships between rheological properties,
cohesiveness, and drying performance.

Additionally, further investigations could benefit from advanced statistical techniques
and multivariate analyses to better capture the complex interactions among these variables.
Such research would contribute to more efficient and sustainable sludge management
practices. Future studies should also aim to explore the influence of conditioning and
dewatering on dehydrated sludge rheological behavior, assess the relationship between
rheological characteristics and drying rates—particularly in convective drying processes—
and develop models that integrate rheological properties into drying kinetics. Ultimately,
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these efforts could provide industries with practical tools and insights to optimize sludge
drying efficiency.

Author Contributions: Conceptualization, S.L.P-A., M\W.A.S. and A.L.; data curation, S.L.P-A.
and M.W.A.S,; formal analysis, S.L.P-A. and M.\W.A.S; funding acquisition, A.L.; investigation,
S.L.P-A. and M.W.A'S.; methodology, S.L.P.-A.,, M.W.A.S. and A.L,; software, S.L.P.-A.; supervision,
A.L,; visualization, A.L.; writing—original draft A.L., S.L.P-A. and M.W.A.S; writing—review and
editing, S.L.P-A.,, M.\W.A.S. and A.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Fund for Scientific Research (FR.S.—FNRS) [T.0159.20-PDR],
“Sludge dewatering and drying vs. rheology”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors wish to acknowledge the invaluable support of the personnel of the
Chemical Engineering Halle of the University of Liége. We also extend our thanks to the FRS-FNRS
(Fund for Scientific Research) for funding their research project through the grant T.0159.20-PDR.
Lastly, we express our sincere appreciation to L” Association Intercommunale pour le Démergement et
I"Epuration des communes de la province de Liege (AIDE) for granting permission to collect samples,
which played a significant role in advancing this research.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

Aq Positive area under the curve pénétration test

Ay Positive area under the curve pénétration test

Az Positive area under the curve first compression TPA
Ay Positive area under the curve second compression TPA
DSS Dehydrated sewage sludge

Fax Maximal force carried out by the probe

Frin Minimal force carried out by the probe

G Storage modulus

G" Loss modulus

LVE Limit of the viscoelastic region

51 Dehydrated sludge sample from Embourg WWTP

S Dehydrated sludge sample from Lantin WWTP

S3 Dehydrated sludge sample from Grosses-Battes WWTP
Sar, Dehydrated sludge sample from Grosses-Battes liming WWTP
Sy Dehydrated sludge sample from Sclessin WWTP

S5 Dehydrated sludge sample from Oupeye WWTP

SS Sewage sludge

TPA Texture profile analysis

TSC Total solid content

YL Yield point

YF Flow point

VSsC Volatiles olid content
WWTP  Wastewater treatment plant
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