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Abstract

In fecal sludges (FSs) from non-sewered sanitation systems, bound moisture constituted
46-67% of total moisture across all sanitation types investigated, yet the energetic basis
for its resistance to removal has not previously been characterized. Existing classifications
of moisture fractions lack quantitative binding energy data, leaving the thermodynamic
limits of solid-liquid separation undefined for FS. This study investigates the distribution
and binding energies of bound moisture fractions in FS obtained from ventilated pit la-
trines, urine-diverting dehydrating toilets, and septic tank systems. Bound moisture frac-
tions were determined using moisture sorption isotherms, low-temperature convective
drying, nuclear magnetic resonance, and thermogravimetric—differential scanning calo-
rimetry analyses. Results show that interstitial moisture constituted 37-50% of total mois-
ture, followed by vicinal (6-14%) and intracellular (3-9%) fractions, with net isosteric heat
rising sharply below 20-30% moisture content (w.b.). Evaporation enthalpy exceeded that
of bulk water at moisture contents below ~30% (w.b.), consistent with EPS-mediated ad-
sorption and capillary confinement contributing to increased energy requirements for
moisture removal and indicating a transition from capillary-controlled to structure-influ-
enced retention. These findings provide a thermodynamic basis for interpreting why con-
ventional mechanical dewatering stalls at a residual moisture content that differs system-
atically between VIP, UDDT, and septic tank sludges. These insights are relevant for im-
proving FS treatment strategies, particularly in selecting appropriate combinations of de-
watering, drying, and pre-treatment processes.

Keywords: fecal sludge; moisture boundness; binding energy; net isosteric heat; sludge
Academic Editor: Antonio Gil Bravo .
dewaterability
Received: 13 April 2026
Revised: 8 May 2026
Accepted: 18 May 2026

Published: 25 May 2026

1. Introduction

Copyright: © 2026 by the authors. A . v 70% of h holds in d lopi . 1 d .
Licensee MDPI, Basel, Switzerland. pprox1mate y 0% of households in deve oping regions rely on non-sewered sani-

This article is an open access article tation systems, making fecal sludge (FS) treatment a critical factor in preventing land and
distributed under the terms and water contamination. Effective FS treatment not only mitigates health and environmental
conditions of the Creative Commons  risks but also facilitates the recovery of valuable nutrients and organic matter for benefi-

Attribution (CCBY) license. cial reuse. While solid-liquid separation is typically the first step to reduce volume,

Eng 2026, 7, 257 https://doi.org/10.3390/eng7060257



Eng 2026, 7, 257

2 of 31

mechanical dewatering is usually employed, with further drying required to achieve safe
handling, transport, or resource recovery targets. The transition between these stages is
governed by the nature of moisture retained within the sludge matrix [1,2]. However, FS
remains insufficiently characterized due to its inherent variability and unpredictability,
with moisture content ranging from 60 to 99% across sanitation types [3] making stand-
ardized dewatering protocols unreliable [4].

Moisture boundness, defined as the strength of interaction between water and the
sludge matrix, is a key factor influencing moisture mobility and resistance to removal in
fecal sludge treatment processes. It governs the extent to which moisture can be separated
under applied mechanical, thermal, or physicochemical conditions. Effective solid-liquid
separation decreases the amount of FS to be transported and, more importantly, reduces
the treatment footprint and improves the resource recovery potential of FS treatment
products [4]. The moisture content (MC) of FS varies from 99% to 60% depending upon
various factors, mainly on the type of onsite sanitation system and the extent of the use of
water for anal cleansing [1]. Some of the mechanical solid-liquid separation technologies
commonly used include belt press, screw press, filter press, centrifuge press, etc., and the
common non-mechanical method adopted is the use of drying beds with or without ther-
mal drying [5,6].

Several studies on sewage sludge have identified parameters influencing solid-liquid
separation, with moisture distribution within the sludge matrix emerging as a key factor
[7,8]. Among these parameters, the boundness of different types of moisture within the
sludge plays a key role in determining the dehydration limits and selecting the most suit-
able dewatering technology [9,10]. Due to its significance, various authors have proposed
classifications for the different moisture fractions in sludge, with the most relevant sum-
marized as follows. Moller (1983) [11] distinguished interspace water, capillary water, ad-
hesion water, adsorption water, and internal water. Smollen (1988) [12,13] classified mois-
ture into free water, immobilized water, bound water, and chemically bound water. Colin
and Gaz-bar (1995) [14] proposed a classification including free water, water not remova-
ble mechanically, bound water removable under realistic mechanical strain, and bound
water removable under extreme mechanical strain. Kopp and Dichtl [15,16], Vesilind, and
Vaxelaire [17] (2000; 1997, 2003; 2004) identified free moisture, interstitial moisture, sur-
face (vicinal) moisture, and intracellular (internal) moisture.

From these classifications, the primary categorization of sludge moisture is unbound
and bound moisture. While the unbound or free moisture is considered to be the portion
of moisture which is able to move freely within the floc structures and thus is relatively
easier to remove due to the absence of any binding energies with the sludge particles, the
bound moisture has solid to moisture bond strength that binds the moisture to the sludge
particles. The bound moisture or immobilized moisture is thus physically or chemically
(or both) bound to the solid particles in the sludge. The distinction between unbound and
bound moisture provides an operational understanding of the sludge dewaterability lim-
its. However, recent investigations have demonstrated that the transition between these
states occurs over a range rather than at a discrete boundary. This overlap arises due to
the coexistence of loosely associated bound moisture and tightly retained unbound mois-
ture within the sludge matrix [18]. Consequently, understanding the sludge solid-liquid
separation behavior requires moving beyond the fraction-based classification towards
quantifying the energetic interactions governing moisture—particle association. To facili-
tate the interpretation of the different moisture fractions and their spatial distribution
within the sludge matrix, a schematic representation is provided in Figure 1. This visual-
ization complements the previous textual description by illustrating the location and in-
teraction of interstitial, vicinal, and intracellular moisture within the biofloc structure.
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Surface (vicinal) moisture
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Figure 1. Schematic representation of moisture boundness in the microspatial structure of solid bi-

oflocs, illustrating interstitial (blue), vicinal(red), and intracellular (green) moisture fractions [19,20].

The total bound moisture is the sum of interstitial moisture, vicinal moisture and
internal moisture. As illustrated in Figure 1, the interstitial moisture is trapped between
the sludge flocs and, since the moisture is trapped between the flocs, no direct forces are
acting on the moisture [10]. However, experiments have shown that it is bound by weak
active capillary forces. Also, osmotic pressure within the sludge flocs is another force
which acts on interstitial moisture [21]. The vicinal moisture or surface moisture is bound
by adsorptive and adhesive forces and can be separated only by disintegrating the floc or
disrupting the cell. The vicinal moisture is bound physically to solid particles and cannot
be removed by mechanical forces. The internal moisture is contained within the cell bodies
and is biochemically bound to the solid particles [15].

Thermodynamically, the bound moisture does not behave as pure water, as the
chemical potential and binding strength are naturally different from that of pure water
[22]. The interstitial and the vicinal moisture, because of the solid flocs and high dissolved
solids concentration, freezes at a temperature lower than the normal freezing temperature
of water, with the vicinal moisture freezing at very low temperatures. The intracellular
moisture does not enter the ice crystal lattice upon freezing. It can only be removed ther-
mally above 105 °C [17,18,23]. The removal of bound moisture involves overcoming these
respective binding strengths of the moisture with the solid particles.

Although bound moisture fractions have been previously reported for sewage and
industrial sludges, limited understanding exists regarding how these fractions relate to
progressively increasing binding energies and their implications for moisture mobility
and removal mechanisms. Specifically, in FS, characterized by the heterogeneous biofloc
structures with extracellular polymeric substances (EPSs), the energetic hierarchy of mois-
ture binding remains largely unexplored. Establishing this hierarchy is essential to explain
the dewatering processes which remove certain moisture fractions while others remain
resistant despite increased applied stress.

Following the experimental identification of the unbound-bound moisture interface
[18], the present research investigates the internal structure of the bound moisture domain
by determining the distribution of the bound moisture fractions, together with their cor-
responding binding energies. In this study, the moisture boundness considered is based
on the type of interaction of the water molecules with the solid biofloc structures (Figure
1) and accordingly, the bound moisture is categorized into three types based on the extent
of the solid to moisture bond strength as per [17,19,23,24], namely interstitial moisture,
vicinal moisture and intracellular moisture.
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The extent of the total bound moisture is reliably revealed by different techniques
and instruments such as water activity measurement (WA), differential scanning calorim-
etry (DSC) and thermogravimetric analysis (TGA) [18]. It is the bound water fractions
which are not well known. These fractions, along with the stabilized aggregation of mi-
crobes as colloids, influence the selection of technologies for solid-liquid separation [25,
,26]. To fully understand the mechanisms of moisture boundness and to consider the types
of pre-treatments associated with solid-liquid separation to convert bound moisture to
unbound, the knowledge of the proportions of all types of bound moisture is a pre-requi-
site [27,28]. Since there are different types of binding forces, the removal of different types
of bound moisture could require different approaches. Thus, determining the proportions
of the bound moisture fractions will help in their conversion to unbound moisture, by
appropriate technologies [29]. Along with quantifying the proportions of bound moisture
fractions, the objective is also to characterize the associated binding energies using ther-
modynamic and sorption-based approaches. By linking moisture fractions to their associ-
ated energetic requirements, this work provides an empirical basis for interpreting the
relationships between moisture boundness, physicochemical binding, and sludge solid—
liquid separability behavior. While this study does not directly evaluate specific technol-
ogies, it provides a basis for interpreting why different treatment approaches perform dif-
ferently depending on the dominant moisture binding regime.

2. Materials and Methods
2.1. Source of Samples

ES samples were collected from eThekwini municipality, Durban, South Africa and
from the peri-urban areas of Pietermaritzburg, South Africa and included samples from
different onsite sanitation systems, namely:

1.  Ventilated pit latrines (VIPs);
2. Urine diversion dehydrating toilets (UDDTs);
3. Septic tanks (STs) (also referred to as septage):

a. With grey water (ST-wGW);
b.  With only black water (ST-BW).

The VIP samples were collected from two latrines not desludged for at least 5 years.
The UDDT samples were taken from the dehydrating vault of the UDDT, with an esti-
mated sludge storage of 15-18 months. The septic tank samples were collected from the
desludging vacuum tanker trucks, and composite samples were taken from septic tanks
which are connected only to the toilets (ST-BW) and the ones connected to all the
wastewater flow (ST-wGW). The desludging interval of STs was usually a year for ST-
wGW and 4-6 years for ST-BW. All the samples were collected in lined plastic containers
with air-tight lids from the peri-urban areas within the jurisdiction of eThekwini munici-
pality, Durban. All the samples were screened for trash and debris removal and stored in
the cold room at the laboratory at 4 °C to avoid microbial degradation and to minimize
any loss of moisture. The samples were analyzed for total solids (TS), volatile solids (VS),
pH and electrical conductivity (EC) at the time of sampling, and these parameters were
monitored for any change during the experimental period. Variation in the parameters
was found to be within the acceptable range of <5%. The physical, mechanical and textural
properties of FS and its influence on moisture boundness have been previously docu-
mented [20]. Ethical clearance was obtained for this research from the Biomedical Re-
search Ethics Administration (BREC) from the University of KwaZulu-Natal (protocol ref-
erence number: BREC/00002194/2020).
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2.2. Experimental Methods
2.2.1. Moisture Vapour Sorption

The relationship of moisture content as a function of relative humidity, at a given
temperature, is one of the important aspects of moisture boundness. Given by moisture
sorption isotherms (MSIs), this describes the amount of moisture adsorbed or desorbed at
equilibrium for a given temperature. Most MSIs have a sigmoidal shape and can be di-
vided into three regions, as shown in Figure 2. Zone 1 represents a monolayer, where
moisture is strongly associated with the solid material, and corresponds to tightly bound
vicinal moisture and all internal moisture. Zone 2 represents a multilayer, and moisture
is slightly mobile in this zone, thereby representing most of the interstitial moisture and
some loosely bound vicinal moisture. Zone 3 represents unbound moisture [21,22].
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Figure 2. Generalized moisture sorption isotherm, with its three regions, with first transition point
indicating completion of monolayer adsorption, and the second transition point indicating the
onset of capillary condensation [30].

MSI experiments were conducted by three different methods—water activity meas-
urement, dynamic vapor sorption and the saturated salt solution method.

Water Activity Measurement

Commonly used in the food industry for food safety and quality, water activity
measures the state of moisture in the organic matter. It is a measure of the thermodynamic
activity of water vs. the moisture content in the sludge, at a given temperature. As a func-
tion of moisture content, it is a good indicator of the boundness of moisture with the solid
particles [18]. The samples were dried in an oven at 105 °C for different pre-defined inter-
vals and the corresponding water activity measurement was carried out with an AquaLab
Tunable Diode Laser (TDL) water activity meter (Meter Group, Pullman, WA, USA). This
spectroscopic method measures by absorption at a wavelength of 1854 nm when laser
light is transmitted through the headspace atmosphere above the sample which is placed
in a sealed chamber. The temperature was set to 22 °C, with a resolution of +0.0001 and
accuracy of +0.005. All samples were measured in triplicates [25]. After determining the
water activity, the samples’ MC was measured using a Radwag Max 50 Thermal Moisture
Analyzer instrument (RADWAG, Radom, Poland).
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Dynamic Vapor Sorption

The dynamic vapor sorption instrument (DVS Intrinsic, Surface Measurement Sys-
tems, London, UK) utilizes divided flow technology by varying the relative humidity
(RH). Dynamic vapor sorption (DVS) works on the principle of gravimetric sorption and
measures how quickly a solvent is absorbed by the sample. This is done by varying the
vapor concentration in the surrounding gas and measuring the change in the mass of the
sample. DVS is employed in various sectors to study compound stability and surface sorp-
tion effects of moisture and other organic vapors. DVS is programmed to cycle between
different humidity levels and measures the uptake or loss of moisture by a carrier gas
(nitrogen) flowing over the sample, which is suspended on a microbalance, and keeps the
humidity constant until the equilibrium mass is achieved. This technology generates the
MSI in a relatively short period of time [22]. Further, for the dynamic sorption method,
the equilibrium criteria are not as severe as for the saturated salt solution method, and the
sorption isotherm can be obtained relatively quickly, in a few days, compared to a few
weeks using the static method [26].

The DVS instrument was used to determine the dynamic sorption isotherms at the
Chemical Engineering Laboratory, the University of Liege, Belgium. The FS samples were
about 15-25 mg and loaded onto the sample pan. Two sorption—-desorption cycles were
used in this work—from 0% to 90% air relative humidity (RH) and back to 0% RH, and
from 90% to 0% RH and back to 90% RH. The incremental step was 10% RH. The samples
were maintained at a constant RH until the mass variation per minute (dm/dt) was
<0.0015% for 10 min. The experimental results were recorded in terms of the change in the
sample mass as a function of time for consecutive RH values as defined by the sorption
cycles. All the experiments were conducted at 40 °C. Calibration was performed prior to
each experimental run to stabilize the temperature and relative humidity conditions.

The raw samples were analyzed using the DVS Standard Analysis System, which
allowed the construction of hysteresis curves [27]. The equilibrium moisture contents
(Meq) were determined at the different RHs from 90% to 0% and 0% to 90%.

Static Gravimetric Method

The traditional approach of using saturated salt slurry to determine the MSI was car-
ried out at different temperatures. The method involved placing the sludge sample in a
jar with a saturated salt solution of known RH in closed containers and measuring the
weight of the sample until there was no change in the weight of the sample. The saturated
salt solutions were prepared at pre-determined concentrations in Mason jars, with the salt
mixed with distilled water until excess crystals were formed. Eight saturated salt solutions
were prepared corresponding to different RH values, from 8.9% to 94.1% (Table 1) [28].

Table 1. Relative humidity obtained for the different saturated salt solutions.

Saturated Salt Solutions RH at 20 °C
Potassium Hydroxide (KOH) 9.3%
Sodium Hydroxide (NaOH) 8.9%
Calcium Chloride (CaCl) 28.8%
Magnesium Nitrate (Mg(NOs)2) 54.4%
Cupric Chloride (CuClz) 68%
Potassium Iodide (KI) 69%
Ammonium Sulfate ((NH4)2SOs) 80.0%
Potassium Nitrate (KNO:s) 94.1%

The FS samples were homogenized manually, and 1.5 g of VIP and UDDT samples
and 3 g of ST samples were placed in 100 mL saturated salt solution jars of different RHs.
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The samples were continuously weighed using an analytical balance until no change in
the weight was recorded. Each experiment ran for a duration of about 2 weeks. A drying
oven was used to create the different temperature conditions. All these experiments were
carried out in triplicates, and the statistical analysis of isotherm data was determined us-
ing relative standard error (RSE), the root mean squared error (RMSE) and mean absolute
percentage error (MAPE) [29].

2.2.2. Low-Temperature Convective Drying Tests

The use of drying tests is one of the classical methods adopted for determining mois-
ture content and to determine each fraction of the moisture [31]. The process of drying
involves heat and mass transfer between a hygroscopic material and the drying air, with
the gaseous medium providing the evaporation heat. The transport of moisture within the
sludge occurs due to various mechanisms, with surface diffusion and hydrostatic pressure
differences being of interest in the convective drying test [32].

The drying test was first proposed by K. R. Tsang and P. A. Vesilind, 1990 [33], to
derive the moisture distribution from the drying curve. The approach assumes different
rates of evaporation which indicate the type of bonding between the moisture and the
sludge solid particles, thus showing the different phases of drying. Further, the phases of
the drying curve are distinct at low drying rates, and hence the experimental set up at the
University of Liége was used.

This low-temperature convective drying testing (low-T) was carried out in the test
rig for convective microdrying and was designed to handle sludge samples between 5 g
to 20 g as shown in Figure 3. The samples were extruded in a circular die of 18 + 1 mm in
diameter and cut at a height of 10 + 1 mm, with a mass of 5.7 + 0.2 g. The sample was
placed in the drying chamber and subjected to drying at 40 °C, with a superficial air ve-
locity of 3 m/s and fixed absolute humidity at 0.005 kg H2O/kgary air, and was suspended
by a supporting grid, connecting to a precision mass balance (Sartorius, Gottingen, Ger-
many). The balance was connected to the computer, and the sample mass was recorded
every 5 s. Detailed information regarding the microdryer can be found in a previous study
[30]. Compressed air was fed into the system, which was heated to the pre-set temperature
before entering the drying chamber. Low-temperature drying at 40 °C was carried out for
all the samples. The drying air velocity was controlled with a pneumatic valve.

SR

Pneumatic Qil Remover /
Flowmeter Valve Pressure regulator

Compressed air
network

Steam injection

Steam
generator

il

Predision
wheighing divice

Heating channel

Faecal sludge
Sample

Figure 3. The schematic representation of the convective drying test rig [34].
During drying the FS suffers a shrinkage phenomenon (reduction of the area and the

volume), changing the effective transfer area of drying, as show in Figure 4, which affects
the drying flux and drying curve. In order to add this correction to the final drying curve,
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a methodology was created to follow the area and volume of FS during the drying test
[35]. For this, Skyscan-1074 tomography (Skyscan, Aartselaar, Belgium) was used to cap-
ture the imagery at different time intervals of low-T convective drying in the microdrying
test rig. The tomography operates with an X-ray source at 40 kV and 1 mA, and the detec-
tor is a 2-dimensional, 768 x 576 pixel, 8-bit X-ray camera with a spatial resolution of 41
pm.

The MC of the samples was calculated according to the following equation:

MC =100% x (W, — W,)/W, 1)

where MC is the water content of sludge in %, Wi is the mass of wet sludge in g, and W
is the mass of sludge in g when dried to constant weight at 105 °C [17]. Drying flux was
calculated by normalizing mass loss with respect to the instantaneous external surface
area, accounting for shrinkage during drying. The plot of drying flux versus moisture is
the drying curve, also known as Krischer’s curve (Figure 5), and helps to understand the
changes in drying rate that correspond to different moisture fractions. A typical drying
curve is divided into three sections. The first section after the initial warm up or ramp up
phase of the test sample is the constant drying flux period, where the equivalence between
heat and mass transfer occurs. This occurs since there is always a film of unbound mois-
ture available at the evaporating surface. The constant drying rate period reflects the ex-
tent of unbound moisture in the sample. The constant rate period continues until the com-
pressive strength of the sludge structure becomes lesser than the capillary pressure [36].
The end point of the constant drying rate period is the point of critical moisture, and this
corresponds to the limit of unbound moisture or the unbound-bound moisture interface.
Though it is regarded as a transition point, this is not always the case. From the previous
study [18], the interface is not a single point but a range since the moisture boundness is
influenced by multiple factors. Hence, overlap can be factored in, at all transition points.
Post the critical MC, the drying surface becomes unsaturated since the migration of mois-
ture to the surface is affected due to internal transport limitations. This is the falling drying
rate period, further classified into first falling rate and second falling rate periods, corre-
sponding to interstitial moisture and vicinal moisture respectively [37]. The second critical
point Xz represents the transition from the first falling rate period to the second falling rate
period. During the first falling rate period, there is a continuous flow of moisture in the
pores, and during the second falling rate period, the movement of moisture in the pores
is mainly due to vapor diffusion. Further, as mentioned earlier, this transition point de-
pends on the method of drying adopted and does not necessarily reflect the intrinsic mois-
ture binding characteristic of the sludge material [38].
The drying rate of the samples was calculated using the following equation:

DR = (Myyqr — M,)/dt (2)

where DR is the drying flux (kgt20/m?s), Mt and Ma are the moisture content at time ¢
and ¢ + dt in kgreo/kgrs respectively.

Sludges are soft materials with mechanical properties governing their solid-liquid
separability. Especially during the drying process, shrinkage and crack formation occur
due to non-uniform drying and mechanical stress, which influence and alter the drying
behavior [39]. We simultaneously measured shrinkage and crack formation using a Sky-
scan-1074 X-ray scanner (Figure 4). The samples were removed from the drying chamber
at pre-defined periodicity and placed in the microtomographic device in order to gain
images of several cross-sections, and then the samples were placed back in the drying
chamber. The sample height was kept at 1 cm and the sample could be rotated in the
horizontal plane and moved in the vertical plane. This helped in getting 2D scans at
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different positions [39]. The drying interruptions have been observed to have no signifi-
cant influence on the drying kinetics [40].

B

Figure 4. FS shrinkage phenomenon ((A)—Before drying; (B) — After 220 min of drying).
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Bound Water

interstitial wate Free water
Xy X5 X, X; X
Moisture Content (kg,./kgps)

>

Figure 5. Theoretical drying flux period. In figure 5 The first period, or the preheating period [Xo—
X1], represents a period of adaptation of the sample to the drying conditions. The second period,
or the constant-flux period [X1-X2], represents the interval during the supplied heat which serves
essentially to evaporate the sludge-free water. The third period, or the first falling-flux period [X2-
X3], cor-responds to the interval in which the heat serves to evaporate the interstitial water and
heat the sludge. The final period, or a second falling-flux period [X3-X4], corresponds to the end
of the drying; in this period, the heat evaporates the bound water

The 2-D vertical and horizontal cross-section images were processed and analyzed
with the visualization software provided by Skyscan and NRecon. Construction of 3-D
images was achieved by stacking of the 2-D cross-section images. Shrinkage was deter-
mined by measuring the height and diameter at different drying intervals, resulting in
sample volume reduction [40]. The quality of the resulting image was influenced by the
quantity of acquired data, and its improvement was directly proportional to the number
of projections captured.

https://doi.org/10.3390/eng7060257
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Subsequently, MATLAB software, release 2023 was employed for the analysis of the
microtomography-derived images and their conversion into mathematical data suitable
for generating Krischer’s representation. Figure 6 shows from left to right the raw images
obtained from tomography, a transversal cut obtained from Nrecon software (V1.7.4.2)
and finally a processed black and white image from MATLAB.

Figure 6. Images before and after processing.

During each interruption of the drying process, the average equivalent diameter
(deq, mm) and average height (h, mm) were determined and utilized to calculate the sur-
face area of the sample. In this study, the sludge samples were assumed to be perfect cyl-
inders with their entire surfaces in contact with the drying air.

From low-T test results, Krischer’s curve and the soil water characteristic curve
(SWCC) were calculated and plotted. The soil water characteristic curve (SWCC) or the
soil water retention curve (SWRC) is essential for determining the properties of unsatu-
rated soils and their behavior. Direct measurement of unsaturated soil properties is com-
plex, expensive and time consuming. Hence, researchers suggest the use of saturated soil
properties to determine the unsaturated soil properties and thus the use of the SWCC. The
application of the SWCC is not intended to imply equivalence between sludge and soil
systems, rather it is to provide a mathematical representation of moisture retention be-
havior under unsaturated conditions, using the van Genuchten model.

Like unsaturated soils, FS is a three-phase matrix of solid particles, moisture and air.
This interaction of solid, moisture and air develops a complex energy state, which binds
the moisture to the solid particles. The soil suction or the negative pore water potential
represents the amount of energy required to expel moisture from the solid matrix in soils.
This suction, defined by pF, denotes the logarithm of negative pore water potential and
was equated to the drying rate from the low-T drying test of FS, and the moisture retention
curve could be obtained by calculating the ratio of drying rate to moisture content of FS
[41].

The determination of the SWRC by plotting the volumetric moisture content and soil
suction was the essential step towards the characterization of unsaturated soils. The char-
acteristic features of the SWRC are the phase change—denoted by a«—which was the air-
entry point, the linearity denoted by 7, and the infection point m. Thus, amongst the var-
ious approaches proposed for mathematical representation of the SWRC, the most com-
monly adopted model is that developed by van Genuchten [42]. Van Genuchten provided
a three-parameter expression for moisture boundness in unsaturated soil hydraulics that
is provided by:

m

ngs_—ee:: [1+(1aw)n]

®)

where 0 is the normalized moisture content, 1 is the matrix potential, and s and r are
saturated and residual values of moisture content 0 respectively.

Soil suction, from the physics point of view, is negative pore water pressure or, in
short, capillary rise. Soil suction is when the water content decreases in a natural way, i.e.,
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land surface heating up due to solar heat, then the negative water head develops and that
is described by the van Genuchten (vG) equation. Here the independent parameter is
moisture content [43]. As the moisture content reduced in the soil, from its state of satu-
ration, the point of exposure of the soil particles to air is denoted as the air-entry value
(AEV). At this point, air enters the soil pores and is the beginning of the desaturation
where the moisture is distributed between the soil particles and adheres to the soil sur-
faces. As the natural drying continues, the soil suction continues to reduce, and the mois-
ture is removed to a point where the adhesion between the moisture particles is broken,
and what remains is the surface moisture, denoted as the residual moisture content. No
increase in suction results in any significant change of moisture content beyond this point
[34]. The SWRC can thus be categorized into two phases—a stable high-suction region
and a rapidly evolving low-suction region since the moisture occupying the micropores
lie within the suction range of 0-100 Mpa [44].

Similarly, in the drying test, the moisture removal is by artificially heating up the
sample at a low constant temperature. Hence, the independent parameter is the drying
rate not the moisture content. By incorporating the inverse of the drying rate (DR), a sim-
ilar pattern in data behavior is observed, and hence, the application of the same equation
can be made to investigate the different types of moisture content.

Thus, adopting the vG equation for sludge, the equation is:

0=6,+ O~ 6)/[1+ (]" (4)

where 1) (soil suction) is replaced by 1/DR, a, m and n are parameters of the vG equation.

An extended van Genuchten (vG) model was developed to quantitatively character-
ize the different types of moisture in the FS samples, using the isothermal drying data
from the low-T convective drying test. The developed model provided a predictive model
for the water retention curve (shown in Figure 7) by calculating the water boundness
mechanism of the sludge at micro and macro scales. The main drying data related to the
MC of the samples seemed to converge to an inversely proportional curve in a  (moisture
content) vs. drying rate (DR) curve. When the drying approaches infinity, the MC reaches
its lowest limit, called the residual water content [42].

4 Air Entry Value Infection Point

Linearity decreases

Moisture Content %

in moisture e 9
e » . [ P | .
[ [} Surface monstgrc . a
e Py exists 4
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but adhesion intact q

Soil Suction bF

Figure 7. Soil water retention curve —salient features.
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2.2.3. Nuclear Magnetic Resonance

Low-field time-domain NMR has been applied to characterize moisture mobility in
sewage sludge and porous biological materials, where water molecules in different mi-
crostructural environments exhibit distinct T2 values [45, 46] . Shorter T> values corre-
spond to stronger water—solid interactions [47]. In sludge systems, water molecules lo-
cated in different microstructural environments exhibit distinct transverse relaxation
times (T2), allowing differentiation between loosely bound and tightly bound moisture
fractions. Previous studies have applied NMR to investigate moisture mobility in sewage
sludge, biological gels and porous biomaterials, demonstrating that shorter relaxation
times correspond to stronger interactions between water molecules and solid matrices.
Analysis of the Ta relaxation curves identified different peaks which represented weakly
bound and tightly bound moisture fractions [48] with the NMR providing direct insight
into the molecular mobility of water within the sludge microstructure.

A Bruker Avance III 500 MHz NMR spectrometer (Bruker Biospin, Ettlingen, Ger-
many) operating at a Larmor frequency of 500.13 MHz (11.75 T) at the University of
Swansea was used in conjunction with a Bruker broadband observe (BBO) high-resolution
solution probe. Standard 5 mm diameter NMR tubes (Norell S 5-400-7, North Carolina,
USA) were used. A sample volume of 200 L guaranteed that the entire sample was inside
the active space of the radiofrequency coils from the BBO probe. The parameter settings
used were as follows: the 1H T2 relaxation curve of the samples was measured with TD-
NMR using a Bruker minispec mq20 instrument (Bruker BioSpin, Billerica, MA, USA) at
a1 H frequency of 20 MHz at 25 °C without dilution. One-shot T2 data was acquired using
a standard Carr—Purcell-Meiboom-Gill (CPMG) sequence developed in the 1950s. The
acquisition parameters were as follows: number of scans = 8, time between each pulse (t
spacing) = 3.5 ms, total echoes = 3000, recycle delay =11 s, and dummy shot =1 [46,47].

The experimental approach undertaken to determine the MC was to use deuterium
dioxide 1H ion release to measure the relaxation data. A series of trials with different com-
binations of the sample and D>O were conducted. The final experiment is described below,
from which we obtained the relaxation data. The samples were not dried nor diluted with
distilled water. The TS of the samples were: VIP—24.359%, UDDT —28.345%, ST-BW —
8.084% and ST-wGW —1.227% at the time of carrying out the experiments. The relaxation
data was obtained when 10-12 g of the raw sample was added to 30 mL of D20 in a 45 mL
centrifuge tube, mixed well, and pipetted into standard 5 mm diameter NMR tubes.

The T relaxation time (T2) was calculated from the relaxation curves according to a
single-exponential curve fitting:

t

M@ = My (~) )

where M(t) and Mo are the transverse magnetizations at times t and 0, with a single-expo-
nential decay, respectively at the T2 relaxation time.

2.2.4. Thermogravimetric Analysis-Differential Scanning Calorimetry (TGA-DSC) Test

The TG-DSC was carried out using a differential thermal analysis-thermogravimetric
analyzer SDT Q600 instrument (TA Instruments, New Castle, DE, USA) at the Thermal
Analysis Laboratory, Department of Mechanical Engineering, Durban University of Tech-
nology, Durban, South Africa, following the methodology proposed by Ferrasse et al.
[48,49]. Approximately 35-40 mg of homogenized sample was placed in a ceramic pan,
with an empty pan used as a reference. The analysis was conducted under a nitrogen at-
mosphere (N2) at a controlled flow rate of 10 mL/min, ensuring an inert environment to
prevent oxidative reactions. Samples were heated from ambient temperature (~20 °C) to
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90 °C at a constant rate of 10 °C/min, followed by an isothermal holding period of 45 min.
All measurements were performed in duplicate.

During heating, the continuous mass loss recorded by TGA corresponds to moisture
removal, while the DSC signal provides the associated heat flow. This simultaneous meas-
urement enables differentiation between moisture evaporation and other thermal events
and allows estimation of moisture binding strength based on the energy required for
evaporation [50]. Thus, the DTA-DSC tests provide the solid particle-moisture binding
strength and the residual moisture content is measured continuously and reliably [51,52].

3. Results and Discussion

All experiments were conducted in triplicate, and variability was assessed using
standard statistical indicators (RSE, RMSE, and MAPE for MSI data). The observed varia-
bility remained within acceptable limits (<5% for key measured parameters), indicating
good repeatability across methods.

3.1. Bound Moisture Fractions
3.1.1. Moisture Sorption Isotherms

The moisture vapor sorption experiments were conducted in a water activity meter,
DVS and by the saturated salts solution method for all the FS samples. While the DVS and
the saturated salt solutions methods provide the moisture content vs. relative humidity,
the [51,52] relative humidity is equal to the water activity measurement at the thermody-
namic equilibrium. The plot of moisture content as a function of water activity provides
different slopes for the different moisture fractions, as shown in Figure 8. In the unbound
moisture stage, the water activity remains almost equal to 1. A gentle fall in the water
activity below 0.95 indicates the removal of bound moisture, beginning with the intersti-
tial moisture. As the moisture boundness increases, the water activity falls from 0.9 to 0.15,
indicating reduction of vicinal moisture. Finally, at a very low moisture content, the water
activity is less than 0.1, indicating the presence of internal moisture. This distribution of
moisture is shown in Figure 9.
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Figure 8. Moisture sorption isotherm from water activity meter of FS samples.

https://doi.org/10.3390/eng7060257



Eng 2026, 7, 257

14 of 31

100 1119
T [
Unbound moisture

2551% —— || Vicinal moisture
— 80 : 36.71% l:l Interstitial moisture
® ) 34.43% Intra-cellular moisture
§
5
B 23.30%
E 604 17.72%
B 13.60%
5 | | 13.55%
-
= %
4?:3 12.71% 2
O 40
)
o
-
2 41.99%
kz ] 39.57% 2%
S 33.42% '
> 20 .

5.07% 6.57% 6.05% 6.58%

0 T T T T
VIP UDTT ST-BW ST-wGW
Samples

Figure 9. Moisture fractions in the FS samples.

From the dynamic sorption isotherms, the MSI curves resembled the type II sigmoid
shape when the MC of the samples was plotted as a function of relative humidity (aw) at
a constant temperature. The type II sorption isotherm represents interaction between the
material surface and water molecules and is commonly observed in amorphous food
types like starch and carbohydrates [22], as observed by other researchers for products
with a similar structure [53]. The desorption and adsorption isotherms for the two sorp-
tion cycles —90-0%-90% and 0%-90%-0% —were analyzed for the equilibrium MC at the
respective RH.

The sigmoidal shape of the MSI curves shows that moisture removal occurs through
progressively changing moisture—solid interactions rather than a discrete phase
transition. At high water activity, moisture is weakly associated, whereas below aw = 0.9,
the increasing slope reflects stronger retention, corresponding to the transition toward
vicinal moisture. These observations are consistent with a continuous spectrum of binding
states rather than abrupt phase boundaries. The transition observed in the MSI curves is
consistent with the air-entry behavior described by the van Genuchten model, where sim-
ilar moisture thresholds indicate the onset of capillary desaturation.

From the literature, The Ferro-Fontan and Peleg models have been previously ap-
plied to describe type II sorption isotherms in biological and food materials [21,22]. Both
models were selected on the basis of their ability to represent sorption behavior across a
wide water activity range. Their performance was evaluated against statistical criteria in-
cluding RSE, RMSE, and MAPE to confirm their suitability for FS.

The selected models were fitted to the experimental data and evaluated using statis-
tical performance indicators, including the relative standard error (RSE), root mean
squared error (RMSE), and mean absolute percentage error (MAPE), as presented in Table
2. As represented in Figure 10, both models provided a good representation of the exper-
imental isotherms across the full range of water activity, with low error values indicating
strong agreement between predicted and measured moisture contents.

The ability of these models to accurately represent sorption behavior across both low
and high water activity ranges supports their use in characterizing the distribution of
bound moisture fractions in FS, particularly in distinguishing between monolayer and
multilayer moisture regimes. The sigmoidal nature of the fitted isotherms confirms the
presence of distinct moisture binding regimes within the sludge matrix [40].
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Figure 10. (a) Ferro-Fontan model, (b) Peleg model fit to VIP experimental data at different temper-
atures.

Table 2. Error criterion for model validation of the Ferro-Fontan and Peleg models in the FS sample
at different temperatures.

Temperature 20°C 40 °C 65 °C
Model VaterActiv- \  pEo, RSE RMSE MAPE% RSE RMSE MAPE% RSE  RMSE
FF 0.1-0.9 523 00112 00079 18553 00021 00017 716 00066 0.0046
Peleg <0.95 368 0009 00068 12236 00028  0.0021 850 00179  0.0146

Comparing the two models, the Peleg model demonstrated a slightly better ability to
represent the experimental data over a wider range of water activity, particularly across
both the monolayer (aw = 0-0.35) and multilayer (aw = 0.35-0.6) regions. These regions cor-
respond to moisture that is more strongly bound at low water activity and progressively
less strongly bound as water activity increases. At higher water activity levels (aw > 0.6),
approaching the capillary condensation region (typically above aw = 0.9), both models con-
tinued to provide reasonable agreement with the experimental data, although the Peleg
model maintained slightly improved flexibility in capturing the curvature of the isotherm.

Both the Ferro-Fontan and Peleg models exhibited mean absolute percentage error
(MAPE) values below 10% across all three temperatures investigated, indicating good pre-
dictive capability. Overall, while both models adequately describe the sorption behavior
of FS, the Peleg model provides a more consistent representation across the full water
activity range, particularly in capturing the transition between monolayer and multilayer
moisture regimes. This further supports the use of the Peleg model for subsequent ener-
getic analysis of moisture binding behavior.

3.1.2. Drying Test

The analysis using the Skyscan/Nrecon software V1.7.4.2 considered both the lateral
area of the solid cylinder and the area provided by the two bases for the surface area, A
mm?, of the sample extrudate. Consequently, a correlation was established between the
surface area of the sample (A, mm?) and the MC on a dry basis (X, kgtzo/kgrs).

Upon plotting Krischer’s curve for the samples, as shown in Figure 11, a clear con-
stant drying rate period was observed. This behavior contrasted with earlier drying stud-
ies [17]. The different slopes of the curve can correspond to the different types of moisture.
The interstitial moisture is the largest fraction of the bound moisture, at 37% of the total
moisture for high solids sludges and significantly higher at 45-50% for septic tank sam-
ples. This was also observed in the stickiness determination of VIP samples at different
temperatures of 60 °C and 80 °C [54]. The vicinal and internal moisture fractions are
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similar for all the FS samples in the ranges 6-11% and 2-8% of the total moisture respec-
tively. The moisture distribution from the drying tests is shown in Figure 12.
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Figure 11. Krischer’s drying curve of all FS samples, Mass flux (kgw/m2.h) Vs moisture content
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Figure 12. Moisture boundness from the drying test.
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The measured drying data were used to determine the van Genuchten SWRC equa-
tion parameters using Origin software. The vG model was fitted to the dataset obtained
from the low-temperature drying experiments, and the resulting fits are presented in Fig-
ure 13. The vG parameters provide insight into the capillary behavior of fecal sludge un-
der unsaturated conditions.

In particular, the o parameter is associated with the inverse of the air-entry suction
and therefore reflects the ease with which air penetrates the sludge matrix, providing an
indication of pore size and capillary retention. The n parameter describes the pore size
distribution and structural heterogeneity of the sludge. Together, these parameters enable
characterization of the transition from capillary-dominated moisture retention at high
moisture contents to adsorption-controlled moisture retention at lower moisture contents.

This transition is consistent with the moisture fraction framework identified in this
study, where interstitial moisture is governed primarily by capillary forces, while vicinal
and intracellular moisture are increasingly influenced by physicochemical interactions.
The vG analysis therefore complements the energetic characterization by providing a ca-
pillary-based interpretation of moisture retention behavior in FS.
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Figure 13. Application of van Genuchten model on different FSs.

The van Genuchten (vG) model provided a good representation of the drying data
across all sludge types, with the fitted curves showing behavior comparable to that typi-
cally observed in plastic soils. The goodness of fit, as indicated by the coefficient of deter-
mination (R?) values presented in Table 3, confirms that the vG model adequately captures
the moisture retention behavior of fecal sludge under unsaturated conditions.

The VIP and UDDT samples exhibited slightly higher R? values compared to the ST-
wGW and ST-BW samples, indicating a closer agreement between the model and
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experimental data. This improved fit suggests a more homogeneous pore structure and
more consistent capillary behavior in the VIP and UDDT sludges. In contrast, the rela-
tively lower fit observed for the septic tank sludges may reflect greater heterogeneity aris-
ing from variations in organic content, particle size distribution, and the presence of grey
water inputs.

The fitted vG parameters (@, m and 1) further support this distinction. Similar param-
eter values obtained for VIP and UDDT samples indicate comparable capillary character-
istics and pore structure, while the ST-wGW and ST-BW samples exhibit a different but
internally consistent parameter grouping. These trends suggest that the moisture reten-
tion behavior of FS is influenced by its structural composition, which governs both capil-
lary forces and the distribution of bound moisture within the sludge matrix. The higher
values observed in septic tank sludges (1.48-1.58) compared to VIP and UDDT samples
(0.60-0.65) indicate lower air-entry suction and weaker capillary retention, consistent with
their higher interstitial moisture fractions. Overall, the vG analysis demonstrates that FS
exhibits soil-like unsaturated behavior, with moisture retention governed by capillary
forces at higher moisture contents and progressively transitioning toward adsorption-
controlled mechanisms at lower moisture contents.

Table 3. Details of the vG fitting parameters of the FS samples.

FS Sample 0s 0: a m n R?
VIP 0.719 0.029 0.654 0.459 2.466 0.9576
UDDT 0.744 0.011 0.609 0.509 2.329 0.9696
ST-wGW 0.761 0.013 1.580 0.0539 14.620 0.9209
ST-BW 0.750 0.016 1.485 0.073 10.170 0.9356

3.1.3. NMR

In NMR, the area under the peak is proportional to the concentration of the moisture
causing that peak. The CPMG experiment observed the relaxation of the transverse mag-
netization signal back to zero, followed by excitation to a maximum at ¢ = 0, and the area
under a peak decreased as the CPMG time increased. In other words, it measures the pro-
portion of H nuclei that maintain magnetization at each time t. For a single nuclear envi-
ronment within a pure substance, relaxation follows an exponential decay of the following
form:

t
S=S,eTz (6)

where S is the signal at time £, So is the signal at time t =0, t is the CPMG time, and 12 is
the time constant for the transverse relaxation decay. From the range of T2 values, the
different types of moisture were determined. The unbound moisture had a T2 value of a
few seconds whereas the bound moisture had much lower T2 values. The true form of
decay given by Equation (7) according to the Levenberg—-Marquardt method, therefore,
was as follows:
t t t t

S(t)= A, e T2 + A, e T22 + Az e TB + -+ A e T2 @)
where 121, T22, T23 ... T2i are different T2 values and A1, Az, As ... Ai are the proportions
of nuclei having the respective values of T2. The T2 relaxation decay data were fitted to
Equation (7) and the T parameters were regressed by a simultaneous fit to all four sam-
ples. The amplitudes were weighted inversely to their magnitudes to give a better fit to
low values in the exponential tails, as shown in Figure 14.
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Figure 14. The T2 relaxation decay curves of the different FS samples.

From the multiexponential analysis, three peaks were extracted from the signals. To
check whether the analysis gave consistent values for the exponential factors, their values
were determined by fitting to each sample individually and then to all four samples sim-
ultaneously. The values were reasonably consistent. The three different water fractions
were observed, in varying proportions, and it was observed that the smaller the T2 values,
the tighter the binding of moisture and vice versa. While relaxation time distributions may
overlap and do not uniquely define spatial moisture domains, the consistent grouping
into three dominant relaxation regimes across all samples supports their correspondence

to progressively constrained moisture states. The moisture distribution from the NMR
data is provided in Figure 15.
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Figure 15. Moisture distribution from NMR experiments.

3.1.4. Comparative Assessment of Methods Used for Determining the Bound Moisture
Fractions

Figure 16 compares the bound moisture fractions obtained from the three experi-
mental techniques, low-T drying tests, MSI, and NMR, across the four FS samples. While
the methods exhibit consistent directional trends, the figure clearly shows systematic and
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method-dependent deviations (e.g., ~1-15% lower interstitial moisture in MSI relative to
drying, and #0-19% variation in NMR), reflecting differences in measurement principles
rather than random variation. The drying test quantifies total removable moisture
through gravimetric loss, MSI provides bulk proxy estimates based on spectral response,
and NMR classifies moisture based on molecular mobility. As a result, fraction labels are
not strictly equivalent across methods, particularly for intermediate moisture states.

Across all methods, interstitial moisture represents the dominant fraction of bound
moisture, followed by vicinal moisture and finally intracellular moisture. For the VIP sam-
ples, the drying test estimated the interstitial moisture fraction at approximately 37-38%
of total moisture, while MSI produced a similar value of about 36%. The NMR analysis
produced a higher value of approximately 46%, reflecting the grouping of loosely bound
moisture populations in the relaxation spectrum. MSI consistently reports lower intersti-
tial values than drying, while NMR shows variable deviation, closely aligned in some
cases (e.g., UDDT) but substantially lower or higher in others (e.g., ST-wGW and VIP).
This variability reflects sensitivity to pore-scale distribution and mobility thresholds. The
vicinal moisture fraction ranged from approximately 11-15% using MSI and drying meth-
ods, while intracellular moisture ranged from about 3-7%. The vicinal fraction is not di-
rectly comparable across methods. MSI reports higher values than drying, while NMR
does not explicitly resolve this fraction since NMR characterizes moisture based on mo-
lecular mobility rather than spatial location within the sludge matrix. Consequently, NMR
identifies two principal bound moisture populations, loosely bound and tightly bound
water, rather than three discrete spatial fractions and the vicinal moisture is distributed
between these two NMR populations, contributing partly to the loosely bound fraction
together with interstitial moisture and partly to the tightly bound fraction together with
intracellular moisture. This explains the systematic redistribution observed between
NMR-derived values while still preserving the overall hierarchical structure of moisture
binding. Accordingly, the differences between NMR and the other methods arise from the
classification framework. Further, the intracellular fraction shows a consistent pattern
across all systems, with NMR values systematically higher than those of both drying and
MSI.
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Figure 16. Comparative assessment of methods for bound moisture determination.

https://doi.org/10.3390/eng7060257



Eng 2026, 7, 257

21 of 31

A comparable trend was observed for the UDDT samples, where interstitial moisture
ranged from approximately 31-37% depending on the method. Vicinal moisture ranged
from approximately 6-10%, while intracellular moisture remained within the range of
about 4-9%. For the ST-wGW, the drying test produced the highest interstitial moisture
estimate at approximately 50%, compared to about 34-35% obtained from MSI and NMR.
The vicinal fraction varied from roughly 6-13%, and intracellular moisture ranged from
approximately 5-9%. In the ST-BW samples, interstitial moisture ranged between approx-
imately 31% (NMR) and 45% (drying test), with vicinal moisture from about 7-14% and
intracellular moisture from approximately 6-9%. These differences, while substantial in
magnitude, follow consistent method-specific bias patterns observed across all samples.
Moisture fraction estimates are derived from processed datasets (drying curve averaging,
model-fitted MSI isotherms, and NMR relaxation analysis). An uncertainty assessment
based on error propagation, including contributions from image-based area estimation,
indicates an overall uncertainty of approximately +1-2% in the reported values. Conven-
tional error bars are therefore not presented, as the values do not represent independent
replicate measurements of the final fractions.

Despite these methodological differences, all three techniques produced consistent
rank ordering of bound moisture fractions, with interstitial moisture representing the
largest fraction across all FS types. The agreement between MSI, drying, and NMR in
identifying interstitial moisture as the dominant fraction reduces the likelihood of a
method-specific artefact, though the higher NMR estimates reflect its classification of
loosely bound interstitial and vicinal populations together. Further, since the observed
differences are driven by measurement constructs of the experiment approaches (gravi-
metric vs. proxy vs. molecular mobility), direct comparison of fractions, particularly un-
bound and vicinal, is therefore limited without conceptual harmonization.

3.2. Binding Energy Analysis

Binding energy was characterized through three independent approaches: drying ki-
netics from low-temperature convective drying, evaporation enthalpy from TGA-DSC,
and net isosteric heat from MSI data. Together, these analyses provide insight into how
moisture binding energy evolves as the sludge transitions from interstitial to vicinal and
intracellular moisture regimes.

3.2.1. Kinetic Characteristics

The low-T drying test showed isothermal kinetic behavior consistent with the unre-
acted core model, in which the outer surface of the sample dries first and moisture diffuses
outward through a progressively thickening dried layer. The heat transfer from the gas
phase to the inside of the sample occurs by convection. The outer skin of the sample cyl-
inder starts to dry first, and then the inner part. The moisture diffusion occurs through the
pores of the dried outer surface. The unreacted core model has three rate-controlling steps
[55].

(a) Kinetic control;
(b) Gas film control;
(c) Dried-layer control.

One of these three rate-controlling steps is the dominant of the three. The kinetic con-
trol is given by:
t=1{1- 1-X)3} 8)
where 7 is the time required for the complete drying of the sample, X is the fractional
conversion of drying and ¢ is time.
X is given by:
https://doi.org/10.3390/eng7060257
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X = ©)

Mo =Moo

where mo is the initial sample mass, m is the mass at time t and m- is the sample mass after
complete drying.
Diffusion of moisture through gas film controls is given by:
t=1X (10)

The diffusion of moisture through dried-layer controls is given by:
2
t= 1{1—3(1—X)§+2(1—X)} (11

The isothermal kinetic characteristic of the convective drying process is governed by
the three rate-controlling steps which are compared (Figure 17) by applying the Equations
(8), (10) and (11) and the relationship between the time and fractional conversion of drying
is measured.
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Figure 17. The rate-controlling steps of FS samples.

The comparison of the three rate-controlling models provides insight into the domi-
nant transport mechanisms governing moisture removal from FS during low-temperature
convective drying. Among the three models evaluated, the gas film control exhibited the
lowest correlation coefficients (R? = 0.44-0.69), indicating that external mass transfer re-
sistance between the drying air and the sludge surface was not the limiting mechanism.
This suggests that the imposed airflow conditions and temperature were sufficient to
maintain efficient moisture removal at the air-solid interface.
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In contrast, both the kinetic control and dried-layer control models exhibited signifi-
cantly higher correlations with the experimental data, as indicated in Table 4. The kinetic
control model showed strong agreement across all sludge types (R?=0.84-0.96), indicating
that internal moisture migration within the sludge matrix plays a major role in governing
drying behavior. This behavior is consistent with the heterogeneous biofloc structure of
FS, where moisture must migrate through interconnected pore networks and gel-like mi-
crobial aggregates before reaching the evaporation surface.

Table 4. Comparison of three rate-controlling steps from low-T test for FS samples.

Correlation R?

Samples Kinetic controls Gas film controls Dried-layer controls
Low-T Test Low-T Test Low-T Test

VIP 0.9273 0.5981 0.9249

UDDT 0.9597 0.6950 0.9766

ST-wGW 0.8444 0.4428 0.7983

ST-BW 0.9207 0.5370 0.8806

The dried-layer control model also exhibited similarly high correlations (R? = 0.80-
0.98), particularly for the UDDT and VIP samples. This indicates that, as drying pro-
gresses, the formation of a partially dehydrated outer layer increasingly restricts moisture
transport from the interior of the sample. The development of such a dried outer layer,
often referred to as a “drying skin”, creates an additional diffusion barrier that limits the
movement of moisture vapor toward the evaporating surface. This phenomenon is com-
monly observed in drying of soft, porous materials and sludges where shrinkage and
structural consolidation occur simultaneously with moisture loss.

The relative dominance of the kinetic and dried-layer mechanisms indicates that in-
ternal transport resistance, rather than external mass transfer, limits drying rate in FS. In
the early drying stages, the kinetic control model suggests that moisture migration within
the pore network governs the drying rate. As drying progresses and the outer layer con-
solidates, the dried-layer model provides a closer fit, consistent with the development of
a diffusion-limiting surface layer. These stages are broadly consistent with the sequential
removal of interstitial and vicinal moisture fractions, though direct assignment of drying
periods to specific fractions requires further experimental validation.

This interpretation is consistent with the observed Krischer drying curves, where the
first falling-rate period corresponds to capillary-driven removal of interstitial moisture,
while the second falling-rate period reflects diffusion-limited removal of vicinal moisture.
The increasing resistance to moisture transport observed in the later stages of drying
therefore reflects the progressively stronger binding of moisture within the sludge matrix.

The co-dominance of kinetic and dried-layer mechanisms in all four FS types con-
firms that internal transport resistance, not external mass transfer, governs drying rate,
consistent with the energetic hierarchy reported in Sections 3.2.2 and 3.2.3.

3.2.2. TGA-DSC Analysis

The TGA-DSC combined analysis allows us to evaluate the heat flow, temperature
variation and mass loss rate of the sample. In Figure 18, a typical tests for pure water (a)
and the FS sample are illustrated (b).
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Figure 18. Experimental Results for Combined TGA-DSC Test for pure water (a) and VIP sample
(b).

The sample weight (TGA), the calculated loss rate (DTG), the heat flow (DSC), and
the reference cell temperature (Tcell) are shown in these figures as functions of time. In
both graphs, the sample cell temperature initially increases from room temperature, ex-
hibiting overshoots due to the temperature controller’s regulation (Stage I). Once the sur-
roundings reach the set temperature, the system stabilizes (Stage II). As the cell tempera-
ture rises, the sample mass decreases, indicating moisture loss. During Stage II of the TGA
test for pure water (Figure 18(a)), the evaporation rate (DTG) remains nearly constant,
reflecting a steady heat flow entirely dedicated to water evaporation. In contrast, for the
VIP sludge test (Figure 18(b)), the constant DTG period is significantly shorter compared
to the pure water test. As most of the moisture is removed, the process transitions to Stage
III, where the evaporation rate declines rapidly. This transition is particularly abrupt for
pure water (less than 2 min, Figure 18a), whereas in the VIP sludge test (Figure 18b), it
occurs more gradually due to the complex moisture binding characteristics of the sludge.

From the obtained results, the specific enthalpy of moisture evaporation was calcu-
lated as follows. When the entire enthalpy flow is for moisture evaporation, the specific
enthalpy or the evaporation heat of sludge moisture AHs (kJ/kg) is given by Equation (12).

AH; = Q/m (12)
where m is the drying rate, kg/s; Q is heat flow rate kJ/s and is given by Equation (13):
Q =Ah (Tref = Teen) (13)

where A (m?) is the heat transfer area; h (W/m2K) is the average heat transfer coefficient;
and Trf and Ten are the reference temperature and cell temperature respectively. Ah is
assumed to be constant for both pure water and the cell sample. Trf— Teerr can be derived
from the DTA test.

The binding strength Hs (kJ/kg) is calculated using Equation (14) as follows:

Hy = H, — Hy, (14)

where Hu is the heat of vaporization of pure water at 90 °C.

AHs = AHp (the latent heat of water vaporization) when the moisture in the sample
exhibits the same energy level as that of pure water, and this moisture is referred to as
unbound moisture as it is accepted that unbound moisture has the same properties as that
of pure water. Further, the solid particle-moisture binding is evident when AHs > AH, and
the difference is defined as the bond strength of the moisture. The higher the bond
strength, the higher the required enthalpy to vaporize the moisture. The different energy
levels indicated the different bond strengths, thereby depicting the different types of
bound moisture [56]. Since the heat flow Q into the sample cell can be directly measured
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through the DSC test, the pure water test is not needed in the TGA-DSC test (but it is
useful to verify the equipment precision). The evaporation heat of moisture in sludge can
be calculated directly through Equation (12), as well as the bond strength Hs in Equation
(14). Figure 19 shows the experimental results of the FS samples. Higher binding energy
denotes high enthalpy to separate from the solid particles, or more moisture boundness
[57].
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=250
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Figure 19. Bond strength of moisture in FS samples through TG-DSC test.

The excess enthalpy is consistent with increased binding of residual moisture, likely
arising from a combination of capillary retention and surface adsorption effects [20]. The
progressive increase in the binding strength observed across decreasing MC suggests that
the bound moisture fractions are fundamentally differentiated by energy levels required
for their removal rather than their spatial location alone. Accordingly, the interstitial mois-
ture represents a low-energy bound state, whereas the vicinal and intracellular moisture
corresponds to increasingly stable energetic configurations within the sludge matrix.

3.2.3. Net Isosteric Heat of Sorption (NIHS)

Net isosteric heat is a measure of the binding energy of moisture to the solid particles
in a sludge and can show how moisture is bound at different moisture contents, corre-
sponding to binding energies of the different moisture fractions. While the TGA-DSC can-
not determine the vaporization energy at a defined temperature and provides accumu-
lated average vaporization enthalpy, NIHS is defined at a specific temperature. NIHS was
calculated at different MCs using the Clausius-Clapeyron equation and Ferro-Fantan and
Peleg models that adequately fit the experimental data for the different samples at differ-
ent temperatures. Figure 20 shows the relationship of the NIHS with MC (w.b) at 41.6 °C.
The Ferro-Fontan model is limited to a water activity range of 0.1 to 0.9. During experi-
mentation, this water activity range was achieved using the three MSI methods. The Peleg
model offers a wider range of water activity of less than 0.95. However, it was observed
that adequate points below 0.1 and above 0.9 but limited to 0.95 were necessary for a better
estimation of model parameters by regression. These points were achieved using the wa-
ter activity method during experimentation. Thus, a combination of points acquired from
the saturated salt method would be necessary in the model parameter estimation.
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Figure 20. Variation of net isosteric heat (His) with moisture content for Ferro-Fontan and Peleg

models, showing exponential decay behavior.

The net isosteric heat increased as the MC of the sample decreased. However, as the
MC reaches 20% and 30% (w.b), the net isosteric heat became significant, which suggested
that the NIHS was substantial for vicinal and internal moisture fractions. The higher NIHS
with vicinal and internal moisture fractions was also consistent with van der Waals forces
that attach to the sample surface to form a monolayer and with the water molecules in the
multilayer. According to C. Bourgault et al., 2019 [28], the heat of evaporation is only sig-
nificant up until 0.2 g water/g dry solids, which translates to an MC of 16.7% (w.b) in fresh
feces at an average temperature of 25 °C. Although discrete energy values cannot be ex-
clusively assigned to individual moisture fractions due to their overlapping transitions,
the systematic escalation of NIHS and evaporation enthalpy with decreasing moisture
content aligns consistently with the independently identified interstitial, vicinal and in-
tracellular regimes.

The energetic hierarchy identified in this study provides a physical explanation for
the progressive resistance of FS to moisture removal across different treatment processes.
At higher moisture contents, interstitial moisture is associated with relatively low binding
energies, consistent with capillary-dominated interactions. However, as moisture content
decreases, the remaining water is increasingly associated with stronger physicochemical
interactions, including adsorption onto particle surfaces, entrapment within structural
networks and intracellular confinement. These structural networks are largely governed
by extracellular polymeric substances (EPSs), which form a hydrated, gel-like matrix that
regulates moisture retention behavior. The role of EPS in controlling sludge structure and
stability has been independently characterized in a parallel study by the authors [20],
where higher tightly bound EPS (TB-EPS) content was associated with increased struc-
tural integrity and moisture retention capacity. The trends observed in the present study
are consistent with this structural interpretation. FSs such as ST-wGW and UDDT, which
exhibit stronger persistence of bound moisture and a sharper increase in net isosteric heat
at lower moisture contents, can be inferred to possess more developed EPS matrices, re-
sulting in higher effective binding energy. In contrast, VIP samples exhibit comparatively
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lower resistance to moisture removal, indicating weaker matrix-associated binding. The
EPS matrix contributes to moisture binding through hydrogen bonding, electrostatic in-
teractions, and physical entrapment within polymeric networks, thereby increasing the
energy required for moisture removal. Accordingly, the increase in NIHS with decreasing
moisture content reflects not only the transition between interstitial, vicinal, and intracel-
lular moisture fractions but also the increasing dominance of EPS-mediated binding
mechanisms within the sludge matrix.

This transition from interstitial to vicinal to intracellular moisture therefore repre-
sents a shift from capillary-controlled to structure- and interaction-controlled moisture
retention. As the binding energy increases, moisture mobility becomes increasingly con-
strained, resulting in reduced efficiency of moisture removal irrespective of the method
employed. While mechanical dewatering primarily overcomes capillary forces, thermal
drying and other chemical processes must additionally overcome the higher energetic re-
quirements associated with strongly bound moisture fractions. Consequently, these ob-
servations provide an energetic basis for understanding the residual moisture limits re-
ported for different dewatering technologies applied to FS, particularly in explaining var-
iability in achievable moisture reduction across treatment methods [4,10].

4. Conclusions

This study demonstrates that moisture in FS is organized as a continuum of bound
states characterized by progressively increasing binding energies, corresponding to inter-
stitial, vicinal, and intracellular moisture fractions. Across the investigated sludge types,
interstitial moisture dominated bound moisture (33-50% of total moisture) and was gov-
erned by low-energy capillary interactions, while vicinal (9-15%) and intracellular frac-
tions (3-9%) required progressively greater energy to remove. The van Genuchten model
further indicated the behavior of moisture boundness of FS was similar to that of unsatu-
rated soils.

Thermal and thermodynamic analyses (TGA-DSC and NIHS) confirmed that binding
energy increases with decreasing moisture content, reflecting a transition from capillary-
controlled to structure-controlled moisture retention. This transition, evident through the
falling rate periods and the sharp increase in NIHS at 20-30% moisture content, corre-
sponds to the dominance of strongly bound vicinal and intracellular moisture. This ener-
getic transition is intrinsically linked to the structural characteristics of the sludge matrix,
particularly the presence of EPSs, which form a hydrated network governing moisture
retention.

The three experimental approaches—sorption isotherms, low-temperature drying,
and TGA-DSC—characterized moisture binding through complementary perspectives
and the consistent rank ordering of moisture fractions across all three methods supports
the robustness of the identified hierarchy and reduces the likelihood of method-specific
artefacts, though the different physical bases of each method preclude direct quantitative
equivalence. Across sanitation systems, the observed differences in binding energy behav-
ior indicate that septic tank and UDDT sludges exhibit stronger moisture retention envi-
ronments compared to VIP sludges, consistent with more developed matrix structures.
These differences suggest that variations in EPS composition contribute directly to bind-
ing energy behavior and residual moisture limits.

The findings provide a thermodynamic basis for understanding residual moisture
limits in FS treatment. Elevated binding energies associated with vicinal and intracellular
moisture indicate that improving dewaterability requires approaches that modify sludge
microstructure. In practical terms, for FS with high interstitial moisture content (e.g., >45%
as in septic tank sludges), approaches that modify sludge microstructure, particularly
through disruption of EPS networks, may be more effective than increasing applied
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mechanical stress alone, as EPS-mediated binding governs the retention of strongly bound
moisture fractions.
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ST-wGW  Septic Tank—with Grey Water Also

SWCC Soil Water Characteristic Curve

TGA-DSC Thermogravimetric Analysis-Differential Scanning Calorimetry
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