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• The quantity and distribution of water
molecules in sludge affect the microwave
drying performance.

• The distribution of free and bound water
is affected by sludge hydrophobicity.

• Sludge with a higher fat and oil content
has a higher energetic value and hydro-
phobicity.

• The material's ability to absorb micro-
wave energy influences the electrical de-
mand and throughput of the microwave
system.
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Thermal drying is an effective sludge treatment method for dealing with large volumes of sludge. Microwave (MW)
technology has been proposed as an effective and efficient technology for sludge drying. The physical-chemical prop-
erties of the sludge depend both on the origin of the sludge, as well as on the treatment process at which the sludge has
been exposed. The physical-chemical properties of the sludge affect the performance and the subsequent valorisation
and management of the sludge. This study evaluated the effect of certain physical-chemical properties of the sludge
(moisture content, organic content, calorific value, porosity, hydrophobicity, and water-sludge molecular interaction,
among others) on the MW sludge drying and energy performance. Four different types of sludge were evaluated col-
lected frommunicipal wastewater treatment plants and septic tanks. The performance of the MW systemwas assessed
by evaluating the sludge drying rates, exposure times, energy efficiencies and power input consumed by the MW sys-
tem and linking the MW drying performance to the sludge physical-chemical properties. The results confirmed that
MW drying substantially extends the constant drying period associated with unbound water evaporation, irrespective
Keywords:
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Sludge drying
Energy efficiency
e; Cu, copper; cp, specific heat capacity [J kg−1 °C−1]; Cr, chromium; DR, drying rate [kg of water kg of dry solids−1 min−1]; DS, dry
tensity [Vm−1]; EMC, equilibriummoisture content [kg of water kg of dry solids−1]; f, frequency [Hz]; H, hydrogen; HEM, N-hexane-
kg−1]; hst, net heat of sorption [kJ kg−1]; Hv, latent heat of evaporation of pure water [kJ kg−1]; md, total mass of dry solids in the
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of the sludge sample evaluated. However, the duration and intensitywere determined to depend on the dielectric prop-
erties of the sludge, particularly on the distribution of bound and free water. Sludge samples with a higher amount of
free and loosely boundwater absorbed and convertedMWenergy into heatmore efficiently than sludge sampleswith a
lower amount of free water. As a result, the sludge drying rates increased and the constant drying rate period pro-
longed; hence, leading to an increase in MW drying energy efficiency. The availability of free and loosely bound
water molecules was favoured when hydrophobic compounds, e.g., oils and fats, were present in the sludge.
Water sorption properties
Latent heat requirement
1. Introduction

On-site sanitation facilities and municipal wastewater treatment plants
(WWTPs) generate significant amounts of sludge which needs to be treated
before its final disposal or reuse (Kelessidis and Stasinakis, 2012). The
sludge, if not correctly managed, can eventually harm the natural resources
and affect the public health. However, if properly treated several valuable
resources can be recovered (Kehrein et al., 2020). The sludge contains
large amounts of organic matter, nitrogen, and phosphorus. Nonetheless,
the sludge may also contain pathogens and contaminants such as heavy
metals and organic substances which may limit its reuse as a fertilizer. Par-
ticularly, municipal sludge receiving contributions from industries and hos-
pitals may exhibit some of these issues (Kroiss and Zessner, 2007).
Therefore, both the sludge characteristics, as well as the sludge manage-
ment strategies determine the subsequent reuse or disposal possibilities of
the sludge and the potential environmental and/or public health impacts
(Đurđević et al., 2020). Typically strategies commonly used to manage/
treat the sludge include (co-) incineration, (co-) composting, and agricul-
tural amendment, among others (Gomes et al., 2019). In all cases, there
are both significant energy expenditures, as well as management issues
due to the elevated water content of the sewage sludge with sludge mois-
ture contents as high as approximately 98%. Typically, sludge moisture
contents for treated sewage sludge of 60% and 15% should be reached
for agricultural reuse and for energy recovery applications such as (co-) in-
cinerations, respectively (Kamran and Gao, 2020; Lam et al., 2020). The
high moisture content of the raw sludge also influences its collection (due
to the large sludge volumes requiring collection), the transportation costs,
and the frequency at which the sludge needs to be collected, among others.
Thus, the high moisture content of the raw sludge impact on both the pro-
vision of proper sludge management strategies, as well as on the related
treatment costs. In recent years, mechanical and thermal dewatering
methods have been proposed as suitable alternatives for sludge treatment
to be applied at the WWTP (Flaga, 2005). Mechanical dewatering can re-
duce the sludge moisture content up to approximately 70% and thermal
drying up to approximately 5%. Currently available thermal dewatering/
drying systems include belt dryers, rotary dryers, drum dryers, paddle,
disc dryers, solar air heaters, and the recently introduced microwave
(MW) dryer systems. (Ohm et al., 2009; Mujumdar, 2014; Khanlari et al.,
2020).

Microwave irradiation has been presented as a viable technology for
sludge drying achieving sludge volume reductions higher than 90% and re-
duce/eliminate the pathogen content present in the sludge including E. coli,
Ascaris lumbricoides eggs, Staphylococcus aureus, and Enterococcus faecalis at
much shorter exposure times compared to traditional drying methods
such as hot air-drying techniques (Dominguez et al., 2004; Hong et al.,
2004, 2006; Pino-Jelcic et al., 2006; Mawioo et al., 2016a, 2016b, 2017;
Kocbek et al., 2020; Guo et al., 2021). MWs are electromagnetic waves in
the range between 37.24 and 12.24 cm (i.e., frequencies of 915 and
2450 MHz, respectively) (Haque, 1999; Bilecka and Niederberger, 2010).
The primary mechanism by which nonionizing electromagnetic energy is
converted into heat during MW treatment is attributed to the dipolar
polarisation of certain compounds in the irradiated material (Stuerga,
2006). The electric field applies a torque that serves to induce a rotational
motion of all the molecules with a permanent dipole moment such as the
water molecules present in the sludge (Stuerga, 2006). The oscillating elec-
tromagneticfield generates a series of changes that are resisted by thewater
molecules. This results in frictional, elastic, inertial, and molecular forces
2

that increase the overall temperature of the irradiated material (Mishra
and Sharma, 2016). In such way, the electromagnetic energy is converted
into heat. The alternating electric field energy positioned outside of the ab-
sorbing material is irreversibly absorbed, resulting in a quick “volumetric”
heating with an inverted temperature profile; i.e., upon exposure toMW ra-
diation, the MW penetrate the material which generates heat leading to a
quick sanitation and sludge mass/volume reduction. The volumetric
heating effect has been reported to substantially enhance the system
throughput capacity in sludge treatment systems leading to rapid reduc-
tions in the sludge volume and mass, while simultaneously mitigating the
chances of disease outbreaks related to excreta health threats through path-
ogen inactivation (Mawioo et al., 2016a, 2016b, 2017; Kocbek et al., 2020).
Advantages of MW drying applications also include fast process start-up
and shutdown, lower adverse effects on global warming, if renewable en-
ergy sources can produce the electrical energy needs for the MW, and low
footprint needs (Maskan, 2000, 2001; Kouchakzadeh and Shafeei, 2010;
Kocbek et al., 2021). The system's high throughput capacity enable the sys-
tem to be containerized (manufactured in a single container) and mounted
on a trailer to perform in-situ sludge treatment (Kocbek et al., 2021). There-
fore, possibly alleviating issues related to the management of faecal sludge
(collection, transport and treatment) which have been reported to be inad-
equate, and in some cases to be completely absent in both urban and rural
areas (Peal et al., 2014).

The heat transfer process is regulated by the dielectric loss tangent (tan
δ) of the irradiated material defined as the ratio between the dielectric loss
factor (ε″) and the dielectric constant (ε′). The dielectric loss factor repre-
sents the conversion of the electromagnetic energy into heat, while the di-
electric constant depicts the ability of the material to store electromagnetic
energy. Therefore, a material characterized by a high dielectric loss factors
and a low dielectric constant (i.e., a high tan δ), such as the sludge, can be
efficiently heated by applyingMW radiation (Antunes et al., 2018). The tan
δ of the irradiated material is a relevant factor when applying MW energy,
and this property may change among the various MW irradiated materials.
Particularly, the tan δmay significantly change depending on the physical-
chemical characteristics of the sludge such as the sludge moisture and or-
ganic content. In fact, Mawioo et al. (2017) irradiated municipal sludge,
septage sludge (SS), and fresh faecal sludge aiming at sludge sterilization
and drying. The authors reported complete bacterial inactivation and
sludge drying up to a final moisture content of 5%. Moreover, the authors
reported a strong dependence of the MW performance on the physical-
chemical characteristics of the sludge. For instance, the fresh faecal sludge
samples, exhibiting the lowest initial moisture content of all the evaluated
sludge samples of 77%, were dried much faster and demanding less energy
compared to the other evaluated types of sludge. Therefore, the initialmois-
ture content seemed to be one of the key physical-chemical sludge proper-
ties whenMW drying the sludge. However, the authors also reported faster
temperature increments and faster water evaporation rates when irradiat-
ing waste activated sludge (WAS) compared to when irradiating SS. The
moisture content of the WAS was much higher than the moisture content
of the SS; then, showing opposite trends as previously described. The au-
thors suggested that the disparities concerning the drying rates and expo-
sure times could be attributed not only to the moisture content, but also
to the organic matter content, which was higher in WAS (75%) than in SS
(55%). Mawioo et al. (2017) hypothesized that the organic compounds
present in the sludge such as carbohydrates and proteins could exhibit
high dielectric loss tangent factors, leading to an increase on the amount
of MW energy converted into heat. However, the organic matter (mostly
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carbohydrates and proteins) has also been reported to exhibit a negative
impact on the MW drying performance (Dealler et al., 1992; Léonard
et al., 2004). The organic matrix present in the sludge is composed of or-
ganic compounds which some of them may exhibit hydrophilic and polar
groups increasing the chances of water molecules to strongly bind to such
groups. Thus, such a strong bonding between the water molecules and
the organic components in the sludge counteract the effects caused by the
MW radiation related to promoting the rotation of the free (not bound)
water molecules (Jones and Or, 2003; Pickles et al., 2014). A fraction of
the water molecules present in the organic matrix in the sludge would
exist in a relatively free liquid form; however, some of the water molecules
would be attached to the organic matrix of the sludge tightly bound to the
sludge (Vesilind, 1994). Thus, such strong binding would hinder the rota-
tion of the water molecules negatively impacting the conversion of the
electromagnetic energy into heat; so, making the MW drying process
less efficient (Jones and Or, 2003; Pickles et al., 2014). As such,
knowing precisely the physical-chemical properties of the sludge such
as the water content and the organic content (among others) would
contribute to better predict the MW drying performance of different
types of sludge.

The physical-chemical characteristics of the sludge are determined by
both the origin of the sludge, and by the treatment processes at which the
sludge has gone through. Such characteristics of the sludge strongly influ-
ence on subsequent sludge drying processes such as the MW sludge drying.
Particularly, the physical-chemical properties will determine the efficacy of
the MW treatment for the sanitization and drying of the different types of
sludge, as well as the energy expenditures involved in such processes. The
effects of the sludge properties on the MW drying performance have not
been thoroughly reported in the literature; therefore, they need to be
assessed. This research addressed such needs directly. This research aims
firstly at determining the physical-chemical properties of different types
of sludge originated from different municipal WWTPs and on-site facilities;
such sludge properties were also related to the origin of the sludge and to
the wastewater treatment processes at which the sludge was exposed. The
sludge physical-chemical properties determined in this study included:
moisture content, organic content, elemental composition, calorific value,
absolute and envelope density, porosity, oil and grease content, presence
of heavy metals, water sorption/desorption properties, and isosteric heat
of sorption. Secondly, this study aims at determining the impact of such
physical-chemical properties of the sludge on the MW drying performance.
The MW drying performance was assessed by determining: overall sludge
drying performance (exposure times to achieve a certain degree of drying),
drying rates, specific energy inputs, and energy efficiencies.

2. Materials and methods

2.1. Materials and sample preparation

Three different types of WAS were obtained from three different
WWTPs, while one type of SS was obtained from an onsite sanitation facil-
ity. Table 1 describes the origin of the sludge as well as the type of
Table 1
WWTPs and onsite sanitation facilities where the sludge samples were collected.

Sludge
samples

WWTP
location

Treatment
technology

Wastewater/Sludge
source

Mechanical
pre-treatment process

Bio
tre

WAS A Ptuj Sequential batch
reactor

Industrial and
domestic (80%)

Screening, grit and
grease removal

An
an

B Ljutomer Sequential batch
reactor

Industrial and
domestic (80%)

Screening, grit and
grease removal

An
an

C Maribor Conventional waste
activated sludge

Industrial and
domestic (80%)

Screening, grit and
grease removal

An
an

SS D Ptuj Septic tank Domestic Screening An

3

treatment technologies producing each particular type of sludge. All the
sludge samples were stored in plastic containers at 4 °C and evaluated
and/or analysed within 48 h.

2.2. Analytical procedures

2.2.1. Total solids (TS) and volatile solid (VS) determination
The TS and VS were determined according to the gravimetric methods

SM-2540D and SM-2540E, as described in the Federation and Association
et al. (2005). The DS% is the same as the TS concentration expressed in per-
centage; the moisture content was calculated subtracting the DS% to 100.

2.2.2. Calorific value and carbon (C), hydrogen (H), nitrogen (N), and sulphur
(S) determinations

Carbon (C), hydrogen (H), nitrogen (N), and sulphur (S) are the main
chemical elements that determine the energy content of sludge (i.e., the
gross calorific value of the sludge) (Friedl et al., 2005). The gross calorific
values, and the C, H, N and S content of the sludge samples were deter-
mined at the Institute of Chemistry, Ecology, Measurement and Analytics
(IKEMA, Lovrenc na Dravskem polju, Slovenia) according to the following
methods: (i) calorific value (SIST-TS CEN/TS 16023:2014 standard); (ii)
elemental sulphur and hydrogen (Dumas method); (iii) total carbon (SIST
EN 13137:2002); and (iv) total nitrogen (SIST EN 16168:2013). The
gross calorific value of the sludge was determined by measuring the
amount of heat emitted during the complete combustion of the
sludge in a bomb calorimeter (IKA- Calorimeter C 400 adiabatisch
IKA®-Werke GmbH & Co. KG, Staufen German). The gross calorific
value included the condensation enthalpy of the water. The net calorific
value was obtained by subtracting the condensation enthalpy from the
gross calorific value.

2.2.3. N-hexane extractable material determination
The presence of N-Hexane-extractablematerials (HEM), often termed as

oil and grease, were determined according to the gravimetric separatory
funnel extraction method suggested on the EPA Method 1664, revision B.
The analysis was repeated twice, and the average of these two determina-
tions was reported.

2.2.4. X-ray fluorescence
The X-ray fluorescence analyses were carried out to determine ele-

ments; specifically, heavy metals such as nickel (Ni), zinc (Zn), lead (Pb),
chromium (Cr), and copper (Cu). The determinations were initiated by pel-
letizing theMWdriedWAS and SS samples using a Chemplex Spectro pellet
press (Chemplex Industries Inc., Palm City, USA) at a pressure of 12 tons
(120 kilonewtons) in a 5 min period. The press generated sludge pellets
with a radius of 16 mm and thickness of 10 mm. The concentrations of
the elements (Ni, Zn, Pb, Cr, and Cu) in the pellets were determined using
a Twin-X X-ray fluorescence spectrometer (XRF Twin-X, Oxford Instru-
ments, Abingdon, UK). The spectrums were analysed by the aid of the
SmartCheck software provided in the instrument.
logical
atment process

Sludge treatment process

aerobic, anoxic
d aerobic

Mechanical dewatering using centrifuge assisted by the addition of
polymers

aerobic, anoxic
d aerobic

Mechanical dewatering using centrifuge assisted by the addition of
polymers

aerobic, anoxic
d aerobic

Saturated air flotation and mechanical dewatering using centrifuge
assisted by the addition of polymers

aerobic Gravitational draining through a sieve with an aperture size of 0.5 mm
assisted by the addition of 40 mg L−1 cationic polymer (Acefloc
80,902+, Allied Solutions)
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2.2.5. Determination of the absolute density, envelope (bulk) density, and sludge
porosity

TheMWdried samples were further dried in an oven at 40 °C for 72 h to
reach a constantmass. The absolute density of the sludgewas determined in
a helium atmosphere using an AccuPyc 1330 automatic gas pycnometer
(Micromeritics Inc., USA). The instrument determined the gas displaced
by the sample by applying the ideal gas law and in that way the absolute
volumes of the samples (and the densities) were calculated (Candanedo
and Derome, 2005).

The envelope density was determined by using a GeoPyc 1360
(Micromeritics Inc., USA) instrument. The volume of the samples was
analysed by packing the sample in DryFlo silica sand (registered trademark,
Micromeritics Inc., USA). Then, the sample chamber of the instrument was
filledwith only sand and the volume of the sandwas calculated. Thereafter,
the sludge sample packed with the sand was introduced into the chamber,
and the total volume of the sand and sludge sample was measured. From
the difference in volume, the sludge sample envelope volume and density
were calculated.

The porosity of the sludge was determined as the ratio of pore space vol-
ume or voids within the sample (the difference between envelope and abso-
lute density) to the envelope volume.

2.2.6. Determination of the water sorption/desorption properties of the sludge
The determination of thewater sorption and desorption propertieswere

carried out byfinding themoisture sorption isotherms (i.e., the equilibrium
relationship between the moisture content of the sample at equilibrium - at
the equilibrium moisture content (EMC) - and the relative humidity (RH).
Suchmoisture sorption isothermswere determined using a dynamic vapour
sorption (DVS) intrinsic apparatus (DVS Intrinsic, Surface Measurement
Systems Ltd., London, UK). Two complete isotherms runs were performed
for each sludge sample to capture both the sorption and desorption behav-
ior of the material (i.e., four runs per sample). The moisture sorption iso-
therms were obtained for every sludge sample by plotting the moisture
content of the sample (once the equilibrium was reached at each evaluated
RH) as a function of the RH. The results presented in this study considered
the results obtainedwhen carrying out the second sorption/desorption run.

2.2.7. Determination of the isosteric heat of sorption
The total isosteric heat of sorption is defined as the sum of the heat

change accompanying the isothermal sorption of a specified quantity of
water vapour on the sludge sample (i.e., net heat of sorption), and the en-
ergy required for a normal water vaporisation (latent heat of evaporation
of the unbound water). The net isosteric heat of sorption was determined
as described in the Clausius-Clapeyron equation (Eq. (1)) (Poyet and
Charles, 2009). The inputs for that equation were obtained using the
same DVS instrument as previously described in Section 2.2.6; the net
heat of sorption was calculated for each RH after the sludge sample reached
moisture equilibrium. The very same procedure as described in
Section 2.2.6 was followed with the sludge samples. The isotherms were
carried out at two different temperatures (i.e., 25 °C and 40 °C).

hst ¼ Rln
p1
p2

� �
T1T2

T1 − T2

� �
(1)

where hst is the net heat of sorption [kJ kg−1], R is the universal gas con-
stant [kJ kg−1 °C−1], and p1 and p2 [kPa] are the vapour partial pressure
measured using the DVS instrument in a thermostatically sealed chamber
at the two evaluated temperatures, T1 and T2 [°C].

The net heat of sorption is used for calculating the total isosteric heat of
sorption determined according to the Eq. (2) (Sousa et al., 2016):

Hst ¼ hst þ Hv (2)

where Hst is the total isosteric heat of sorption [kJ kg−1], and HV is the la-
tent heat of evaporation of pure water [kJ kg−1]. The latent heat of
4

evaporation of pure water was calculated as described in the Eq. (3)
(Sousa et al., 2016):

Hv ¼ 2502:2 − 2:39T (3)

where T denotes the average temperature of the studied range (i.e., 25 °C
and 40 °C). The total isosteric heat of sorption Hst was calculated for
every RHwhen the sludge samples reached equilibrium regarding themois-
ture content. Due to the availability of the DVS instruments, only the total
isosteric heat of sorption Hst for theWAS sample from theWWTP Awas de-
termined.

2.3. Experimental MW pilot-system

An experimentalMWpilot-scale sludge drying systemwas designed and
built for this research (Tehnobiro d.o.o,Maribor, Slovenia). A detailed sche-
matic of the experimental pilot-scale MW system is shown in Fig. 1. The
MW system consisted of a MW power supply and a MW generator deliver-
ing a maximum MW power output of 6 kW operating at a frequency of
2450 MHz. The MWs were directed to a stainless-steel drying cavity pro-
vided with a polypropylene (PP) turntable able to rotate at a speed of one
rpm. The sludge samples were placed in a cylindrical PP holding vessel
with a maximum sludge capacity of 6 kg. The MW generator, connected
to an isolator, delivered the electromagnetic energy to the drying cavity
along a standard rectangular waveguide WR340 (86.36 × 53.18 mm). A
dummy water load conditioned with demineralized water at a flowrate of
approximately 600 L h−1 was connected to the waveguide circulator used
to absorb the reflected power and to prevent overheating of the MW gener-
ator. The demineralized water was used for cooling down the MW power
supply. The vapour generated during the MW drying process from the dry-
ing cavity was extracted to an odour filtration system. To prevent humidity,
dust, and other factors from damaging the MW generators antenna and/or
the isolator, a teflon window was installed between the isolator outlet and
theMWcavity's inlet. Themoisture content of the sludge samples, aswell as
the energy consumption of the system were monitored in real-time. The
changes in themass of the sludgewhile irradiated (water being evaporated)
was measured by a single point load cell (Mettler Toledo). The energy sup-
plied to the pilot system was measured using a power network analyser
(Etimeter, ENA3D, Poland). Kocbek et al. (2020) reported a 72% conver-
sion efficiency of the electrical energy to the MW energy at an MW power
output of 6 kW. A more detailed description of the MW pilot-system can
be found in Kocbek et al. (2020).

2.4. Experimental procedure

2.4.1. MW drying tests
After determining the initial sludge moisture content of the sludge sam-

ples, three kg of each sludge sample were placed in the holding vessel of the
MW system at a thickness of 60± 5mm. The holding vessel containing the
sludge sample was then placed on the rotating table and irradiated at an
MWpower output of 6 kWat a frequency of 2450MHz. All the experiments
were performed either in duplicates or triplicates. The sludge samples were
irradiated until reaching a moisture content of 0.18 kg of water kg of dry
solids−1. The experimental conditions for the evaluated samples are sum-
marized in Table 1. The experimental work was carried out at the research
hall of the Ptuj's municipal wastewater treatment plant (Ptuj, Slovenia).

2.5. Data analysis

2.5.1. Specific energy input (SEI)
The SEI was calculated by dividing the energy input by the initial mass

of sludge, as shown in Eq. (4) (Kocbek et al., 2020):

SEI ¼ Pin;elect ∙ t
msample

ð4Þ



Fig. 1. Schematic representation of the experimental pilot-scale MW system (Kocbek et al., 2020).
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where the SEI is the specific energy input [kJ kg−1], msample is the initial
mass of sludge (kg), t is the exposure time [s], and Pin;elect is the input
power consumed by the system during the drying process [kW]. The SEI
has been previously used and explained in Kocbek et al. (2020).

2.5.2. Energy efficiency (μen)
The μen is the ratio between the theoretical energy demand for evaporat-

ing the water and the energy consumed by the MW unit during the drying
process, the calculation for which is shown in Eq. (5) (Jafari et al., 2018):

μen ¼
msample ∙ cp ∙ ΔT
� �þ meva ∙ HVð Þ

Pin;elect ∙ t
∙ 100 ð5Þ

where μen is the energy efficiency [%], cp is the specific heat capacity of the
water [J kg−1 °C−1], ΔT is the temperature difference of the sample be-
tween the exposure time t and the start of the treatment, and meva is the
amount of evaporated moisture (water) [kg]. The temperature of the sam-
ples was not measured; as such, the influence of sensible heat on total en-
ergy efficiency was considered assuming the sludge sample reached a
temperature of 100 °C before water evaporation took place (i.e. at the end
of adaptation drying periods estimated from the Krischer's drying curve)
(Radomski et al., 1978; Kocbek et al., 2020).

2.5.3. Sludge moisture content (X)
The X was calculated as shown in Eq. (6) (Chen et al., 2014):

X ¼ mt − md

md
(6)

where X is the moisture content of the sludge [kg of water per kg of dry
solid−1], mt is the sample mass [kg] at time t and md is the total mass of
dry solids in the sample [kg]. The total mass of dry solids in the samples
was determined as described in Section 2.2.1. The mt was continuously
5

determined by the point load cell located in the MW irradiation cavity, as
described in Section 2.2.1. Therefore, X was continuously measured.

2.5.4. Drying rate (DR)
The DR was calculated as shown in Eq. (7) (Chen et al., 2014):

DR ¼ dX
dt

(7)

where DR is the drying rate [kg of water per kg of dry solid−1 min−1] and X
is the moisture content of the sludge at a specific exposure time. The drying
rates were determined by polynomial regression analysis using Microsoft
Excel and considered at a mass interval of 20 g.

2.5.5. Power absorption density
According toMaxwell equations, the power absorption density (i.e., the

amount of power absorbed by a material per unit of volume) (Pd) is propor-
tional to the input power, which relates to the electric field intensity (E), as
shown in Eq. (8) (Stuerga, 2006); Gupta and Leong (2007):

Pd ¼ 2πf ε0ε0 Ej j2 (8)

where Pd is the amount of absorbed power per unit volume [Wm−3], f is the
MW frequency [s−1], ε0 is the permittivity of free space [8.85 × 10−12

fm−1] and E is the electric field intensity [Vm−1]. The electric field inten-
sity can be calculated as described in Eq. (9) (Soltysiak et al., 2008; Pitchai
et al., 2012).

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Pout,micr

1 − S11j j2
s

(9)

where Pout;micr is the output power (nominal power) supplied to the MW
chamber [kW] and, S11 is the reflection coefficient associated with the frac-
tion of the power reflected by the sample.
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Assuming that the absorbed MW energy is converted into heat, the
heating rate during the MW drying process can be related to power absorp-
tion density as follows (Clark et al., 2000; Beneroso et al., 2017):

β ¼ Pd

ρcp
(10)

where β [°C s−1] is the heating rate (i.e., the temperature variation of the
material with time) and ρ is the material density [kg m−3].

3. Results and discussion

3.1. Sludge physical-chemical characteristics

The physical-chemical characteristics of the evaluated sludge from the
different sources and treatment facilities are depicted in Table 2. The aver-
age initial moisture content of the sludge samples evaluated in this study
ranged between 79.6% and 84.3%. The moisture content of the WAS sam-
ples A, B and C was on average 81 ± 1.5%. That reflects the good perfor-
mance exhibited by the mechanical dewatering unit (i.e., centrifuge) on
the sludge dewatering. Similar values were reported in the literature,
with sludge moisture content ranging between 79 and 87% (Léonard
et al., 2004; Mawioo et al., 2017). The effectiveness of the conditioning
methods for dewatering the SS samples were also effective as reflected in
the SS moisture content of 84.3%. The SS (sample D) samples were floccu-
lated, dewatered by gravity, and sieved.

The organic content of the evaluated samples (expressed as VS) shown
in Table 2 ranged between 68 and 88%. Such variability could be eventu-
ally explained due to either the inherent properties of the different types
of evaluated sludge, or to the treatment processes the sludge went through.
The VS concentrations of the WWTP A, B, and C were similar with an aver-
age VS concentration of 86± 4%. The lowest VS fraction was obtained for
the sludge sample D at a VS concentration of 68%. This value could be even-
tually attributed to the long sludge holding time of the sludge (five years or
longer) at the storage SS tank in the WWTP; thus, the degradation of some
of the organicmaterial could occur. Considering such long retention time at
which the SS was exposed and the subsequent reduction in the VS concen-
tration, it was also expected a potential reduction on the gross calorific
value of such SS. However, as shown in Table 2, the gross and net calorific
values of the SS (sample D) were comparable with the values obtained for
the WAS samples A, B, and C. Average values for the gross and net calorific
values of 19±0.5MJ kg−1 and 17.3±0.6MJ kg−1, respectivelywere ob-
tained for the evaluated samples. Therefore, there were nomajor variations
on both the gross and net calorific values considering the large variations
Table 2
Physical-chemical characteristics of the evaluated sludge samples.

Parameter Unit Sample A Sam

Moisture content [%] 83 ± 1.0 79
Dry solids [%] 17 ± 1.0 20
Volatile solids [%] 88 ± 2 81
C [%] 46.5 39
H [%] 5.0 5.5
N [%] 9.9 9.3
S [%] 1.5 1.5
Gross calorific value [MJ kg−1] 18.4 19
Net calorific value [MJ kg−1] 16.7 17
Oil and grease [g gTS−1] 0.35 ± 0.01 0.3
Absolute density [g cm−3] (141 ± 0.13) × 10−2 (14
Absolute volume [cm3] (405 ± 0.36) × 10−2 (34
Envelope density [g cm−3] (80 ± 0.50) × 10−2 (80
Envelope volume [cm3] 7.16 6.1
Porosity [%] 43 44
Nickel (Ni) [mg kg−1] 23.2 57
Zinc (Zn) [mg kg−1] 437 14
Lead (Pb) [mg kg−1] 25 71
Chromium (Cr) [mg kg−1] 68 29
Copper (Cu) [mg kg−1] 55 70
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on the VS concentrations. In addition, the C, H, N, and S content of the dif-
ferent samples (WAS vs SS) did not change considerably. Average concen-
trations for C, H, N, and S of 43.6 ± 3.2%, 5.3 ± 0.4%, 7.2 ± 3.1%, and
1.5 ± 0.1%, respectively were reported for all the evaluated samples. The
high calorific value obtained for the SS (sample D), could be then attributed
to the higher oil and fat content reported for the SS samples compared to
the WAS samples (1.36 g gDS−1 for the SS compared to a range from
0.28 to 0.35 g gDS−1 for theWAS sludge samples). The SS sampleswere ob-
tained from septic tanks receiving household wastes that could have in-
cluded waste cooking vegetable oil, and similar products with a high oil
and grease content. As such, the high oil and grease content on the SS sam-
ples could have exhibited a positive effect on the SS samples regarding their
energetic value. For instance, the amount of heat released during the com-
bustion of waste cooking vegetable oil is higher than 40MJ kg−1 (Fassinou,
2012). So, when vegetable oils were present in the sludge matrix, the calo-
rific values observed in sludge samples could increase.

The sludge flock structure is usually porous and contains voids through
which the fluids (i.e., water) can move through (Cui et al., 2019). The po-
rosity values for the evaluated samples are reported in Table 2. The porosity
of the evaluated sludge samples ranged between 43 and 64%.Higher poros-
ity values were observed for the SS (sample D) than for the WAS sludge
samples. That could be eventually attributed to the large retention time at
which the SS was retained in the storage tanks eventually promoting the
degradation of sludge. Following the Kozeny – Carman equations, the
higher the porosity, the higher the permeability of the sludge; thus, the
higher the potential dewaterability of the sludge (Schulz et al., 2019).
Therefore, the SS (D) could eventually exhibit a higher tendency for loosing
water compared to the other sludge samples. In other words, high
permeable-porous media may induce a higher driving force and accelerate
the flow through the sludge matrix, whereas low permeability porous
media decelerates such flow. Therefore, the SS (D) could eventually exhibit
a higher tendency for loosing water compared to the other sludge samples.
However, other factors should have been also considered such as the type
and dose of conditioning agents used for the flocculation and coagulation
process, the dewatering implemented procedure (which could all affect
floc morphology), the specific surface area, and the fractal dimension
(Feng et al., 2019; Schulz et al., 2019), which were not evaluated in this
study. For instance, Feng et al. (2019) reported that organic flocculants in-
crease the floc particle size, decrease the specific surface area, and decrease
the fractal dimension; whereas the fractal dimension gradually decreased as
the inorganic flocculant dosage was increased having a more substantial ef-
fect on the sludge permeability. Accordingly, the sludge permeability was
favoured when applying inorganic flocculants (Feng et al., 2019). In addi-
tion, the high level of organic matter in the municipal sludge compared to
ple B Sample C Sample D

.6 ± 0.2 80.0 ± 0.1 84.3 ± 0.2

.4 ± 0.2 20.0 ± 0.1 15.7 ± 0.2
± 0.2 88 ± 0.3 68 ± 1.2
.8 46.1 42.0

5.7 4.8
6.51 3.2
1.3 1.5

.0 19.6 18.9

.3 17.9 17.2
1 ± 0.003 0.28 ± 0.16 1.36 ± 0.04
4 ± 0.05) × 10−2 (141 ± 0.04) × 10−2 (149 ± 0.05) × 10−2

2 ± 0.11) × 10−2 (284 ± 0.09) × 10−2 (178 ± 0.05) × 10−2

± 0.50) × 10−2 (71 ± 0.40) × 10−2 (54 ± 0.50) × 10−2

3 5.67 4.97
50 64

.9 19.7 22.4
03 524 872

29 45
81 51 82

75 61



Fig. 2. Equilibrium moisture content (EMC) as a function of the RH (moisture
sorption/desorption isotherms) for the evaluated sludge samples during
(a) adsorption and (b) desorption.
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in the septic sludge, as well as the dewatering strategy (Table 1), result in a
compression of the sludge; that could also lead to an enclosure of drainage
channels in the municipal sludge body due to the highmechanical pressure
during the squeeze process. Hence, having an important effect on the sludge
porosity (Collard et al., 2017; Zhang et al., 2019b).

The results of the X-Ray fluorescence of the sludges sample are provided
in Table 2 and as supplementary material to this paper [see Fig. S1]. The
concentrations of metals present in the sludge samples including Ni, Zn,
Pb, Cr, and Cu complied with the European standards for agricultural
reuse of 400 mg kg−1 for Ni, 4000 mg kg−1 for Zn, 1200 mg kg−1 for
Pb, and 1750 mg kg−1 for Cu (Wiśniowska et al., 2019). However, most
European countries adopted more stringent regulations with respect to
land applications of treated sludge. For instance, the Slovenian regulation
for sludge reuse in agriculture set the following standards: 30 mg kg−1

for Ni, 100 mg kg−1 for Zn, 40 mg kg−1 for Pb, 40 mg kg−1 for Cr, and
0.5 mg kg−1 for Cu (Wiśniowska et al., 2019). These results indicated
that the potential agricultural reuse of the treated sludge derived from
WWTP and SS tanks would significantly vary depending on the local regu-
lations. Nevertheless, sludge not suitable for agriculture, can be alterna-
tively converted into stable fractions through (co-) combustion, while
generating heat and electricity. In such circumstances, the sludge needs to
be transported from WWTP to centralized incinerations plants requiring
higher sludge transportation costs compared to the reuse of such sludge
in agricultural applications. For instance, Slovenia has approximately 250
municipal WWTPs in operation; however, only 10% of such facilities
have a treatment capacity larger than 10,000 PE (LeBlanc et al., 2009). Sim-
ilar situations are observed in other European countries (Ledakowicz et al.,
2019). In such cases, it is not economically feasible to implement in-situ ad-
vanced sludge treatment processes to locally deal with the sludge. In such
circumstances, the sludge needs to be transported to centralized treat-
ment/disposal sites requiring high sludge transportation costs; thereby, em-
phasizing the importance of implementing strategies to reduce sludge mass
and volume at the WWTPs.

Fig. 2 depicts the adsorption/desorption behavior of the MW dried
sludge samples (moisture sorption isotherms). For all the evaluated sam-
ples, similar shapes on the sorption isotherms were obtained with an initial
low water sorption/desorption at low RHs, and a substantial increase at
high RHs (above 75%). The curves indicates an S-shape, commonly ob-
served in organic materials, such as sludge (Vaxelaire, 2001; Freire et al.,
2007) and provides an insight into different water-binding mechanisms at
the individual sites of the sludge (Mujumdar and Devahastin, 2000). Sev-
eral models have been proposed to explain the shape of the sigmoid sorp-
tion isotherm shown in Fig. 2. Hailwood and Horrobin (1946), suggested
that water adsorbed onto the sludge exist in two forms: (i) water of hydra-
tion, corresponding to the water molecules bound to the OH groups in the
sorbent material (sludge in this case) by polar interactions (monolayer
water); and (ii) solid solution or dissolved water, corresponding to the
water molecules slightly bound to the sorbent material, but still located
within the porous structure of the sludge (poly-layer water). As a result,
the strength of thewatermolecules bound to sludge during the sorption/de-
sorption processes would depend on the presence and availability of hydro-
philic and polar groups responsible for producing strong intermolecular
interactions between the water molecules and the sludge. From looking at
Fig. 2, three different regions can be distinguished, which may eventually
indicate different binding characteristics between the water molecules
and the sludge. The first region can be observed at low RH (left side of
Fig. 2 towards the first bend, from 0 to approximately 20%). In that region,
it seems that is more difficult for the water molecules to get adsorbed/
desorbed in the sludge matrix. The water molecules may interact with the
hydrophilic groups of the material such as the OH or NH groups (Peleg,
2020). This was described as the type (i) interaction and/or monolayer
adsorbed water. Thus, the lower part of the isotherm is characterized by
water molecules tightly bound to the sludge. The enthalpy of evaporation
for that type of water as described in that region has been reported by
other authors to be much higher than that of pure water confirming such
strong bonding between the water molecules and the sludge (Andrade
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et al., 2011). In the second region (between the first (20%) and second
bends (75%)), the slope of the curve is higher than in first region and the
water molecules seemed to be less tightly bound to the sludge compared
to the first region. In this region eventually different layers of water could
form one on top of each other (that is, on top of the first monolayers)
(Bougayr et al., 2018). The enthalpy of evaporation for the watermolecules
in this zone has been reported by other authors to be slightly higher than
that of pure water (Penfield and Campbell, 1990; Andrade et al., 2011).
In the third region (above the second bend, above 75%), the slope becomes
steeper and the water molecules seemed to be loosely bound; mainly the
water molecules can be adsorbed in cavities in the sludge matrix, in large
capillaries, and in sludge voids (Penfield and Campbell, 1990; Andrade
et al., 2011). As the RH increased, the sludge cavities and voids seemed
to become increasingly occupied. Then, the absorption of the water mole-
cules could occur onto less active sites involving lower interaction energies.
When the RH approaches 100%, the curve leans to a vertical asymptote,
which represents the free water present in the sludge (Bougayr et al.,
2018). In conclusion, the intermolecular forces between the water mole-
cules and the sludge observed at the lower RHs (characterized by the pres-
ence of adsorption active sites in the sludge such as OH or NH groups -
monolayer adsorption) were much stronger that the forces involved in the
interaction between the water molecules and the sludge at higher RHs
(characterized by the water bound to the sludge cavities and voids - multi-
layer adsorption). Correspondingly, the amount of energy that must be sup-
plied to the material during desorption (drying) would strongly depend on
the characteristics of the molecular bonding between the water and the
sludge.
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As observed in Fig. 2, the different sludge samples showed different af-
finities for adsorbing/desorbing water at the evaluated RHs. The SS (sam-
ple D) showed the lowest EMCs at the evaluated RHs. The WAS samples
(samples A, B, and C) exhibited similar EMCs at the entire evaluated RHs,
slightly higher than for the SS (sample D). For instance, at a 95% RH
(Fig. 2a), the SS (sample D) reached the lowest EMC value of 0.15 kg of
water kg of dry solids−1, compared to the WAS sample A (0.35 kg of
water kg of dry solids−1), WAS sample C (0.38 kg of water kg of dry
solids−1), and WAS sample B (0.43 kg of water kg of dry solids−1). The
SS (sample D) was characterized by the lowest amount of moisture content;
so, the less amount of bound water. Therefore, the highest amount of free
water. That is, assuming that the EMC values at RH of 95% represents the
free water content of the sample; then, the free water content in the sludge
samples A, B, C, and Dwere 69, 62, 65 and 84%, respectively. This could be
eventually related to the organic and oil and grease content in the sludge;
these values were presented in Table 2. The SS (sample D) contained a
much lower concentration of organicmatter compared to theWAS samples;
thus, less available sites for the water molecules to get adsorbed. In addi-
tion, oil and grease compounds are highly hydrophobic having a significant
effect on the uptake of water from the environment; consequently, resulting
in low EMC values. As indicated both in Fig. 2 and Table 2, there is inverse
relation between the EMC and the oil and grease content in the sludge; that
is, the higher the oil and grease concentration in the sludge, the lower the
EMC values. Thus, the presence of oil and grease together with a low or-
ganic matter content seemed to increase the hydrophobicity of the sludge.
Having such high hydrophobicity is a desirable property of a material
when the goal is to dry such material. Therefore, sludge samples with
such high hydrophobic (as SS – sample D) would eventually exhibit a better
performance when exposed to MW drying.

The isosteric heat of sorption provides an indication of the strength of
the interaction between the water molecules and the material. In this
study, the isosteric heat of sorption was assessed for the WAS sample A at
a sludge moisture content ranging from 0.01 to 0.38 kg of water kg of dry
solids−1 following the same procedure as for obtaining the moisture sorp-
tion isotherms described in Fig. 2. As shown in Fig. 3, the isosteric heat of
sorption decreased as the sludge moisture content increased in the evalu-
ated sludge moisture content range; in addition, the isosteric heat of sorp-
tion at the entire sludge moisture content evaluated range was always
higher than the heat of evaporation of pure water (2.4 MJ kg−1). These re-
sults clearly indicate that the lower the moisture content in the sludge, the
higher the energy required to remove that water from the sludge. That is,
the lower the moisture content the higher the presence of water molecules
bound to the sludge to polar sludge active sites such as the OH and NH
Fig. 3. Isosteric heat of sorption as a function of moisture content.
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groups (monolayer water), so higher amount of energy would be required
to break such water bonding. As the sludge moisture content increased,
the energy required to remove thewater out of the sludge decreased. There-
fore, it is expected that the energy required by aMW system for drying such
type of sludge would increase as the sludge moisture content decrease. In
this study the isosteric heat of sorption was only determined for the WAS
sample A, but it was not determined for the other sludge samples. However,
looking at the moisture sorption/desorption isotherms presented in Fig. 2,
nomajors differences on the isosteric heat of sorption are expected between
all the evaluated sludge samples; eventually, the SS sample Dwould exhibit
a little lower isosteric heat of sorption compared to the other sludge
samples.

3.2. Sludge MW drying: drying rate performance

Fig. 4 shows the changes in themoisture content of the evaluated sludge
samples as a function of the exposure times. Fig. 5 indicates the changes in
the drying rates of the sludge samples as a function of the exposure time
(Fig. 5a) and moisture content (Fig. 5b). Similar shapes were observed for
the four evaluated sludge samples; however, sludge samples D and A clearly
contained a higher initial moisture content. Three different drying periods
can be clearly observed in Fig. 5 as follows: (i) the adaptation drying period,
(ii) the constant rate drying period, and the (iii) the falling rate drying pe-
riod. At an early stage of drying process in the adaptation drying period,
the temperature of the sludge raised until the vapour pressure of the evap-
orated water is equal to the surrounding pressure. The water in the sludge
sample evaporated at the atmospheric boiling point (100 °C) (Doran,
2013; Berk, 2018). As the temperature increased, the drying rates also in-
creased. The maximum drying rate indicated the end of the adaptation
phase and the beginning of the constant rate drying period. Notably, the
higher the initial moisture content of the sludge samples (Fig. 4), the higher
the maximum drying rates observed in Fig. 5. A reduction in the moisture
content of the sludge samples of approximately 23% was observed in the
adaptation period. Following the initial adaptation drying rate period, a
steady state drying rate was achieved. During that period, the water evapo-
rated consisted of the free water present in the surface of the sludge. The
constant drying period lasted as long as the water transportation rate
from the inner part of the sludge to the surface was equal or higher than
the water evaporation rate from the surface of the sludge (Doran, 2013;
Berk, 2018). The constant rate drying period lasted for a considerable
large amount of time, almost until the drying process was finished. This ob-
servations are in agreement with previous studies reported in the literature
(Dominguez et al., 2004; Chen et al., 2014; Bennamoun et al., 2016;
Mawioo et al., 2017; Kocbek et al., 2020). Dominguez et al. (2004) reported
that MW dryers extended the duration of the constant rate drying period
Fig. 4.Moisture content as a function of the exposure time for the evaluated sludge
samples.



Fig. 5. Drying rates as a function of the (a) exposure time, (b) moisture content and (c) initial sludge moisture content.
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compared to traditional conductive and convective dryers. Ni et al. (1999)
and Fu et al. (2017) observed that the increase in the constant drying rate
periods (i.e. removal of free and loosely bound water) could be attributed
to the selective penetration of the MW irradiation to certain absorbent ma-
terials; therefore, causing heat generation from the inside of the target ma-
terial creating an inverted temperature profile compared to conventional
dryers (i.e. in MW irradiation the temperature is higher inside the material
rather than in the surface of the material). This heat, a result of molecular
friction, causes internal evaporation which in turn increases the internal
pressure promoting the water mass transfer to the surface of the material.
Such process accelerates the drying rates and extends the constant drying
rate period inMWdrying. As the drying process continued, the sludgemois-
ture content of the sludge samples further decreased, and the drying rates
started to fall. At that point, the process reached the falling drying rate pe-
riod. At the start of the falling rate period, the amount of the free water in
the surface of the sludge declined; the liquid film on the surface of the
solid is no longer present (Doran, 2013; Berk, 2018). This condition is grad-
ually expanded until the surface of the material is completely dry. So, the
drying process continued, but the evaporating surface moves into inside
the material becoming harder than before to transfer the moisture from
the capillaries and interstices of the material to the surface (Doran, 2013;
Berk, 2018). As such, the drying rate decreased since the water removal
process was now being governed by internal diffusion mechanisms (much
slower than the evaporation of the free water). The start of such falling dry-
ing rate period also indicated the end of the free water removal, and the
start of the bound water removal. The sludge samples were dried up to
15%moisture content. A prolonged exposure of the sample to the MW irra-
diationwould have resulted in a longer andmore notable falling drying rate
period as reported by Bennamoun et al. (2016) and Chen et al. (2014). An
interesting observation from looking at the results in Fig. 5, is that the dry-
ing falling rate period was attained faster in sludge samples from the cen-
tralized WWTP (A, B and C) compared to the sludge sample taken from
the septic tanks (D); thus, confirming that sludge sample D contained less
bound water compared to WAS samples (as discussed in Section 3.1). In
conclusion, the concentration of organic matter in the sludge, as well as
the presence of oil and grease have an impact on the MW drying perfor-
mance of the sludge. The results presented in this section validated that
MW irradiation accelerated the evaporation of water from the surface of
the material, while extending the duration of the constant drying rate pe-
riod. This allowed the unbound water to be removed regardless the type
of sludge being evaluated.

In addition, Ma et al. (2017) and Antunes et al. (2018) reported that the
rate of the water evaporation (from the sludge surface when applying MW
radiation) was influenced by the rate at which the electromagnetic energy
is absorbed by the material and converted into heat (power absorption den-
sity (Pd)). This has been reported to largely depend on several factors in-
cluding both the electric field strength (which depends on the MW power
output), as well as the dielectric properties of the sludge such as the dielec-
tric loss factor (ε″) as described in Eq. (8); particularly, the sludge moisture
content directly impact on the dielectric loss factor (ε″) (Ma et al., 2017;
Antunes et al., 2018). For instance, Ma et al. (2017) reported dielectric
loss factor (ε″) of 14.1 formunicipal dewatered sludge at amoisture content
of approximately 81%. As the sludge was dried (i.e. as the water content of
the sludgewas reduced) up to a sludgemoisture content of 6%, a the dielec-
tric loss factor (ε″) of 0.3was reported (Ma et al., 2017). Similar valueswere
also reported by Antunes et al. (2018). However, the authors reported that
the impact of the moisture content on the MW performance depended also
on other parameters beyond the dielectric properties of materials such as
the MW field intensity, and power conversion capacity, among others.
That is, themoisture content of the sludge has a direct impact on the dielec-
tric loss factor; therefore, on the power absorption density (Pd – as de-
scribed in Eq. (8)), and on the rate at which the MW electromagnetic
energy is absorbed into the sludge samples. The water molecules strongly
interact with the applied MW field. So, the higher the moisture content
(i.e., the higher the power density), the higher also the heating rate β as de-
scribed in Eq. (10); that is, the higher the rate at which the temperature of
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the sludge increases. In other words, a material with a high moisture con-
tent would absorb more MW energy, leading to a faster warm-up and a
higher internal vapour pressure gradient compared to a low moisture con-
tent material removing the moisture from the material at a faster rate (Ni
et al., 1999; Kumar et al., 2016). Other authors also agree with such obser-
vation (Ni et al., 1999; Du et al., 2005; Zhang et al., 2016; Zhang et al.,
2019a). Such trends were clearly observed in this study. Fig. 5 c shows
that average drying rates increased linearly when increasing the initial
sludge moisture content. The sludge sample with the highest moisture con-
tent (SS sample D – Fig. 4) exhibited the higher drying rates (Fig. 5). Such
higher drying rates observed for the sludge samples with a higher moisture
content, allowed the same exposure time required for all the samples to
reach a final moisture content to 0.18 kg of water kg of dry solids−1 as
shown in Fig. 4, regardless the initial moisture content of the water. The ex-
posure time needed to dry the sample up to 0.18 kg of water kg of dry
solids−1 was similar across the entire range of evaluated sludge samples
at an average of 21 ± 0.4 min (Figs. 4 and 5). In other words, despite the
fact that the initial moisture content of the SS sample D exposed to MW ir-
radiation required a higher energetic demand (higher specific heat capac-
ity), it was dried in a similar exposure time. The SS required less energy
to be dried than the other sludge samples due to the pressure driven flow
induced in the SS sludge by a more efficient absorption of the MW energy
within materials provided with a higher initial moisture content than the
other sludge samples. Other authors have observed similar trends, but
also reported that the favourable conditions for the absorption and conver-
sion of MW energy into heat, observed at a higher sludge moisture content,
could also be counteracted by the higher net amount of water initially pres-
ent in the sludge sample that needed to be removed to reach the desired
drying goal (Du et al., 2005). Therefore, the increase in the dielectric prop-
erties of the irradiated material does not necessarily means lower exposure
time for achieving a desired level of moisture content. The latter may be
perhaps observed when considering sludge material with a greater differ-
ence on the initial moisture content.

According to Jones and Or (2003), both the free and loosely attached
water molecules to the material exhibit low physical attractions to the ma-
terial and canmovemore freely compared to the bound water. Hence, such
water molecules can be easily rotated under the oscillating electromagnetic
field provided by the MW irradiation; so, resulting in friction and heat. On
the other hand, the effective movement of the bound water molecules is
constrained by the strong physical binding forces between the solid mate-
rial and the water molecules. Consequently, those water molecules cannot
effectively absorb and convert the energy generated by the kinetic move-
ments into heat; therefore, resulting in lower drying rates (Jones and Or,
2003). Such water fractions of the sludge (free and bound) can vary consid-
erably depending on the source of the wastewater and the treatment pro-
cesses at which the sludge was subjected to. The amount of bound water
present in the sludge was determined in this study by assessing the water
sorption isotherms of the MW dried sludge (shown in Section 3.1). The SS
sludge (sample D) exhibited the lowest amount of bound water in the
sludge compared to the WAS samples (A, B and C). Thus, the SS (sample
D) (exhibiting an initial high water moisture content) could have absorbed
theMW energymore efficiently leading to the higher drying rates shown in
Figs. 4 and 5. In additions, due to the higher free water content of the SS
(sample D), longer constant drying periods were observed for these samples
as shown in Figs. 4 and 5 compared to the WAS samples. Therefore, the re-
sults presented in this section demonstrated that the quantity and the distri-
bution of water within the sludge matrix have a substantial impact on the
MW sludge drying performance by affecting the absorption and conversion
ofMWenergy into heat. Specifically, the sludge samples characterizedwith
a higher amount of free and loosely bound water promoted a higher MW
energy absorption and conversion of energy into heat leading to higher dry-
ing rates and to the extension of the constant drying rate duration.

Furthermore, the higher the oil and grease content of the sludge, the
higher the amount of free or loosely bound water in the sludge; that is,
the higher the hydrophobicity of sludge. The presence of oil and grease ma-
terials in the sludge (e.g., fats and oils) could also positively impact the
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thermal conductivity and specific heat capacity of the sludge (Lyng et al.,
2014). Oil and grease materials exhibit higher thermal conductivities and
lower specific heat capacities than water; thus, requiring less energy for ris-
ing the temperature of the heated material (Lyng et al., 2014). Therefore,
the presence of oil and grease components in the SS (sample D) (showing
the highest oil and grease concentrations compared to the other sludge sam-
ples – Table 2) could also contribute to the high drying rates observed for
the SS (sample D) compared to the other sludge samples (Figs. 4 and 5).
For instance, Das and Rajkumar (2011) evaluated the effects of various
fat concentrations (5, 10, 15, and 20%) on treating cooked goat meat pat-
ties. Each patty was heated using MW to an internal temperature of
75–80 °C (700 W, 2.45 GHz). The results showed that the MW cooking
time decreased with an increase in the fat content. The latter has been at-
tributed to a decrease in the dielectric constant and loss factor with the in-
crease in the fat content. The fat and oil content were also greatly reported
to affect the heating uniformity. Consequently, the amount of fat present in
the sludge material not only have an effect on the sludge hydrophobicity
(Section 3.1) (and leads to prologued constant drying period (Section 3.2)
associated with high drying rates), but could also positively affects the
MW heating in terms of the heating rate and the temperature uniformity.
That could lead to shorten the exposure time; thus, lowering the energy de-
mand to treat the material. Therefore, the fats and oil might have contrib-
uted to: (i) a decrease in the bound water content observed in the SS
sample D compared to the WAS samples; and (ii) the provision of a more
uniform temperature uniformity through the body of the samples resulting
in faster drying rates having a positive effect on the sludge drying process.

Other compounds present in the sludge samples, such as the organic
matter content could also influence the sludge drying process. That is, the
higher the organic content of the sludge, the more water can be bound to
the sludge matrix requiring more energy to be removed. Likewise, other
physical-chemical properties such as the porosity and permeability could
promote faster MW drying rates by providing better possibilities for the
water molecules and water vapour to diffuse out of the material (Pickles
et al., 2014). In other words, the electrical conductivity and thermal con-
ductivity of the sludge depends on the material porosity, pore radius, and
fractal dimension (Macías-García et al., 2020). Therefore, the pore structure
in the MW irradiation process will influence the dielectric properties and
the power absorption of energy by the exposed material to the MW irradi-
ation during the drying process. The porosity of sludge could also continu-
ously change during the sludge drying process. Specifically, the application
of thermal processes to sludge leads to the evaporation of water molecules
present in the sludge pores, causing a vapour pressure gradient that might
have an important effect on the pore evolution. As such, resulting on the
possible formation of new cavities and openness in the dried sludge; in ad-
dition, the porosity, surface roughness, and the specific surface area of the
sludge could also be modified during the drying process (Feng et al.,
2014). All of which have a substantial effect on the material and could have
favoured the increase of the SS sludge sample porosity and permeability;
therefore, lowering the resistance for removing the moisture present in the
pores through the interior pore channels of the solid's materials (Yiotis et al.,
2010). In other words, the SS sample (D) as shown in Table 2 also exhibited
the highest porosity values compared to the other evaluated sludge, so that
could probably also contribute the highest drying rate observed for the SS.

These results indicate that theMWdrying performance strongly depend
on the sludge physical-chemical properties determined and presented in
this study such as the moisture content, the porosity, the organic matter
content (VS content), the oil and grease content, and the type of interaction
between the water molecules and the sludge, among others. These proper-
ties exhibited a strong influence on the MW drying performance for the
treatment of sludge, and the better these properties are known, the better
the performance of the MW drying system can be predicted. Notably, the
MW drying and energy performance vary according to the parameters de-
termined in this study such as the organic content, fat and oil content, the
presence of heavy metals, and other constituents of the sludge matrix. De-
spite the fact that the selected physicochemical parameters and experimen-
tal procedure used in this research provided new information and
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interesting findings, there is still a gap in the knowledge that needs to be
further explored to provide a better understanding of the interaction be-
tween the MWs and the sludge matrix. This interaction could have a sub-
stantial influence on the system throughput capacity; thus, on the design
and performance of the MW drying system. Therefore, further research
would be needed to assess the impact of the physicochemical properties
of sludge on the dielectric properties of sludge as a function of the drying
exposure time; in addition, the mechanisms occurring during the drying
process (heat and mass transfer processes) need to be better understand
with respect to MW drying. Several other properties of sludge
(e.g., porosity, thermal conductivity, permeability and others) should also
be better examined to better understand the sludge drying performance
when using MW irradiation.

The effect of the sludge properties such as the volatile solids content
have amore evident impact on conventional drying techniques such as con-
ductive and convective methods than in MW drying. Léonard et al., (2004)
reported drying rates varying from 0.96 × 10−3 to 1.96 × 10−3 kg of
water m−2 min−1 when drying sludge with similar moisture content
(84 ± 3%) using convective methods (hot air). The lowest drying rates,
so the highest drying times, were observed when treating the sludge with
the highest content of volatile solids (i.e., organic content). Whereas, in
the present study the difference in exposure time needed to dry the different
sludges were marginal (21 ± 0.4 min). Accordingly, for conventional dry-
ing processes it is difficult to determine the length of the individual drying
periods. The drying periods could be strongly affected by the properties of
the sludge and the external condition, as the drying process using tradi-
tional drying approaches is mainly influenced by the moisture transport
mechanisms inside the material to be dried (i.e., falling drying rate period)
(Léonard et al., 2004; Tao et al., 2005; Li et al., 2016; Kocbek et al., 2020).
The design and scale-up of most conventional dryers are commonly pre-
ceded by laboratory and/or pilot scale evaluations with reference to the
specific material being processed. On the other hand, this research demon-
strated that for MW drying the initial moisture content had a governing im-
pact on the sludge drying performance. Therefore, the design calculations
could be potentially simplified. In addition, the fluctuation in sludge com-
position, will not have a substantial effect on the operation of the MW sys-
tem throughput capacity. However, the different types of sludge in this
research were treated up to a final 15% moisture content (85% DS); an in-
crease in the mass and heat transfer resistance may be observed at lower
moisture content. Thus, eventually influencing the design aspect and oper-
ation of the MW dryers considerably.

3.3. Sludge MW drying: energy performance

The energy performance of the MW system was also evaluated in terms
of both the energy efficiency μen (Eq. (5)), and the actual MW energy con-
sumed for drying the sludge samples until the desired (final) moisture con-
tent (defined as the SEI as described in Eq. (4)). One alternative for
measuring the energy efficiency performance of a drying system is to look
at the ratio between the latent heat of the water and the actual energy con-
sumed during the drying process (Earle and Earle, 2004). However, as de-
scribed in Eq. (5), in this study the sensible heat was also factored (in
addition to the latent heat) as it can be possible to recover that energy as
heat. Both the energy efficiency (μen) as well as the SEI calculations were
based on the actual electrical power consumed by the MW system during
the drying process. Therefore, such calculations (indicated by Eqs. (4) and
(5)) strongly depended on the conversion efficiency of the delivered electri-
cal power to the MW energy (i.e., on the MW generation efficiency)
(Lakshmi et al., 2007; Jang et al., 2011). Such MW generation efficiency
was previously reported by Kocbek et al. (2020) for the same MW system
at 72% when working at a MW power output of 6 kW (as in this study).

Figs. 6 and 7 illustrate the SEI and energy efficiency as a function of the
sludge moisture content for all the evaluated samples. All the sludge sam-
ples were dried up to a final moisture content of 0.18 kg of water kg of
dry solids−1. From looking at Figs. 6 and 7, it can be observed that the
lower the initial moisture content of the sludge sample (for instance sample



Fig. 6. Specific energy input as a function of moisture content for the evaluated
sludge samples.
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B vs sample D), the lower the SEI required to reach certain degree of dry-
ness; therefore, the higher the energy efficiency to reach that particular
level of moisture content (or DS content). Both figures closely follow the
trends previously observed regarding the changes in the sludge moisture
content and drying rates as presented in Section 3.2. For instance, at the
start of the drying process, an adaptation drying rate period can be ob-
served. In this period, the energy was used for increasing the temperature
of the sludge. The energy efficiency values reported in Fig. 7 were calcu-
lated following the Eq. (5). Such equation includes in the nominator both
the latent heat, and the heat capacity of the water. So, at the early stages
of the drying process (when the drying process was started) the sludge sam-
ple was mostly being heated without any or little water being evaporated.
So, the theoretical energy demand (as expressed in the numerator of
Eq. (5)) mostly considered the heat capacity of heating the water, which
is relatively small compared to the latent heat of evaporation (since little
or no water was evaporated at that time). Therefore, that efficiency term
showed in Fig. 7 exhibited low values corresponding to that adaptation dry-
ing phase. Given that most of the MW energy was used to increase the tem-
perature of the sludge, only small amounts of water were actually removed.
Following the adaptation phase period, there were marginal changes both
in the changes of the SEI as a function of the moisture content, as well as
Fig. 7. Energy efficiency as a function of moisture content for the evaluated sludge
samples.
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in the and energy efficiencies as a function of the moisture content for all
the evaluated samples (Figs. 6 and 7). This could be explain considering
that the system was removing the surface water of the material at steady-
state conditions (i.e., in the constant drying rate period). Looking from an
energy performance standpoint, it was not possible to observe the final fall-
ing rate drying period in Figs. 6 and 7 as observed in Fig. 5. A similar situ-
ation was observed and reported by Kocbek et al. (2020).

The energy performance of the MW system seemed to vary depending
on the sludge composition. For instance, when drying the different sludge
samples up to a moisture content of 2.5 kg of water kg of dry solids−1,
the SEI required for the SS sample (D), as shown in Fig. 6, was 2.2 MJ
kg−1 (0.6 kWh kg−1) compared to the SEI required for WAS sample B of
1.7 MJ kg−1 (0.5 kWh kg−1). These differences become less pronounced
as the water is being removed from the sludge samples. For instance, at
the end of the drying process the SEIs were similar across the entire range
of evaluated samples averaging 3.5 ± 0.07 MJ kg−1 (1.0 ± 0.02 kWh
kg−1). As described in Section 3.2, that behavior could be related to both
the efficiency of theMWabsorption, as well as to the conversion of the elec-
tromagnetic energy into heat mostly governed by the dielectric properties
of the material. These properties strongly depend both on the sludge mois-
ture content, and on the distribution of the water fractions within the mate-
rial (i.e., the free and bound water content). For instance, sludge samples
with a higher amount of free water exhibited a high energy absorption
rate within the material; thus, large sludge heating and drying rates induc-
ing a pressure driven flow that is enhanced when considering treatment of
high moisture materials (Fig. 5). This could also lead to the extended con-
stant drying rate period associated with the removal of unbound water as
observed in Fig. 5. In turns, as explained in Section 3.2, higher sludge dry-
ing rate were observed in those sludge sample having a higher proportion
of free water than bound water. When particularly focusing on the energy
requirement and overall energy efficiency, Figs. 6 and 7, show that the SS
sample (D), characterized with the highest initial water content (and also
free water content) from all the evaluated samples, required initially the
highest SEI to evaporated the initial amounts of water; however, the SEI re-
quirements to completely dry the material up to 0.18 kg of water kg of dry
solids−1 was similar as for the other evaluated samples. When looking at
the energy efficiency (Fig. 7), it was observed that the energy efficiency
for the SS (sample D) also reached higher energy efficiency values at higher
moisture contents compared to the other evaluated sludge samples. For in-
stance, the SS (sample D) reached energy efficiency values higher than 60%
at moisture contents as high as 4.5 kg of water kg of dry solids−1 compared
to the rest of the evaluated sludge samples that reached that level of energy
efficiency somewhere between 3 and 4 kg of water kg of dry solids−1.

The sludge physical-chemical properties exhibited an important role in
determining the MW energy absorption performance, which may explain
the overall energy efficiency performance and SEI requirements. The MW
energy absorption and conversion into heat increased with the amount of
free and loosely bound water fraction present in the sludge samples. This
had an effect extending the duration of the constant drying period phase,
leading to an overall increase in the MW energy efficiency and similar SEI
(Fig. 6). Thus, the higher the concentration of free water in the sludge,
themore energy-efficient MWdrying process (both heating the sludge sam-
ple and evaporating the water out of the sludge). The amount of free and
loosely bound water molecules was found to be dependent on several
physical-chemical properties including the sludge organic content and the
concentration of hydrophobic compounds present in the sludge such as
the presence of oils and grease. The oil and grease content could also
have a positive impact both on the energy needs to increase the tempera-
ture of the sludge, as well as on contributing to amore uniform temperature
distribution within the bulk material. Similarly, the sludge porosity could
positively impact the water flow out of the sludge, improving the MW dry-
ing and energy performance. A more detailed discussion pertaining to the
effect of sludge physical-chemical properties on MW performance is given
in Section 3.2. Therefore, these results indicate that the origin of sludge,
as well as the wastewater treatment and stabilization process at which
that sludge has been exposed, have a large influence on the physical-
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chemical characteristics of sludge and as such on the MW system perfor-
mance. Examining such properties may contribute to better understanding
and optimising the MW sludge drying performance.

4. Conclusions

• Both the origin of the sludge (SS vs WAS), as well as the type of wastewa-
ter treatment process and biological stabilization processes at which the

sludge was exposed impacted on the physical-chemical characteristics
of the sludge including the moisture content, organic content, porosity,
presence of hydrophobic compounds, and the water molecule-sludge in-
teractions, among others.

• The MW drying extends the constant rate drying period, thereby acceler-
ating the free water evaporation from the surface of the material which
occurs almost independently of the type of sludge that was irradiated.

• TheMWenergy absorbed by thematerial on a given time interval is a crit-
ical parameter influencing the duration and intensity of the MW drying
process; such energy absorption process depends on the dielectric proper-
ties of the materials.

• The MW absorption efficiency increased with an increase in the free
water content of the sludge; thus, contributing to higher heating rates
and increasing the system throughput treatment capacity.

• The MW drying performance depends on the physical-chemical proper-
ties of the sludge. Sludge containing a high fraction of free (unbound)
water efficiently absorb and convert MW energy into heat

• The sludge unbound water content was higher in the sludge samples
showing high concentrations of oil and grease compounds and low
organic matter content. These conditions were favoured in septic
tanks. Thus, the SS (sample D) absorbed and converted MW energy
into heat more efficiently compared to the WAS samples derived
from WWTP.
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.scitotenv.2022.154142.
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