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ABSTRACT

Municipal wastewater treatment plants generate enormous quantities of sludge as a byproduct, which not only contains a significant amount of water and harmful
pathogens but also serves as a repository for a variety of essential materials and nutrients. The recovery of water and other valuable substances is highly dependent
on the employed treatment methods. In recent years, electrochemical processes have attracted a great deal of interest as an efficient technique for sludge dewatering
and resource recovery. By separating free and bound water from the sludge matrix, electro-dewatering can substantially reduce the volume of sludge, making it a
more cost effective and sustainable method of sludge management. Furthermore, the resulting sludge cake is more manageable and transportable, making it a viable
option for further disposal or resource recovery. By considering the beneficial aspects of sludge electro-dewatering, this paper aims to critically review the mechanism

underlying electrochemical methods of sludge dewatering as well as modified development strategies for scal-up potentials.

Introduction

In response to the rising demand for public health and environmen-
tal protection, the installation of wastewater treatment plants (WWTPs)
is increasing rapidly around the world. The complete process of wastew-
ater treatment encompasses various stages of cleaning and purification
steps, including preliminary large solid and girt removal by screening,
settling of solids followed by oil and grease separation in a primary
settling tank, removal of dissolved organic matter and toxic metals by
means of chemical or biological methods (designed and engineered de-
pending on the types of wastewater), and a final polishing step prior to
discharging the water to the environment. In each stage of the wastewa-
ter treatment process, sludge is produced as a byproduct and flows into
the sludge settling vessel as waste sludge for further thickening, dewa-
tering, and disposal. The global production of sewage sludge is estimated
at 45 million tons of dry matter per year, so we need to consider this vast
volume of sludge management by different processes. (Demirbas et al.,
2017; Solé-Bundo et al., 2019).

The composition of sludge can vary based on several parameters such
as the type of treated wastewater, the treatment process employed and
the location of the treatment facility. In general, however, the sludge
contains all of the undesirable and toxic components of the wastewater,

including a variety of organic compounds, pathogens, heavy metals, mi-
croplastics and nutrients (Edwards et al., 2017; Q. Zhang et al., 2017). As
a result, improper disposal of sludge can adversely impact the environ-
ment and public health. For example, the decomposition of organic mat-
ter in sewage sludge can emit unpleasant odors and greenhouse gasses
like methane and carbon dioxide, which contribute to climate change
(Chang et al., 2023). Nutrients in the sludge can cause nutrients over-
load in soil and water system, triggering algal blooms and other environ-
mental problems. Harmful pathogens in the sludge, including bacteria,
viruses and parasites, can pose a risk to public health if not properly
treated or disposed of. High levels of heavy metals, such as lead, cad-
mium and mercury, can be toxic to humans, animals and plants and
can accumulate over time in soil and water systems. In addition, mi-
croplastics in the discarded sludge can cause harm to the aquatic and
terrestrial ecosystems (Corradini et al., 2019). Therefore, an effective
sludge treatment system can reduce the risks associated with sewage
sludge disposal.

Treatment of sludge can be an integral part of a circular economy
because it offers the chance to recover valuable resources such as energy,
nutrients and water. For instance, anaerobic digestion of sewage sludge
can generate biogas, which can be used to generate heat and electricity
(Usack et al., 2019). This can help in reducing our dependency on non-
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stances; LB-EPS, loosely bound extracellular polymeric substances; TB-EPS, tightly bound extracellular polymeric substances; EF, electro-Fenton; AOPs, advanced
oxidation processes; AT, acid treatment; AO, anodic oxidation, SRF, specific resistance to filtration.
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Fig. 1. Sludge flocs with different types of water.

renewable energy sources and greenhouse gas emissions. Apart from
that, sewage sludge contains nutrients such as nitrogen and phosphorous
that can be recovered and used as fertilizers in agriculture, promoting
a closed-loop approach to resource management (Sichler et al., 2022).
More importantly, sludge contains a substantial quantity of water, which
may be rich in dissolved metals and nutrients. Using an appropriate
dewatering technique, it is possible to recover these resources, thereby
reducing the demand for virgin resources and minimizing waste.

Dewatering is an essential part of sludge management system and
plays an important role in reducing the volume and weight of sludge
by removing various types of water from the sludge (Shi et al., 2015).
Based on the binding energies between water and solid sludge particles,
sludge water may be divided into four different types (Vaxelaire and
Cézac, 2004), as shown in Fig. 1. The first type is free water, which is
less difficult to separate because it is not directly bonded to solid parti-
cles. Approximately 65-85% of total sludge water is free water and can
be eliminated through simple thickening or light mechanical stresses
(Chen et al., 2015; Vaxelaire and Cézac, 2004). The second type is in-
terstitial water, which is confined by capillary forces and held in the
crevices and interstitial spaces of flocs and microorganisms. It accounts
for 10-25% of the total water content in the sludge and can be re-
leased by breaking up the sludge flocs and disrupting the microbial cells
(Mikkelsen and Keiding, 2002; Ruiz-Hernando et al., 2014). The third
form of water is surface water, which sticks to solid particles through
adsorption and adhesion. Surface water is not free to move because
it adheres to solid surfaces, whereas interstitial water is free to move
once physical confinement is removed (Wei et al., 2018). The last one is
bound water which is chemically bonded to solid particles and EPS ma-
trix. It also includes intracellular water and accounts for approximately
10% of total water content of the sludge. Due to strong chemical bonds,
this type of water can be recovered by destroying cells and the EPS ma-
trix, followed by thermal dehydration (Cao et al., 2021; Vaxelaire and
Cézac, 2004).

To dewater, the most straightforward method is to use sludge drying
beds. In this case, sludge is left to dry on an open bed of sandy soil un-
til the sludge is completely dried (Gikas, 2017; Stefanakis et al., 2014).
After six weeks of drying, the sludge cake, as it is known, may contain
about 40% solids. The main drawback of this system is that a large area
is required, and odor problem may appear. To overcome these prob-
lems, several other techniques, such as rotary drum vacuum filtration,
centrifugation, and the belt filter press have been used for sludge dewa-
tering. These mechanical systems require less space than sludge-drying
beds, and they offer a greater degree of operational control. The odor
drawback has been solved by performing these mechanical systems in a
closed areas (He et al., 2017). However, due to the colloidal and com-
pressible nature of sludge, the optimum efficiency of these mechanical
systems remained constrained to 35% dry solid contents. Consequently,
several physical and chemical conditioning methods have been adopted
prior to mechanical dewatering to improve the efficiency of pressur-
ized mechanical dewatering system. The addition of skeleton builders
(Wu et al., 2016), the freeze thaw approach (Hu et al., 2011), use of mi-
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crowaves (Cai et al., 2017), and ultrasonic conditioning (Lambert et al.,
2022; J. Li et al., 2016) are among the physical preconditioning tech-
niques that have been evaluated for enhanced dewatering efficiency.
Chemical conditioning represents the addition of alkalis (Li et al., 2005),
surfactants (Chen et al., 2001), oxidants (W. Zhang et al., 2015), and co-
agulants/flocculants (Mowla et al., 2013).

Recently, electric field assisted sludge dewatering has gained in-
creased attention due to several benefits, such as simple equipment de-
sign, ease of operation, and reduced need of chemicals (Mahmoud et al.,
2018; Zhen et al., 2013). Complex electrochemical operations (ohomic
heating effect, redox reactions, electrokinetic phenomena and pH gra-
dient effect) in the electro-dewatering process can reduce the water
content of sludge from about 80% to less than 40% while removing
sludge malodor and pathogens (Rumky et al., 2020). Until now, com-
prehensive summary on electrochemical technology for sludge dewater-
ing has not been published. Therefore, this review highlights the poten-
tial electro-chemical processes for sludge treatment with emphasis on,
(a) the main mechanism and advantages of electrochemical processes
for sludge treatment, (b) the feasibility of different pre-treatments (vac-
uum, ultrasonic, heating etc,) with EDW and different alternative usage
of sludge materials. This review may increase the attention given to the
electrochemical methods for sludge treatment and help people expand
knowledge in this field.

Electrochemical methods for sludge treatment
Electro-dewatering

Electrochemical treatment of sludge is clean and robust process to
decrease the amount of biosolid waste and remove pathogens. The fun-
damental principles are to disintegrate the sludge structure by direct
electric force and indirect oxidation. Electro-dewatering (EDW) of waste
sludge has recently gained significant attention due to its high sludge
dewatering efficiency and energy savings as compared to conventional
mechanical dewatering and thermal drying. It has been reported that
the highest attainable solid content of mechanically dewatered sludge
is approximately 30-35% (wt/wt) (Gronchi et al., 2017; Mahmoud et al.,
2018). To further improve the solid content, thermal drying is required,
which results in much higher energy consumption and operational ex-
penses for sludge dewatering. EDW, on the other hand, may reach 60%
(wt/wt) solid content while utilizing less than a quarter of the en-
ergy necessary for thermal drying (Huang et al., 2022; Lv et al., 2019;
Olivier et al., 2015).

EDW systems are simply electrochemical cells integrated with a me-
chanical pressure system and are occasionally referred to as electro-
mechanical dewatering system. When an electric field is applied using
inert electrode through the sludge slurries, water electrolysis and other
electro-kinetic phenomena such as electrophoresis, electro-osmosis and
electromigration take place (Mahmoud et al., 2013, 2010; Pham-
Anh et al., 2012). These electrochemical reactions and electro-kinetic
phenomena significantly enhance the dewatering degree and solid con-
tent of the sludge cake. A schematic of the key electrochemical reactions
and transport processes in an electro-dewatering system is presented in
Fig. 2 and described in the following subsections.

Water electrolysis

Water electrolysis is the primary process that occurs in the sludge
suspension when an electric field is introduced. Water oxidation occurs
at the anode, creating oxygen gas and releasing protons into the sur-
rounding environment. As a result, a decrease in pH is detected at the
anode surroundings. The reduction of water, on the other hand, pro-
duces hydrogen gas and hydroxide ions at the cathode. The in-situ gen-
erated hydroxide ions raises the pH near the cathode (Mahmoud et al.,
2010; Pham-Anh et al., 2012).

Electrolysis also induces extracellular polymeric substance (EPS)
layer deterioration and microbial cell lysis, which reduces the stabil-
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Fig. 2. Schematic representation of electro-dewatering process (modified from
Mahmoud et al., 2011).

ity of sludge flocs. Additionally, the evolution of gasses (hydrogen and
oxygen) at both electrodes causes the formation of void spaces within
the sludge bed and raises the system’s electrical resistance. As a result
the sludge temperature rises which may aid dewatering by decreasing
water viscosity and increasing evaporation (Navab-Daneshmand et al.,
2015; Pham-Anh et al., 2012).

Electromigration

Electromigration is the self-diffusion of charged species or ions to-
ward the oppositely charged electrodes, which takes place in response
to an applied electric potential in an electrochemical system. During
electrolysis, the pH of the anode decreases, which aids in the acidifica-
tion of the sludge suspension. As a result, phosphorous and other heavy
metals are liberated into the water phase from the sludge matrix. These
liberated metal ions are further transported and concentrated into the
cathode compartment via electromigration. Therefore, electromigration
plays a key role in the recovery of nutrients and other metal ions dur-
ing sludge electro-dewatering (Mahmoud et al., 2010; Pham-Anh et al.,
2012).

Electrophoresis

Transport process electrophoresis refers to the migration of charged
particles towards the oppositely charged electrodes relative to a sta-
tionary liquid phase. Sludge flocs are negatively charged particles and
therefore, during electro-dewatering process the movement of sludge
particles occur towards the anode due to the electrophoresis effect.
(Mahmoud et al., 2011, 2010; Pham-Anh et al., 2012)

Electro-osmosis

Electro-osmosis process, on the other hand, refers to the transport
of aqueous phase through the porous solid phase under the action of
applied electric potential. In sludge EDW process, electro-osmosis plays
the most crucial role in displacing extra water from the sludge cake.
Water in sludge exists as cationic hydrates by interacting with other
cations. These cationic hydrate clung to the sludge surface due to the
negatively charged nature of the sludge particle, generating an electric
double layer. When an electric field is provided to a sludge section using
electrodes, the ensuing Coulomb force induces the net charge in the elec-
tric double layer to shift, and the cationic hydrate migrates to the cath-
ode via electro-osmotic action. Several factors affect the electro-osmosis
mechanism in EDW process, including sludge physical and chemical
properties, applied voltage gradient, sludge cake thickness, mechanical
pressure, and dehydration period. Therefore, currently researchers are
focusing on the improvement of electro-osmosis mechanism of sludge
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EDW by integrating it with other processes (Mahmoud et al., 2010;
Martin et al., 2019; Shen et al., 2016).

Electro-dewatering integrated with vacuum pressure

Electro-osmosis is integrated with a constant negative pressure (i.e.,
vacuum) is termed as vacuum electro-osmosis dewatering (VEOD), sig-
nificantly decreasing dewatering time and, thus, energy consumption.
Water in sludge comprises cationic hydrate and therefore, it can adhere
to the negatively charged sludge particles. When exposed to an electric
field, cationic hydrate migrates to the cathode; however, due to the elec-
trophoresis effect, large sludge particles impede this migration, making
it more difficult to recover than free water. Squeezing the sludge floc
framework with a high vacuum reduces porosity and transforms pore
water to free water, which can be quickly separated. (Shen et al., 2016;
Xu and Ding, 2016)

Electro-dewatering integrated with ultrasonication

An electric field applied to the sludge suspension causes the liquid
phase to flow to the cathode direction and the solid phase to flow to the
anode direction. However, as time passes, the liquid phase in the sludge
cake near the anode becomes discontinuous, increasing the resistance
to current flow through the sludge bed and resulting in the disruption
of electro-osmotic dehydration. In that case, the electro-osmosis rate
can be increased further by using an ultrasonic method. The application
of an ultrasonic process accelerates the disruption of sludge flocs and
the release of bound water through shockwaves produced by ultrasonic
cavitation. As a result, the liquid phase passing through the sludge bed
speeds up and increases the interaction between the liquid phase and
the electrode, improving the sludge dewaterability (Dey et al., 2022;
Ma et al., 2018).

Electro —Fenton

The Electro-Fenton (EF) process is a promising electrochemical ad-
vanced oxidation process (EAOP) in which the organic pollutants are
oxidized by an indirect electrochemical oxidation by hydroxyl radicals
produced by the Fenton reaction. Hydroxyl radical (‘OH), the second
most powerful oxidizing specie after fluorine, is formed electrochemi-
cally by the reaction of H,0, and Fe?* ion according to the following
Eq. (1):

H,0, + Fe>* - Fe’* + OH™ + OH 1)

In EF process, Fenton reagents, H,0, and Fe?*, can be electrogener-
ated according to the following 4 different strategies:

i Electro-generation of H,0, and Fe?* simultaneously by an oxygen

sparging cathode and sacrificial anode, respectively.

ii External injection of H,0, and electro-generation of Fe?* using a
sacrificial iron anode

iii External injection of Fe?* and electro-generation of H,0, using an
oxygen sparged cathode

iv External injection of H,0, and Fe?’* in an electrolytic cell for
‘OH generation and regeneration of Fe’* at the cathode (Burgos-
Castillo et al., 2018; Chen et al., 2019).

Bio-electro—Fenton

Zhu and Ni published the first MFC-Electro-Fenton system for POPs
degradation in the cathode chamber in 2009 (Zhu and Ni, 2009). Follow-
ing that, the process was renamed bio-electro-Fenton, and it has gotten
a lot of attention in recent years, resulting in the rapid development
of a number of bio-electro-Fenton systems. The MFC-based bio-electro-
Fenton, which uses anodic electrogenic microbe, is one of the most used
systems. The MFC-based bio-electro-Fenton system uses anodic electro-
genic bacteria to create electrical power from biodegradable organics to
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Fig. 3. Bio-electro-Fenton working principle (copied with permission (X. Li
et al., 2018)).

drive the Fenton process in the cathode chamber, which allows POPs in
wastewater to be oxidized (Y. Zhang et al., 2015). Bio-electro-Feton pro-
cess is considered as low toxic process with energy saving and it can be
powered by wastewater-derived renewable energy (Asghar et al., 2014).

In general, bio-electro-Fenton systems are made up of two cham-
bers separated by a membrane (for example, a proton-exchange mem-
brane, a cation-exchange membrane, or a bipolar membrane), as shown
in Fig. 3. The anaerobic anode chamber is filled with biodegradable or-
ganic matter-containing wastewater, whereas the aerobic cathode cham-
ber is filled with POP-containing wastewater. In the anode chamber,
biodegradable organic matter is oxidized by microorganisms, which is
a common principle in nearly all bio-electro-Fenton systems. The an-
ode’s oxidation activities release electrons, which are then delivered
to the cathode through an external connection. The idea is similar to
that of traditional bio electrochemical systems (where electrodic reac-
tions are directly or indirectly linked to the metabolic activity of mi-
croorganisms), and also, all of the anode materials and microorganisms
can be employed in bio-electro-Fenton systems. In the cathode chamber,
electro-Fenton processes are primarily seen. The electro-Fenton process’
reaction mechanism has received a lot of attention (Feng et al., 2010).

For pollutants oxidation, the two-electron reduction of oxygen on the
cathode produces H,0, (Eq. (2)), which subsequently combines with
Fe?* to create radical «OH (Eq. (3)). High H,0, production rate and
concentration are required to achieve high pollutant degradation per-
formance in bio-electro-Fenton systems.

CH,0, + (2x = 2)H,0—-,CO, + (4x +y = 22H" + (4x +y —2z) e~ )
0% + 2H' +2¢~ — H?0? 3)
H?0? + Fe?* - Fet + OH™ + OH “)

Application of different electrochemical processes in sludge
treatment

Turning the sludge into valuable resource by alternative usage pro-
vides a new sustainable path for sludge management beyond treatment
and safe disposal. The electrochemical process draws scientific atten-
tion to sludge resources recovery, removing bound water and proposing
sludge materials in different alternative areas (e.g, adsorbent, fertilizer,
catalyst etc.) (Chowdhury et al., 2022; Rumky et al., 2023). However, re-
search on the different electro-chemical processes for sludge treatment is
limited and electro-chemical processes in bigger scale, very rarely found.
This section focuses on different electrochemical treatment processes,
their setup, the characteristics of sludge materials, and the quality of
the final sludge after different electrochemical treatment processes.
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In Table 1, different sludge characteristics are collected from the al-
ready published literatures. Different electrochemical set-ups with var-
ious electrodes have been checked by researchers to achieve more effi-
cient processes for sludge treatment. Vacuum electro-osmosis was stud-
ied for sludge treatment where perforated steel anode and cathode were
used by Shen et al., (2016) and titanium electrodes were used by Ding
et al.,(2016). Citeau et al., (2012) obtained 58% dry solid for digested
sludge and 78% for AS by mechanical dewatering with electrical as-
sistance. Moreover, Feng, Wang and Ji., (2014) improved bound water
content 0.25 g/g dry solid after pressurized electro-osmosis of AS with
perforated cathode. Electrode material and structure is considered as vi-
tal point in electrochemical processes, so the information in Table 1 will
help readers to choose electrodes for their own developed methods af-
ter considering the process efficiency (e.g., dry solid content after treat-
ment). Further, characterzation is used to evaluate the sludge’s physi-
cal, chemical and biological properties which is valuable point in sludge
management.

Electro-dewatering (EDW) is one of the most promising methods for
sludge treatment, but its performance depends on the sludge’s char-
acteristics. Although the traditional drying process can achieve a high
level of sludge dryness and contamination destruction, EDW is consid-
ered more effective because of the lower capital and operating costs
(Mahmoud et al., 2018).

Several conditioning (ultrasonic, heating, chemical, vacuum) are
proposed by researchers to enhance the electro-dewatering of sludge
(Tables 2 and 3). Energy from ultrasonic methods show an important
role for sludge disinfection, disruption or the dewatering performance
improvement. Ultrasonic can produce a kind of sponge effect in sludge
and helps the migration of moisture through natural channels or ar-
tificial channels created by ultrasound wave circulation. The changed
sludge structure and properties influenced the electro-dewatering and
Riera-Franco De Sarabia et al., (2000) studied a high power (10 or
20 kHz) acoustic treatment for sludge solid-liquid separation by acceler-
ating the bound water separation. Shock waves created during ultrason-
ication can destroy the extracellular polymeric substances and sludge
flocs, which improved the dewaterability by changing bound water to
free water (Fig. 4). Capillary suction time (CST) decreased depending
on the ultrasonic duration for sludge treatment and in general lower
ultrasound frequency, 10 to 20 kHz may improve dewaterability perfor-
mance with CST reduction (Chu et al., 2001; Mason, 2007).

Besides, ultrasonication can destroy the bacteria in the sludge which
reduces the water content and odd smell from wastewater sludge
(Table 3). The treatment was found to improve the sludge combustion
value and therefore contributed to the sludge incineration (Zhang et al.,
2020). Ma et al., (2018), on the other hand, tested ultrasonication



Table 1

Sludge characteristics for different electrochemical treatment.

Type of sludge

Experimental Setup

Raw sludge characteristics

References

pH SCOD SS VSS SRF Zeta Potential
(mg/L) (g/L) (8/L) (x10"'m/kg) (mV)
Activated sludge (AS) Total volume of 960 mL made of 6.82 + 0.15 136.46 + 13.19 24.23 + 0.34 13.34 £ 0.47 7.62 + 0.39 -30.15 + 1.80 (Chen et al., 2019)
polymethyl methacrylate. Anodic
oxidation: RuO2-coated titanium
electrode (anode) and Ti mesh (cathode).
RuO2-coated titanium and active carbon
fiber (ACF) used as anode and cathode in
electro-Fenton system.
AS Ti/Ru02-IrO2 and Ti meshes used as the 6.83 +0.10 - 36.8 +£0.78 - 2.38 + 0.09 -13.60 + 1.00 (Y. Lietal, 2016)
Municipal WWTP anode and cathode
AS 6.72+0.34 - 36.9+0.56 - 2.32+0.08 -9.9+0.83
Refining, cyclohexanone,
etc. production industrial
WWTP
AS Ti/Ru02-IrO2 and Ti meshes used as the 6.73+0.07 - 15.9+0.05 - 10.88+0.11 -15.10+0.94 (Y. Li et al., 2016)
Caprolactum production anode and cathode
industrial WWTP
AS 6.95+0.15 - 16.14+0.07 9.57+0.06 - - (Zhen et al., 2012)
AS Electro-osmotic dewatering which 6.9 - - - - -15.2 (Cao et al., 2018)
comprises filter-press cell, a DC power
supply, a thermometer, and two precision
balance.
Pre-dewatered sludge Vacuum electro-osmosis dewatering 8.54- 8.75 - - - - -14.3 to -15.6 (Shen et al., 2016)
apparatus Cuboid sludge tank, a
perforated stainless-steel anode and
cathode, a DC power supply, and two
cylindrical vacuum tanks
Sludge collected from Vacuum electro-osmosis dewatering 7.73+0.15 - - - - -12.6+1.1 (Xu et al., 2016)
horizontal sedimentation apparatus which comprises a DC power
tank supply, a sludge tank, three titanium
cathodes and anodes, and two cylindrical
vacuum tanks
Anaerobically digested a DC power supply, titanium cathode and 7.16- 7.38 - - 15.3to 17.0 - -14.0 to-15.9 (Tuan and
sludge anode electrodes, and cloth filter Sillanpaa, 2010)
AS Pressurized electro-osmotic dewatering 7.7 - - 78% (dry solid) - -20 (Citeau et al.,
apparatus which comprises a cylindrical 2012)
laboratory filter-press cell, a DC power
supply, a multimetre FLUKE 45, and two
precision balances
Digested sludge 7.6 - - 58% (dry solid) - -26
AS Electro-dewatering unit comprising 7.1-7.5 - - 70-90% w/w - - (Navab Danesh-
hydraulic piston, titanium anode, and mand et al.,
stainless-steel perforated cathode, filter 2012)
belt, and electronic balance
AS Pressurized electro-osmotic dewatering 7.12+0.02 1800+290 8.34+0.08 Free - - (Feng et al., 2014)

apparatus comprising a DC power supply,
a beaker, a precision balance, anode fixed
on the bottom of the piston, and a
perforated disk cathode

water = 0.24 g/g dry
solid and bound
water = 0.25 g/g dry
solid

(continued on next page)
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Table 1 (continued)

Type of sludge

Experimental Setup

Raw sludge characteristics

References

pH SCOD SS VSS SRF Zeta Potential
(mg/L) (g/L) (/L) (x10"'m/kg) (mV)

AS Electroosmotic dewatering apparatus 6.90+0.01 - 13.5+0.01 8.6+0.01 - -9.47+0.85 (X. Guo et al.,
Response surface opened to the atmosphere and no pressure 2017)
methodology optimization difference between two electrodes which
of Mn (III) conditioning were Ta,Og coated metal oxide IrO,.

(C) -horizontal electro
dewatering (HED) process

AS Electroosmotic dewatering apparatus 6.87+0.01 - 13.8+0.01 9.1+0.01 - -9.72+0.85 (X. Guo et al.,
Characterization during opened to the atmosphere and no pressure 2017)

Mn (III) C - HED process difference between two electrodes which
were Ta,Og coated metal oxide IrO,.
AS HED apparatus made of plexiglass 6.71+0.04 - 16.32+1.30 10.6+0.30 - -8.52+0.35 (H. Li et al., 2018)
comprising two IrO2 Ta205 electrodes
(distance 65 mm) and filter chamber
covered with a polypropylene filter cloth
AS Electro-dewatering system comprising a 6.1-7.5 - - 55.3-61.5% w/w - -19.2to -14.3 (S. Zhang et al.,
DC power supply, a IrO2-Ta205-coated 2017)
titanium anode, a stainless steel cathode,
filter medium, and pressure supply
equipment
AS Magnetic micro-particle 6.58+0.04 - 5.53+0.30 4.46+0.21 - - (Qian et al., 2016)
conditioning-magnetic field
conditioning-drainage under gravity-HED.

Mechanical dewatered Electro-dewatering pretreatment on 7.22 - - 85.01% - - (Wang et al.,
sewage sludge nitrous oxide emission using 40 L of 2018)

composter

Electro-dewatering sewage 8.47 - - 67.53%
sludge

Anaerobic sludge Electrolytic reactor (0.5 L) comprising 7.8-8.2 - - - - (Olvera-

HAMEG 7042-5 power supply and Fe 31,333.3+2494.1 Vargas et al.,
electrodes (distance 4 cm) for 2019)

electrocoagulation and electrochemical
peroxidation
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Table 2

Sludge dewaterability characteristics after electrochemical treatment.

Name of the process

Specialization of
process

Sludge type

Optimal operating
parameter

Dewaterability of sludge

EPS

CST, SRF

Wec of sludge (%)

Others

References

Advanced oxidation
process:
Electro-Fenton (EF)

Hybrid process of
Electroly-
sis/electrocoagulation
(with zero valent
iron activated
persulfate oxidation)
Electrochemical
pretreatment (EPT)
with input of

10 V/800mA

Bio-electro-Fenton

Electro-
osmosis + weak
ultrasonic

Electro-osmotic
dewatering or
Electro-dewatering
(EDW)

Vacuum
electro-osmosis
dewatering (VEOD)

Advanced oxidation
process

Voltage 40 V of

electric field

Voltage 10 V of
electric field

Ultrasonic and 60 V
of electric field

Voltage and pH

Vaccume

Activated sludge

Waste activated
sludge (WAS)

Primary treatment
sludge - after
chemical
treatment (CEPT)

Waste activated
sludge

Sewage sludge

Activated sludge

Drinking water
treatment sludge
(DWTS)

Power density

40 mA/cm2 and lower
pH (<3) was
determined as
optimum condition for
enhancement of sludge
dewatering.

4.15 g/L Na,S,04 and
voltage 40 V
considered after zero
valent iron electrode
applied

EPT 5-15 min with
titanium electrodes
(titanium-EPT)
EPT 15 min with
carbon electrodes
(carbon-EPT)

Voltage: 60 V (5 min),
0.1 MPa mechanical
pressure (5.5 min);
Ultrasonic

0.510 W/cm2

(3.5 min) for
pre-treatment and

20 W (0.255 W/cm?2)
and 3.5 min for the
coupling method.
Voltage, pH and ionic
strength considered as
EDW parameters

Electro-osmosis
process: 0.05 MPa,
2.5V/cm

EF able to compress
more EPS than anodic
or acid treatment and
can accelerate more
tightly bound EPS
redistribution to
soluble EPS.

EZP can able to disrupt
EPS, degrade protein
substances and bound
water released.

limited dewaterability
improvement

Sludge dewaterability
enhanced

The anode treatment
and Fenton can
enhance sludge walls
breaking and
hydrolysis
Dehydration rate
improved: 34.71%
(with electro-
osmosis+ultrasonic),
Dehydration rate:
17.40% (with
electro-osmosis only)

SRF reduction
18.77% by AT,
30.17% by AO? and
64.57% by EF after
60 min of treatment.

CST decreased by
49.1% and SRT
decreased by 87.4%

CST and SRF
decreased > 80%

97%

EPS totally depends on the alkalization, while oxidation and acidification
responsible for EPS (At anode).
At anode, avg. EDW R? >0.79, p<0.02 and cathode R? >0.87, p<0.03.

Moreover, dissolved organic matter is negatively correlated with cathodic
EDW and positively with anodic EDW.

Vacuum filtration: Sludge moisture content

decreased 79%;

VEOD: removes all free water and pore water
reduced by 60.2% and surface adhesion 15.9%

Moisture content at
PH 3.3 was 63.7%
(potential gradient
1.25) and 58%
(potential gradient
7.5)

Dewaterability can
enhance within

40-60 min of EF, sludge
flocs decreased, and floc
became coarser with
bigger holes

EZP was economically
feasible after preliminary
economic analysis

EPT-Ti: less sulfide
control

Carbon-EPT: disintegrate
sludge flocs about 70%
reduction

COD increased by 41.0%
for CS®, 25.8% for AS*,
and 42.0% for CAS®

Electro-osmosis with
ultrasonic coupling can
enhance dehydration,
change of current stable
and energy consumption
is less.

EDW improved by
raising operating voltage
and decreasing pH; even
EDW increases with
decreasing ionic strength
and decreasing with the
opposite condition.
Energy consumption: at
pH 3.3, 0.37 kWh/kg and
at pH 10.6, 0.48 kWh/kg
(gradient potential 1.25);
At pH 3.3, 0.52 kWh/kg
and at pH 10.6,

0.55 kWh/kg (gradient
potential 7.5)

(Chen et al., 2019)

(Y. Li et al., 2016)

(Zeng et al., 2020)

(Zeng et al., 2020)

(Yu et al., 2018)

(Ma et al., 2018)

(Cao et al., 2018)

(Shen et al., 2016)

(continued on next page)
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Table 2 (continued)

Name of the process

Specialization of
process

Sludge type

Optimal operating
parameter

Dewaterability of sludge

EPS CST, SRF Wec of sludge (%)

Others

References

Electro-osmosis
(with Fenton like
process)

Pressure driven
electro-dewatering
(with freeze/thaw
and polyelectrolyte
conditioning)

Electro-osmosis

Electro-Fenton (EF)
treatment

Vacuum
electro-osmosis
dewatering (VEOD)

Electro-osmotic
dewatering or
Electro-dewatering
(EDW)

Pressurised
electro-osmotic
dewatering (PEOD)

Fenton process

Pressure driven and
20 V of electric field

10 to 20 V of electric
field

Vacuum

Max. 20 V of electric
field

Max 50 V of electric
field

Drinking water
treatment sludge
(DWTS)

Anaerobically
digested sludge

Activated sludge

Anaerobically
digested sludge

Drinking water
treatment sludge
(DWTS)

Anaerobically and
aerobically
stabilized sludge

Activated sludge
and anaerobically
digested sludge

According to 3D
response surface of the
water, Fe3* dosage of
54 mg/g sludge, H,0,
dosage of 87 mg/g
sludge and pH of 6.3

Power supply: 20 V
Permeability factor:
7.62

10, 15, and 20 V/cm
electric field studied

Fenton reagent and
15 mM H,0,

From statistical
analysis: vacuum
pressure -0.06 MPa,
pH 6.2 and potential
gradient 2.5 V/cm

20 V for higher dry
solid content and 15 V
for better energy
consumption. So 15 V
considered as optimum
point.

40 and 80 A/m?, 20,
30, and 50 V for both
sludges

Moisture content
decreased to 63%

Dewaterability enhanced by different treatment
processes like Fenton treatment decreased the
internal combined water (9 mgH,0/mg sludge)
and increased (19 mgH,0/mg sludge) the free
water in sludge;

H,S0, + Fenton improved free water 28
mgH,0/mg sludge and decreased internal
combined water 4 mgH,0/mg sludge; whereas
untreated sludge has free water 12.5 mgH,0/mg
sludge and internal combined water 4
mgH,0/mg sludge.

CST (natural freezing) enhanced after 1,2,3
months was 69,54 and 38 sec.

CST (polymer dosage): after 5 kg/ton CST
became 39.3 sec and after 10 kg/ton CST became
13sec

Dry solid content
increased
39.3-41.5% after the
treatment from
initial 3%.

Dry solid content
increased 40-45%

Dewaterability enhancement: 97%
Leached 16.0% Cr, 42.6% Fe and 56.0% Pb under Fenton and 15 mM H,0,.
Phosphorus recovery was about 74%-79% for all EF processes

Moisture content reduced from 97% to 57% at
optimized point with energy consumption
0.35 kW.h/kg.

20 V can enhance dry solid content about 37.5%
for aerobically digested sludge and 42.9% for
anaerobically digested sludge.

Dry solid content improved to 47% w/w
(activated sludge) and 31.7% w/w (anaerobically
digested sludge) by PEOD.

Vaccum elctro-osmosis
showed lower
dewaterability whereas
63% improvement
achieved by combination
with Fenton like process
or acidification

Freeze/thaw
conditioning reduced the
CST significantly which
can not be done by EDW
alone, so sludge
conditioning is necessary
for solid-liquid
separation.
Dimensionally stable
anodes (DSA) considered
as most suitable material
than stainless steel
coated by PVD technique
with TiN, AITiN, and
DLC

Conventional Fenton/all
EF can able to recover
phosphorus 74~79% but
RuO, anode based EF
can be better than
conventional.

Biological process is also
studied here but did not
evidence any influence
on EDW

Constant current and
voltage can enhance
ohmic effect, but
dewatering does not
affected much by filter
cloth presence but 69%
less energy consumption
found by thin filter cloth
for 45% w/w of DS
content.

(Xu et al., 2016)

(Tuan and Sillanpaa,
2010)

(Gronchi et al.,
2017)

(Burgos-
Castillo et al.,
2018)

(Xu and Ding, 2016)

(Visigalli et al.,
2017)

(Citeau et al., 2012)

(continued on next page)
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Table 2 (continued)

Name of the process Specialization of Sludge type Optimal operating Dewaterability of sludge References
process parameter
EPS CST, SRF Wec of sludge (%) Others
Electro-dewatering Activated sludge Constant electric EDW can improve dry matter 40% w/w with Higher current (Olivier et al., 2015)
(EDW) density 80A/m? and 0.025 kWh/kg energy consumption in 2 h. application can increase
pressure 5 bar in Without electric field, only compression at 5 bar higher dry solid content.
two-sided filter press. took 11 h to get 22% w/w dry matter.
Best performance found with 12 g/kg DS by
cationic polyelectrolyte, conc. of electrolyte
about 1073 M salt and acidic pH.
Electro-conditioning Membrane Activated sludge Batch reactors ranging Current density Compared to sludge One cubic meter of (Hua et al., 2015)
in a membrane bioreactor 5 and 35 A/m? of significantly improves control reactor, sludge consumes

electro-bioreactor

Pressurized
electro-osmotic
dewatering (PEOD)

Conditioning and
Permanganate/bisulfite 20V
(PM/BS)
conditioning
horizontal
electro-dewatering
(HED)
Zero valence iron
(ZVI1)/persulfate (ps)
integrated
electro-dewatering
(ZV1/ps-HED)

40 V at optimum

Electro-dewatering
(EDW)

Pressurized process

Activated sludge

Activated sludge

Activated sludge

Activated sludge

current density with
three conc. from

3000 mg/1 to

15,000 mg/1

401 kPa pressure and
50 V voltage
considered as optimum
fact from response
surface methodology

20 V for 120 min with
KMnO4 0.01 mol/L
activated sludge and
NaHSO03 0.05 mol/L
activated sludge

0.35 g ZVI/g DS and
0.15 g ps/g DS

Voltage 0 to 55 V and
Ionic strength 0.13 to
4.29 g/L applied here

the SRF by extracting
bound water through
electro-osmosis.

filterability
enhanced and SRF
decreased to 200
times.

50 V electrical

compression enhance

dewatering to get dry

solid content 0.25 g/g

Dry solid content
41.90% and energy
consumption 0.
153 kWh at
optimum point

At anode side, 51.68% free water and 87.62%
bound water removed.

At cathode side, 36.55% free water and 85.08%
bound water removed.

EPS was solubilized and TB-EPS, LB-EPS
converted to outer EPS by increasing sludge
dewaterability.

96.32% free water content and 79.78% bound
water content removed by ZVI/ps -HED process.

Lowest water
content 83.675
found after HED at
40 V with 120 min
(from response
surface
methodology)

In anode, dewatering rate (R? > 0.79, p < 0.02) and cathode (R*> > 0.87, p
< 0.03) correlated with the pore volume of the sludge cake. Anodic
oxidation covert EPS to small molecules and there is no correlation with
anodic DOM and electro-osmotic dewatering whereas cathodic DM has
negative correlation with dewatering rate.

2.5 kWh of electricity
and 80 g of electrode.

Humic acid formed and
organic matter filtrate
increased during
electrical compression
and after EC stage, the
rupture bacteria cells
with parallel slits
became visible in AS.
Mn?* and MnO, as
skeleton builders can
enhance flocculation
effect and sludge
dewatering.

Proteins and
polysaccharides
decreased from solid and
liquid part due to
oxidative degradation.
ZVI1/ps decreased
proteins of slime 57.22%
and polysaccharides of
EPS 68.50%.

Depending on stronger
electro-osmotic effect,
cathodic cake’s porous
structure became more
plentiful than anode due
to sludge flocs migration
towards anode.

(Feng et al., 2014)

(X. Guo et al., 2017)

(H. Li et al., 2018)

(Cao et al., 2018)

(continued on next page)
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Table 2 (continued)

Name of the process

Specialization of
process

Sludge type

Optimal operating
parameter

Dewaterability of sludge

EPS CST, SRF

Wec of sludge (%)

Others

References

Electro-osmosis
(using Fenton like
process)

Electro-dewatering

(EDW) (influence of

Na,S0,)

Pressurized
electro-osmotic
dewatering (PEOD)
(with bio-drying)

Temperature
variation on
electro-dewatering

High apparent
electrical resistivity
(AER) in EDW

Pressurized
electro-dewatering

Fenton process

Pressurized process

Temperature

Pressurized process

Drinking water
treatment sludge

Waste activated
sludge

Sewage sludge

Mechanically
dewatered sludge

Activated sludge

Municipal sludge

Fe3* dosage 54 mg/g
sludge, and H,0,
dosage 87 mg/g sludge
(pH 6.3)

Na, SO, dosage of
12.5 g/kg DS (constant
voltage 20 V)

7.5 min (at PEOD
optimum condition)

50°C temperature with
voltage 35V

Variation in the AER
checked for EDW
set-up

Constant voltage
gradient mode with
less energy
consumption

Final moisture content reached to 63% and
proved that dewaterability enhancement by EPS
destruction after Fenton like treatment.

EDW curve follow the S curve: first stage showed
electro-osmosis very low; second stage EDW
efficiency increased via electro-osmosis and in
the third stage dewatering efficiency became
constant by showing constant water removal and
dry solid content.

Moisture content decreased from 83.41% to
60.0% at optimum PEOD process.

Proteins and polysaccharides in the EPS
denatured when the temp. was >50 °C, so dried
sludge cracked and electrical conductivity
elevated.

Sludge AER was less than 5000 ©2/m before the
moisture content was decreased to 60%. As
moisture content continued to decrease, AER
increase from bottom to top layers. Gas
accumulation and pH decreased in top layer,
which increase sludge AER.

Moisture content after constant voltage gradient
mode was 28.41% and after constant voltage
mode was 27.33%

Water removal
efficiency 42.5% at
optimum Na,SO,
dose

Vacuum electro-osmosis
showed low dewatering
which can be enhanced
by 63% by adding
Fenton process with
acidification.

The pH gradient was
intensified after adding
Na,SO, in EDW process
and organic content
migration increased from
cathode to anode in
comparison with raw
WAS.

Accumulation of
moisture content also
tested and removal
slightly less for T1
(41.49%) than T2
(44.60%). 68.1°C
obtained for T2 and
3.6°C higher than T1.
When voltage switched
from 35V to 15 V at
50°C, energy
consumption reduced to
108.23 KWh/ton of
sludge material.
Dewaterability limit
reached when free water
near anode removed.

Energy consumption was
189.62 Wh/kgy,, of
constant voltage gradient
mode, much lower than
constant voltage mode.

(Xu et al., 2016)

(Xiao et al., 2017)

(Q. Li et al., 2018)

(Lv et al., 2019)

(Sha et al., 2020)

(Rao et al., 2021)

1 Acid treatment (AT)

Anodic oxidation treatment (AO)
Cathode treated sludge

Anode treated sludge
Cathode-anode treated sludge

s W N
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Table 3
Mechanisms and corresponding effects of various pretreatments before electrochemical treatment of sludge.
Type of pretreatment Mechanism Brief description of function Limitation and end use Ref
Mechanical Water distribution The bound water content of sludge was determined as a Bound water cannot be (Colin and
compression function of the sludge’s mechanical dewatering strain. removed fully. Gazbar, 1995)
Depending on its behavior during mechanical dewatering, it
was possible to classify water into distinct categories (free
water, bound water separable by moderate mechanical strain,
bound water removable by maximal mechanical strain, bound
water not removable mechanically).
Ultrasonic Degradation The sludge flocs and cell walls are destroyed by ultrasonic This process is not yet fully (Xu et al., 2019)
waves, which liberate EPS, which speeds up the hydrolysis studied for sludge and have
process. some limitation. Energy
Ultrasonic waves create a sponge effect in the sludge, allowing consumption for ultrasonic is
water to flow more freely through the channel from the wave relatively high.
surface.
Vacuum Vacuum filtration Free water is first removed by vacuum filtration, as the (Xu and Ding, 2016)
adhesion strength of free water with sludge is weak
Temperature Microbial cell The influence of the hydrothermal process on excess sludge Not energy efficient (Lv et al., 2019)

rupture

dewatering performance at 150-210 °C, and found that

increasing the temperature caused sludge floc size to shrink
and damaged the binding of extracellular polymeric substances

(EPS) with water.

with electro-osmosis and found that suitable ultrasonic energy enhanced
electro-osmosis dehydration. In addition, lower energy consumption
was obtained suggesting that the coupling (ultrasonic + electro-osmosis)
is better than only ultrasonic pretreatment for EDW. However, appropri-
ate action time with ultrasonic process development is required as the
electric potential of 60 V was needed in this study. 40 W and 3.5 min
are optimum conditions but more scale-up is needed for future consid-
eration. If the final aim is to produce biogas, the ultrasonic treatment
of sludge is an excellent option. Ultrasonication can break down the in-
terstitial water from the sludge flocs and therefore even moderate soni-
cation will enhance the sludge dewatering and release organic content.
After ultrasonic treatment, addition of polyacrylamide (PAM) polymer
can be used to agglomerate the sludge and improve its dewaterability
further. As ultrasonic energy consumption is high, further research is
needed to find out the optimum ultrasonic duration to get the best re-
sult for sludge conditioning.

On the contrary, negative vacuum pressure combined with electro-
dewatering (VEOD) can remove pore and surface adhesion water from
sludge. It works gradually by reducing dewatering time and energy. In
this process, floc structure is disrupted with pH difference and poros-
ity reduction happens due to high vacuum pressure in sludge. Vacuum
pressure of 0.03 or more 0.1 MPa was found to increase the sludge de-
watering by reducing the process time. Xu and Ding., (2016) studied
the VEOD and found that pH 6.2 and potential gradient of 2.5 V/cm
resulted 0.35 KWh/Kg cmoved water €N€IgY consumption using optimum
dewatering parameters (Shen et al., 2016; Xu and Ding, 2016).

Water in sludge contains cationic hydrates that adhere to negative
sludge particles making sludge dewatering more difficult. Under this
methodology, cationic hydrates drift to cathode but this migration is
hampered by sludge (Fig. 5). Sludge particles’ surface charge changes
by the different pH and zeta potential, which reduces the binding force
among particles with surface water and it has been finally concluded
that the high voltage may be able to remove final moisture from the
sludge (Mahmoud et al., 2010; Shen et al., 2016; Yin et al., 2006). How-
ever, higher voltage will increase the process cost. In addition, protein
content plays an important role in tightly bound EPS (TB-EPS) and re-
moving protein will improve the sludge dewaterability.

Thermal pretreatment for EDW was studied by Lv et al.,(2019) and
temperature threshold value for sludge electro-dewatering was evalu-
ated. 15 V was tested for EDW and peak temperature maximum of 30 °C
was found as a good choice for sludge pretreatment. However, the cur-
rent trend was continuously decreasing with EDW progress. However,
for the sludge pre-treated at 50 °C, 60 °C and 70 °C the subsequent cur-
rent got higher than initial 1.9A. In the meantime, EDW reached to a
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Fig. 5. Electro-chemical treatment for treating sludge materials.

steady state with dewatering limit of 25.2 g. After considering these
results, it is suggested that the dewatering performance significantly in-
creases when the temperature is >50 °C and within 40 °C to 50 °C there is
a temperature threshold and sludge characteristics (EPS and biological
composition) might be related to that. Different types of pathogens are
available in different sludge sources, so various microbial communities
exhibit having different tolerance temperature; therefore, temperature
threshold exhibits a certain range of fluctuation (within 50 °C).

Recently, three different dewatering modes i.e. ultrahigh-pressure
MDW, pressurized EDW with constant voltage and constant voltage
gradient mode were performed for municipal sludge treatment by
Rao et al.,(2021). Based on the filtrate flow rate, moisture distribution,
constant voltage gradient mode has higher dewatering efficiency with
less energy consumption than other modes. So, this possibility might be
another option for sludge treatment in larger scale.

In terms of particular resistance to filtration, volatile suspended
solids removal, and soluble organics release, Electro-Fenton (EF) was
investigated as a pretreatment tool for improving activated sludge de-
watering and disintegration by Chen et al., (2019). To understand better
the involved pathways, researchers looked at the morphology of sludge
flocs and the properties of EPS. The outcomes revealed that EF could in-
crease the dewaterability of activated sludge effectively in 40-60 min.



J. Rumky, A. Deb, M.J. Shim et al.

The sludge disintegration performance with acid treatment (AT) and
anodic oxidation (AO) as a controller was studied. Specific resistance to
filtration (SRF) showed 18.77% reduction for AT, 30.17% reduction for
AO but 64.57% for EF which displayed the efficiency of EF over others
after 60 min.

Disintegration and reduction of sludge solid using EF showed volatile
suspended solid reducing by 36.89%; higher than 6.77% using AT and
18.42% using AO. Moreover, tightly bound EPS (TB-EPS) contributed to
water retention and lightly bound EPS (LB-EPS) to sludge dewaterabil-
ity (Chen et al., 2015). EF treatment significantly decreased the TB-EPS,
but LB-EPS and soluble EPS increased indicating the TB-EPS conversion
to loosely and soluble EPS. One sequential EC process studied by Olvera-
Vargas et al., (2019) contained electrochemical peroxidation (ECP) with
EF for sludge treatment for the first time. In this research EF was at
first used as a conditioning and stabilizing process and Fenton reaction
caused 75.4% reduction of the total organic carbon under pH 5 and Fen-
ton dosing ratio of 5:1 within 2 h of treatment. Moreover, all coliforms
died after 1 h, and organic contents were mineralized achieving 91.6%
of COD and 87.2% TOC removal.

Fenton oxidation has some drawbacks that prevent it from being
used on a large scale. Excess supply of iron sludge is one such exam-
ple, which is difficult to remove and may lead to secondary pollution.
Due to a limited operating pH range and high chemical inputs, other lim-
itations arise (S. Guo et al., 2017). Fe rich sludge could be an option to
use as sludge based electrode. As we know, Fe based electrode are used
in electro-coagulation; so it would be an option for further research area
considering the conversion of waste to electrode materials. Moreover,
it is also possible to overcome Fenton process’s limitations by employ-
ing heterogeneous Fenton oxidation and fluidized-bed Fenton processes
(Bello et al., 2017; Dias et al., 2016). So, these two would be possible
future research paths for sludge treatment.

By considering Fenton’s costly H,O, usage; few researchers are sug-
gesting to use bio-electro-Fenton (BEF). It is a combination of electro-
Fenton and microbial electrolysis and recently it has been also reported
that BEF can decompose sludge flocs as well. Protein and polysaccha-
ride, a major part of COD, are used to study the disintegration of sludge.
As per Yu, Jin and Zhang., (2018), cathode treated sludge’ (CTS) solu-
ble protein increased by 70% but only 26.8% increased for cathode-
anode treated sludge (CATS) compared original raw sludge. On the other
hand, for anode treated sludge’ (ATS) soluble protein decreased 36.8%
compared to original sludge. Soluble polysaccharides of CTS, ATS, and
CATS increased by 154.9%, 11.9% and 53.4%, whereas soluble COD in-
creased 41%, 25.8% and 42%, respectively. The value of soluble protein,
polysaccharide, and COD increased, indicating that both cathode and
anode promoted sludge hydrolysis, but only soluble protein decreased
in anode compartment. Soluble proteins’ faster utilization due to anaero-
bic bacteria might be the reason of soluble protein lower value in anode
chamber. Both gram-positive and gram-negative bacteria were inves-
tigated with anode digestion. Results showed the higher efficiency of
hydroxyl radicals in lipid-containing membrane to induce radical chain
reaction. Besides, for macromolecules destruction, anode is considered
more efficient with the enzyme secretion; a significant technique for cell
disruption (Yu et al., 2018).

In practical applications, a full-scale sludge disposal system is com-
plicated due to costly chemicals and tedious operating procedures with
various pH reaction conditions. A few researchers studied the pilot scale
sludge treatment e.g. Fenton’s treatment with lime neutralization re-
ceived 60% reduced water content, which is considered a significant
sludge volume reduction by Liang et al.,(2015). Moreover, the lab-scale
electro-Fenton system considered the sludge conditioning cost, chem-
ical and electrical cost. In contrast, future pilot-scale electro-Fenton
conditioning experiments will be used to estimate overall costs, includ-
ing fixed costs and energy usage, for incineration of dewatered sludge
(Cai et al., 2019). H,0, -oxidation was also studied by Neyens et al.,
(2003) for pilot-scale sludge treatment based on the optimal conditions
(25 g H,0, kg~! dry solid, 1.67 g Fe?*-ions kg~! dry solid at pH 3) where
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dry solid content improved 47% which is only 20% by traditional sludge
dewatering system.

In the pilot-scale experiments, a novel spring pressure filtration was
also used to simulate the actual industrial conditions and achieve better
performance. The ultrahigh pressure filtration system was able to reach
pressures of up to 40 MPa, which increased the sludge dewatering rate
and efficiency even further. 70 L of sludge materials was investigated by
ultrahigh pressure filtration system and Fenton’s reagent + lime + pres-
sure filtration was found as economically feasible for sludge dewatering
(Liang et al., 2015).

Various lab-scale electro-dewatering set-ups have been developed
for sludge EDW but pilot-scale processes are rarely found. Lv et al.,
2019 studied the lab scale sludge dewatering electrolyser to optimize
sludge operational cost by reducing energy consumption. One pressure-
driven EDW lab-scale set-up (Fig. 6a) for sludge electrodewatering by
5, 15 and 25 V in order to condition the sludge for agricultural use was
studied with special focus on the removal of heavy metals and pathogens
and evaluation of the nutrient content by (Rumky et al., 2020). Two-
sided lab-scale device (Fig. 6b) was used for sludge EDW and condi-
tioned digested sludge dewatered more efficiently than activated sludge.
Specific resistance of activated sludge was 28% higher than that of di-
gested one and activated sludge’s solid fraction increased by up to 20
percent at 40 A/m?. Filter cloth’s different position was also assessed for
digested sludge at 5 bar and 40 A/m? but the configuration did not affect
much EDW performance (Mahmoud et al., 2018). There is a limitation
of set-up presented in Fig. 6a, where excess water is collected after pass-
ing through the cathode area. This makes pH highly alkaline in cathode
area when cations precipitate as hydroxides slowing down the electro-
migration. Thus, this set-up has less metal removal efficiency compared
to two sided lab-scale device. As two sided lab-scale device has possibil-
ity of water collection from both anode and cathode side, metal removal
will be enhanced.

Revitalizing sludge materials: exploring energy consumption in
electrochemical processes and alternative utilization methods

The energy consumption of electrochemical processes for sludge
treatment depends on various factors. These include the choice of elec-
trode material and configuration, the applied voltage, the electrolyte
composition, the characteristics of the sludge, the process duration, and
the system efficiency. Optimizing these factors is crucial to minimize
energy consumption, but optimization contributes to more sustainable
and environmentally friendly sludge management practices. According
to a study on dewaterability limit and energy consumption in sludge
electro-dewatering process, the energy consumption in sludge electro-
dewatering process was directly explored using linear sweep voltam-
metry (LSV) analysis by a high-voltage electrochemical workstation in-
stead of a traditional DC power source (Yu et al., 2017). Another study
found that the energy consumption (EC) and the costs of sludge treat-
ment increase sharply with the increase of the production of high mois-
ture content (MC) activated sludge in the process of industrialization
(Sha et al., 2021). In terms of the energy saving and reduction of the
water content, the pressure mode process (i.e., electro-osmotic dewa-
tering) has performed better than the non-pressure mode process (i.e.,
electrochemical pretreatment) (Zeng et al., 2022). The cost of electro-
chemical processes are considered by few reserachers and according to
the research, the total cost of transport and disposal of sludge is $50 per
wet ton and 80€/ton by considering 4.5 kWh/t centrifuge energy and
67.49 kWh/t electro-dewatering (Rumky, 2022; Zeng et al., 2022).

After treatment, sludge can be used alternatively by considering
as an organic and nutrient source or as a waste materials to be dis-
posed of (Fig. 7). Due to improper disposal, numerous organic contam-
inants in raw and stabilized sewage sludge will cause secondary envi-
ronmental contamination and have a negative impact on human health
(Report, 2010). As a result of the complications associated with the de-
sire to recycle the useful constituents of sludge, land application as a
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form of efficiently reusing sludge has come into focus. However, the pol-
lutants should be considered as they can enter soil by sludge disposal
(Corradini et al., 2019).

On the other hand, sludge contains lots of nutrients especially phos-
phorus that should be recovered to be used as fertilizer. As we know,
earth’s phosphrous is being depleted at an alarming rate and price of the
fertilizers has increased dramatically due to current political situation.
At current consumption levels, we will run out of our reserve phospho-
rus, so phosphorus recovery from sludge is highly important. Many re-
covery technologies have been developed from sewage sludge or ash, but
only a few have been implemented on a wide scale. Sludge in agriculture
is a low-cost alternative for recycling phosphate, but must be sterilized
before being applied to soil. Phosphate water solubility in biosolids is
reduced by iron in waste sludge. This is considered to be a positive out-
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come in some cases because it prevents phosphorus from being lost in
surface runoff (Lambert et al., 2022; Lu et al., 2012; Zeng et al., 2022).

Bulk phosphate, on the other hand, should be solubilized at very
high and low pH. High acidification, for example, dissolves iron oxides
and iron phosphate minerals and releases phosphate and Fe (III). Heavy
metals and other metals, on the other hand, can dissolve at low pH. To
increase the amount of phosphate available for recovery, phosphate has
been leached from sludge in a number of ways. Alkaline treatment is
another method for releasing phosphate from iron-containing sludge. It
dissolves less metals than an acidic treatment but the phosphate in the
liquid may be precipitated. Phosphate may be precipitated from the lig-
uid process after solid-liquid separation to obtain calcium phosphate,
a valuable recovery product that can be used directly in the fertilizer
industry (Ohtake and Tsuneda, 2018). The ferrous iron phosphate min-
eral vivianite Fe,(PO4); X 8H,O can be directly precipitated from the
solution at circumneutral pH if iron and phosphate are present. Even
though vivianite can be found in dried sludge, at room temperature and
usually above 700°C, it transforms into amorphous iron phosphate in a
matter of hours (Cerméakova et al., 2015).

Besides, biodegradable plastic production from sludge as polyhy-
droxyalkanoate (PHA), is another promising way of sludge potential-
ity. Due to harmful effects of conventional plastics on the environment,
biodegradable plastic preparation has became an important research
area. Bioplastics can also be extracted from sludge and the process op-
timized by various parameters (duration, temperature & sludge solid
conc.) (Kumar et al., 2018). PHA became alternative for petroleum-
based plastics as the rapid depletion of petroleum reserves, as well as the
prevalence of traditional synthetic plastics in the atmosphere are respon-
sible for major environmental issues. The main barrier to the growth of
the bioplastic market is the high cost of production, lack of recycling fa-
cilities, and inadequate waste management technology but Kumar et al.,
(2018) successfully optimized the extraction process by response surface
methodology. Even the study clearly shows that "waste" should not be re-
garded as "waste," especially in light of its potential for extracting high-
value products such as bioplastics (Brockhaus et al., 2016; Kumar et al.,
2018).

To develop additional usage of sludge, sludge-based catalysts are
widely accepted. To make this, sludge drying between 110 to 130°C
was considered as the best pretreatment and calcination happened at
300°C for C1 (fresh mine tailings) & C2 (aged mine tailings), 500°C for
C3 (wastewater sludge from steel industry) and 450°C for C4 (bottom
sludge from petroleum storage) where higher organic content requires
higher temperature. The synthesis of catalysts from sludge improved the
thermal and energetic stability of the waste materials. C1 and C2 cata-
lysts from the mining industry had a higher specific capacity and ther-
mal stability than other catalysts, making them the best option for high-
temperature processes. The production of catalysts from waste sludge
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will be a viable alternative for the recovery of waste from the min-
ing and steel industries, as well as the storage of hydrocarbons, with
a low E-factor that ensures the process’s long-term viability. This pro-
cess encouraged Ecuador to adopt a circular economy focused on the
recycling of hazardous industrial waste (Castro-Leon et al., 2020). Even
Rumky et al., (2023) studied the catalytic behavior of sludge for tetracy-
cline removal after potitianium sulfate treatment and suggesting a new
research avenue for future development. Mian and Liu, (2020) also stud-
ied the sludge biochar by different chemical/thermal treatment and the
catalyst efficiently degraded the organic pollutant by peroxymonosul-
fate (PMS) activation. Moreover, Fe-rich sludge from the electro-Fenton
is considered as a limitation of the process, but it could be used to
make 3D electrodes by using a commercial 3D printer. As we know,
this commercial electrode preparation will open the path for different
applications of sludge based electrode materials (Arenas et al., 2017;
Zhang et al., 2022).

Moreover, a basic pressing and carbonization process was used to
transform waste sludge into bifunctional electrode materials. The poor
conductivity of sewage sludge (SS) - derived biochar as an electrode ma-
terial is the primary limitation due to the low carbon content of the SS.
Fortunately, by combining waste biomass with SS prior to carbonization,
this issue can be easily solved and 969 + 28 mW m~2 power density was
achieved from the microbial fuel cell of SS-derived carbon monoliths.
Other electrochemical devices, such as other fuel cells, batteries, and
energy storage, are expected to use SS as an electrode material, which
could open up new opportunities for practical value-added applications
of SS-derived biochar (Lambert et al., 2022; Yuan et al., 2015).

The possibility of using 10% sewage sludge by weight in concrete
base layers was proposed by de Figueirédo Lopes Lucena et al., 2014.
To meet the minimum criteria for road bases, the soil stabilization tech-
nique was used to boost the residue properties. This stabilization tech-
nique intended to use common additives including cement, lime, and
emulsion. The primary goal was to assess the changed soil’s strength
activity. For testing, sludge-soil mixtures with various additive contents
(2, 4, 6, and 8%) were prepared. According to the results, the stabiliza-
tion of soil mixtures with sewage sludge has the ability to be used in the
pavement industry (de Figueirédo Lopes Lucena et al., 2014).

In above sections, the possible uses for sludge materials after various
treatment processes are taken into consideration. The use of sludge as
a fertilizer has been restricted in some countries for a long time. Fur-
thermore, pathogens can be found in sludge, so we must be extremely
vigilant. Researchers are also investigating the use of sludge in a variety
of other ways, including as a catalyst, electrode material, structural com-
ponent, and the extraction of PHA. As a result, all of these possibilities
give a sense of sludge that goes beyond waste.

Exploring the pros, cons, and future potential of electrochemical
sludge treatment processes

Electrochemical processes offer efficient removal of pollutants from
sludge, including heavy metals and organic compounds, with high selec-
tivity for targeted contaminant removal. Methods such as electrocoagu-
lation, electrooxidation effectively treat sludge and enhance its quality.
Moreover, electrochemical treatment enables the recovery of valuable
resources from sludge, such as phosphorus-rich compounds, reducing re-
liance on chemical fertilizers and generating renewable energy through
microbial fuel cells or anaerobic digestion. Electrochemical disinfection
methods like electrochlorination and electrooxidation effectively inacti-
vate pathogens in sludge, ensuring safe disposal or reuse. These versatile
processes can be applied to various sludge types, encompassing wastew-
ater treatment, industrial, and agricultural sludge, and can be adapted
to different scales and configurations, accommodating centralized and
decentralized treatment systems (Qasem et al., 2021; Zeng et al., 2022).

However, there are several factors that need to be considered for
their successful implementation of electro-chemical treatment of sludge.
Cost-effectiveness can be improved with further research but the scal-
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ing up the processes for large-scale treatment may require additional
optimization. Factors such as electrode configuration, power require-
ments, and hydraulic design must be carefully considered to ensure uni-
form treatment and effective contact with the electrodes. Managing op-
erating conditions, including pH levels and current densities, becomes
critical, requiring robust monitoring and control systems. Tailoring the
processes to specific sludge types can ensure optimal performance but
may increase complexity. Careful design, monitoring, and control are
necessary for stable and efficient operation. Regulatory constraints and
approval processes must be considered during implementation. Address-
ing these aspects will contribute to the successful integration of electro-
chemical processes in sludge treatment. While electrochemical processes
show great promise for sludge treatment, it’s important to address these
limitations through ongoing research, development, and practical im-
plementation. Continued innovation and optimization will contribute
to their wider adoption and integration into sustainable sludge manage-
ment practices (Feijoo et al., 2023).

Exploring the future applications of electrochemically treated
sludge and concluding observation

The electrochemical treatment of sludge offers significant potential
for improving dewaterability and the versatility of sludge materials. Dif-
ferent electrochemical processes can be applied depending on the de-
sired outcome, such as nutrient recovery or sludge dewatering. Chal-
lenges, such as the pH limitations of certain processes and the high
operating costs, need to be addressed for wider industrial-scale imple-
mentation. The development of new electrode materials and the utiliza-
tion of 3D printed materials from sludge show promise for enhancing
electrochemical processes in sludge treatment. Further research and ex-
ploration of pre-treatment methods, such as ultrasonic or vacuum tech-
niques, can enhance the effectiveness and efficiency of electrochemical
treatment. Despite the challenges, the future application of electrochem-
ical processes in sludge treatment and resource recovery holds potential,
with advancements in electrode materials and system stability contribut-
ing to their broader adoption.
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