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Wastewater sludge requires effective dewatering, lower metal content, retention of 

nutrients, and biological stability prior to use for other applications. This thesis presents 

a comprehensive sludge treatment study by chemical and electrochemical processes to 

develop alternative scope for sludge usage. Firstly, Fenton-ultrasonication was applied to 

treat anaerobically digested sludge (ADS) by optimizing three process variables (Fe2+, 

H2O2, and sonication time). 36 mM of Fe2+, 320 mM H2O2 with 30 min of sonication 

showed the best performance for total organic carbon (TOC), extracellular polymeric 

substances (EPS), and heavy metals. Secondly, pressure-driven electro-dewatering 

(EDW) was assessed by a lab-scale device 5, 15, and 25V. After EDW, dry solid content 

increased up to 56%, and EDW did not show remarkable effects on heavy metals and 

E.coli quantification. Thirdly, the effect of inorganic coagulant PTS combined with

organic Ce-CTA was investigated on EPS, heavy metals, and nutrient contents in ADS at

different levels of pH. pH 3 and 9 showed promising results after coagulation-flocculation

and suggested the production of various sludge-based materials (adsorbents, catalysts,

building materials, etc.). Finally, sludge beads were prepared for recovery of rare earth

elements (REEs) from aqueous effluents. Among the REEs studied, Fenton and

hydrochloric acid-treated sludge beads demonstrated a higher affinity towards Sc3+ and

Sm3+ ions, displaying the maximum adsorption capacities of 2.80 to2.83 mg/g and 4.03

to 4.16 mg/g. To perform an economic evaluation of Fenton and electro-dewatering

systems, chemical costs and required energy were calculated and the electrochemical

system found them to be more appropriate for sludge treatment than Fenton.

Keywords: anaerobically digested sludge, electro dewatering, heavy metals, pathogen, 

REEs, coagulation-flocculation, Polytitanium sulfate, sludge beads  
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1 Introduction 

1.1 The problem statement and the purpose for the research  

The rise in urbanization and industrialization has increased the number of wastewater 

treatment plants (WWTPs) that produce huge amounts of sludge generally considered to 

be waste. Organic and inorganic compounds such as calcium, silicon, aluminum, iron, 

colloidal particles, medicines, and heavy metals (such as lead, zinc, cadmium, chromium, 

etc.) can be found in sludge from a wastewater treatment plant. The safe disposal of sludge 

has become a growing problem for WWTPs. Many countries have restricted traditional 

sludge disposal methods, such as landfilling, incineration, because of rising 

environmental concerns (Grobelak et al., 2019). The most significant aspect of sewage 

sludge reuse is the preparation of sludge-based materials for alternative usage. 

In many wastewater treatment procedures, the dewatering operation is the barrier of the 

sludge handling. Improved sludge dewatering with management and final disposal have 

become possible through the development of advanced sludge treatments. Sludge 

materials are being treated in a variety of lab-scale, semi-pilot, and pilot-scale set-ups 

using either electrochemical, thermal, or thermochemical processes (Neyens et al., 2004). 

Sludge dewatering relies largely on EPSes (extracellular polymeric substances). 

Microorganisms in natural habitats are all capable of producing EPSes. Organic 

macromolecules like lipids, proteins, polysaccharides, nucleic acids, and other polymeric 

compounds are generally said to be EPSes. According to research (by Flemming and 

Wingender, 2001; Frølund et al., 1996), EPS represents 80% of the entire mass of 

activated sludge. 

For sludge dewaterability enhancement, various physical (microwave and hydrothermal), 

chemical (coagulants and flocculants, oxidants addition), and biological (enzymatic 

catalysis) methods have been extensively used (Liu et al., 2018; Zan et al., 2019). 

Electrochemical processes have become increasingly popular in recent years because of 

their low chemical use, ease of installation, and simple operation. In addition to that, there 

are significant benefits to using an electro-dewatering process, such as eliminating odors 

and pathogens, as well as considerable cost savings (Mahmoud et al., 2018; Radjenovic 

and Sedlak, 2015).  

In addition, because of its high phosphorus and organic matter concentration, sewage 

sludge is employed in agriculture. Phosphate rock was included in the list of key raw 

resources by the European Commission for the first time in 2014. So, nutrients in sludge 

after dewatering are also a crucial point to consider. From 2029, phosphorus (P) recovery 
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is obligatory for sludges with more than 2% P. As 90% of phosphorus from wastewater 

accumulates in sludge, recovery from sludge by various methods would be another 

breakthrough for the circular economy (Cydzik-Kwiatkowska and Nosek, 2020; Sichler 

et al., 2021). 

Furthermore, 80-90% of heavy metals found in the influent wastewater will be transferred 

into sewage sludge and the final heavy metals' concentration depends on the source of the 

wastewater. Different treatment processes cannot always guarantee the heavy metal 

removal from sludge, which causes problems for further sludge management. So, there 

are certain regulations imposed in all countries for safe sludge disposal (Tytła, 2019).  

Therefore, the efficient management of sludge is a high priority for the entire world. It is 

possible to use sludge in a more sustainable and circular economy context by using 

various technologies including chemical and electro-chemical treatment. 

1.2 Research Objectives 

The current thesis studies the chemical and electrochemical treatment of sludge materials 

to enhance dewaterability, heavy metal removal, nutrient recovery, and pathogen 

assessment before developing different materials for alternative use.  

So, the primary research objectives can be divided into four chief pursuits: 

I. To assess the sludge materials (dewaterability, heavy metals, nutrients content) 

after chemical treatment by Fenton-ultrasonication and coagulation-flocculation.  

II. To evaluate the sludge (pathogen, heavy metals, total solid content, nutrients) 

after electro-chemical treatment of sludge.  

III. To assess the amount of energy required for each treatment method.  

IV. To develop sludge-based adsorbent after Fenton treatment to recover different 

REEs from wastewater. 

V. To check feasibility of sludge-based catalyst for tetracycline degradation after 

polytitanium-based coagulant treatment 

Fenton oxidation is a common sludge treatment method for degrading organics and killing 

microorganisms. Fenton oxidation breaks down the sludge and releases water and 

organics as well as eliminating odors and pathogenic bacteria, this reagent also serves to 

stabilize sludge. As a result, Fenton and ultrasound work together to increase the reagent's 

diffusion and thus its utilization rate, which enables full contact between OH• and organic 

matter, resulting in improved sludge disintegration. Incorporating mass transfer and 

cavitation effects of ultrasound, as well as Fenton's strong oxidation function, results in 
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an improved sludge breakdown. Ultrasonic-Fenton treatment of anaerobically digested 

sludge by Box-Behnken design (BBD), a well-known strategy of response surface 

methodology (RSM), was used to improve sludge dewaterability and heavy metal 

removal. 

Furthermore, polytitanium sulfate and cellulose-based flocculants were used to perform 

coagulation-flocculation of sludge and dewaterability and distribution of nutrients and 

heavy metals were assessed. Ti-based coagulants have better settleability than 

conventional coagulants because of their higher growth rate and larger floc sizes. In 

addition, using Ti-based coagulants allows for the reuse of valuable titanium dioxide 

(TiO2) nanoparticles as a sludge-based photocatalyst. Using bio-based flocculants is 

highly appealing because of their nontoxicity, biodegradability, ease of availability, and 

environmental friendliness.  

Metal recovery from the wastewater and different side streams has become a very current 

topic due to the increased need of especially critical metals in green technologies and 

maintenance of current information society. Especially, rare earth elements (REEs) are 

crucial elements in wind turbines, electric motors, batteries, high-performance NdFeB 

magnets, fluorescent lamps, as well as space shuttles. In this study, sludge-based alginate 

beads were prepared to recover REEs from wastewater and the effect of pH, 

concentration, dosage, etc. were evaluated with Fenton reagent-treated and HCl-treated 

sludge beads. Recycling critical REEs from secondary sources such as industrial 

processing residue (e.g., red mud), wastewater, acid mine drainage (AMD), and mine 

tailings is being studied regularly to prevent risks in the coming years. 

Adsorbents such as silica and chitosan have been studied extensively. Carbon nanotubes 

are also being explored. Fe3+ and Al3+ have been demonstrated to impede the hydrolysis 

of REEs at higher levels of pH (usually > 6) and the separation of individual REEs from 

REE mixtures by competing ions with lower ionic and hydrated radii. Adsorption at lower 

pH, quicker adsorption, better adsorption capacity, selectivity, and regeneration should 

be improved in REE-selective adsorbents. Sludge-based adsorbents from various sources 

were previously examined to remove pollutants such as metal ions and dyes but not for 

REEs. Besides, sludge-based photocatalyst feasibility is checked after coagulation 

treatment of sludge with polytitanium sulfate. Raw sludge after drying and pyrolyzed at 

300⁰C tested to degrade tetracycline (under UV, at pH 4) and found pyrolyzed sludge 

more efficient than raw sludge. However, investigations into the use of sludge-derived 

adsorbents for REE recovery and sludge-based photocatalysts for antibiotic degradation 

are rare and therefore selected as topics in this thesis. 
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A pressure-driven electro-dewatering (EDW) study was designed to examine the impact 

of EDW on improving sludge characteristics linked to disposals in agriculture, such as 

the availability of pathogenic microbes, biological consistency, concentrations of heavy 

metals, and levels of nutrients. Samples of thickened conditioned and mechanically 

dewatered sludge were obtained from two WWPTs in Milan (Italy) using different 

stabilization procedures and analyzed in this study. An EDW device (5, 15, and 25V) was 

then used to enhance the dry solid fraction of the sludge by as much as 43-45 percent in 

a lab-scale device. 

Finally, in order to compare different sludge treatment techniques, the required energy 

for one ton of sludge was estimated. However, the use of chemical and electrochemical 

methods has provided fascinating outcomes in determining which processes might be 

possible for sludge treatment in the future. 
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2 Sludge production, treatment, and disposal 

Overall, Germany, the UK, Spain, France, and Poland produce the most sludge in Europe, 

with productivity (dry basis, in thousand tons) of 1.80, 1.76, 1.21, 1.17, and 0.59, 

respectively. In 2017, China produced 32.5 million tons of sludge (80% water content), 

about 2.63 and 4.57 times more than Germany and France. The attitudes towards sludge 

management in Europe differ significantly. In short, in countries like Belgium, the 

Netherlands, and Germany, where restrictions prevent the use of sludge in agriculture, 

incineration has been the preferred method of treatment. For a balanced sludge treatment 

strategy, most European countries have tried to welcome different sludge treatment 

processes other than pyrolysis (Yang et al., 2015). The average sewage sludge usage in 

agriculture (between 2011 to 2015) is shown in Figure 1, and the highest, 89 kg/ha sludge, 

isused in Norway, whereas the lowest was found in Romania and Croatia. In Finland, this 

value near 21 kg/ha, which is quite low if considered alongside others, as the quality of 

sludge depends on the limit of heavy metals, pathogens, etc. So, alternative usages from 

sludge would be more valuable as it will introduce a wider range of sludge-based 

materials application as well as new business opportunities.  

 

Figure 1: Average sewage sludge use in agriculture (kg/ha), Note: figures from 2010-2015, 

source: Eurostat 
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2.1 Types of sludge 

 Drinking water sludge 

Sludge from the drinking water treatment (DWTS) process contains high levels of 

aluminum or iron due to various coagulants. Likewise, drinking water sludge is made up 

of colloidal and suspended pollutants such as humic particles, silt, sand and clay. Usually, 

non-hazardous waste from water treatment plants is disposed of in landfills. However, it 

is unclear whether drinking water sludge may be shipped to inert disposal sites or if it can 

be used for other purposes. Direct discharge of DWTS from a WWTP harms the 

environment and human health. However, it has been studied in various industries (e.g., 

support material for composting, building material, and wastewater treatment) as a way 

to reduce waste disposal (Hidalgo et al., 2017; Wu et al., 2020). 

 Fecal sludge 

Sludge from onsite sanitation systems (OSS), such as septic tanks, is known as fecal 

sludge. This is a mixture of excreta and blackwater that may or may not have been 

partially digested. Scum, sewage, and sludge are all included in this category.  It has an 

unpleasant odor and is loaded with grease, grit, hair, debris, and harmful pathogens 

(Strande, 2014).  

 Industrial wastewater sludge 

There are a wide variety of pollutants that could be found in industrial sludge. Sludge 

contamination is mostly limited by international rules, which only address heavy metals 

and some pathogens. However, a growing number of new contaminants may now be 

introduced into the wastewater treatment sludge as a result of civilization's continued 

advancement. It may contain different pharmaceuticals (e.g., anti-inflammatory drugs, 

antibiotics, or hormones), perfluorinated chemicals, personal care products, etc. Those 

stimulants exist in sludge as they have high adsorption capability during the treatment 

processes. They represent a major threat to human health since they are biologically lively 

and occur in high concentrations (Fijalkowski, 2019; Su et al., 2019). 

 Municipal wastewater sludge 

Sewage sludge is a waste product with a high organic content that is produced in huge 

amounts by municipal units. Besides organics, it contains primarily metals (coagulats) 

and nutrients. Bacteria, parasites, and heavy metals from industrial wastes can also be 
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found in municipal sludge. As a result, if it is used as a soil conditioner directly, it will 

contaminate the soil and the environment and pose a serious health risk. 

2.1.4.1 Sludge characteristics and stabilization? 

Sludge characteristics depend on the type of sludge as for example, primary, secondary, 

or tertiary sludge and the method of stabilization (aerobic versus anaerobic). Raw sludge 

has higher water content (93% to 98%), so dewatering  of sludge is necessary for further 

utilization (“Characteristics of Sludge and Sludge Ash”, 2018).  

A frequently utilized sludge stabilization procedure, anaerobic digestion, can reduce 

organic matter up to 50%. Aside from drying and incineration, this one is also a crucial 

step that saves money and improves the post-treatment process. Another source of energy 

exists in this area due to methane gas production. The drawback of this procedure is the 

accumulation of heavy metals (Di Capua et al., 2020; Hanum et al., 2019).  

Aerobic digestion, on the other hand, refers to the decomposition of organic waste in the 

presence of oxygen. The oxygen is delivered into the reactor in the form of tiny bubbles 

of air. Carbon dioxide and water vapor are produced by the microorganisms in the sludge 

as well as ammonia and amino species as nitrate (Demirbas et al., 2017). 

2.2 Sludge treatment processes 

 Chemical treatment processes 

Sludge conditioning is carried out to remove the water from the solids and, most often, 

by using chemical dosing, which agglomerates the smaller sludge particles to produce 

larger ones. Generally, chemically conditioning is achieved by inorganic (or mineral) 

coagulants and organic flocculants or polymers. Mineral coagulants include ferric or 

aluminum chloride, poly-aluminum salts, lime, etc. On the other hand, the sludge's 

chemical attributes widely depend on the source of the sludge (industrial, domestic, or 

mixed). In order to make safe sludge disposal, the presence of toxic metals, pathogens 

and recalcitrant organic compounds in sludge after treatment should be considered. 

Synthesized organic flocculants (starch-CTA, Chitosan-g-PDMDAAC based flocculants, 

PAM+enteromorpha) are currently developed and tested for sludge treatment as well for 

dewaterability enhancement (Hu et al., 2021; Wang et al., 2016; Wei et al., 2018; Zhao 

and Gao, 2016).  
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 Electro-chemical treatment processes 

Electro-dewatering (EDW) of waste sludge has currently gained attention owing to its 

high efficiency and low energy usage. In general, EDW consists of an electrochemical 

cell with a mechanical pressure apparatus. In this system, inert electrodes are used to 

apply an electric field through sludge materials and electro-kinetic processes take place 

(Mahmoud et al., 2010, 2013; Pham-Anh et al., 2012). This treatment improves the 

dewatering and increases solid content of sludge cake. The electro-dewatering process, 

including reactions and transport processes, is presented in Figure 2. 

 

Figure 2: Schematic representation of the electro-dewatering process (modified from (Mahmoud 

et al., 2011a)) 

2.2.2.1 Water electrolysis 

A common reaction in an electric field is water electrolysis. As a result of water oxidation 

at the anode, oxygen gas is produced, and protons are released into the system, causing a 

decrease in pH. Hydrogen gas is created when water is converted to H2 gas at the cathode. 

It also produces hydroxyl ions, which, on the other hand, raise the solution pH.  

2.2.2.2 Electromigration 

Charged ions or species migrate toward the oppositely charged electrodes when an 

electric field is applied. Electrolysis and heavy metal deposition in the water supply 

produce ionic species in sludge suspension. Because of this, electromigration plays a 

significant role in sludge electro-dewatering.  



 

 

23 

2.2.2.3 Electrophoresis 

Instead of moving toward a stationary liquid phase, in electrophoresis, charged particles 

move toward the electrodes that are oppositely charged. As a result of the electrophoretic 

action, negatively charged sludge flocs flow towards the anode during the electro-

dewatering process (Mahmoud et al., 2010, 2011b; Pham-Anh et al., 2012). 

2.2.2.4 Electro-osmosis 

Integration of an electro-osmosis mechanism in sludge EDW is extensively tested and has 

been proven to have clear benefits to EDW (Mahmoud et al., 2010; Martin et al., 2019). 

We refer to electro-osmosis as a process by which an electric field moves water from an 

aqueous phase through porous solid phase material. It is essential to the EDW process 

because it eliminates the excess water from the sludge through electro-osmosis. The 

dehydration period, voltage gradient applied to the sludge cake, and sludge physical and 

chemical properties all influence the EDW process.  

Electro-osmosis integration with negative vacuum pressure, known commonly as vacuum 

electro-osmosis dewatering (VEOD), saves time and energy. As sludge water is cationic, 

it sticks to negatively charged sludge. Due to electrophoresis, large sludge particles 

cannot migrate into the cathode, making recovery more complex. High vacuum squeezes 

the sludge flocs, reduces porosity and transforms pore water to free water (Shen et al., 

2016; Xu and Ding, 2016). On the other hand, in an electric field, when applied to the 

sludge, the liquid and solid phases, flow in opposite directions (liquid to cathode and solid 

to anode). However, within the time, the liquid phase in the sludge cake near the anode 

breaks down, increasing the resistance to current flow and disturbing electro-osmotic 

dehydration. In this situation, it is possible to enhance the electro-osmosis rate using an 

ultrasonic approach. Water is removed from sludge flocs using ultrasound cavitation. 

Consequently, sludge dewaterability is improved since the liquid phase flows more 

speedily through the sludge bed and interacts more efficiently with the electrode (Ma et 

al., 2018). 

2.2.2.5 Electro –Fenton 

Electrochemical advanced oxidation processes (EAOPs) like the Electro-Fenton (EF) 

process, in which organic pollutants are oxidized by hydroxyl radicals produced by the 

Fenton reaction, are becoming increasingly popular. An electrochemical interaction 

between hydroxyl radical (•OH) and Fe2+ ion produces the second most powerful 

oxidizing species after fluorine, as shown in the following equation: 
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H₂O₂ + Fe²⁺ → Fe3+ + OH⁻ + ·OH   (1) 

2.3 Contaminants in sludge materials and sludge directive 

Sludge may contain hazardous contaminants as they are the byproduct of different (e.g., 

industrial, municipal) wastewater treatment processes. It has long been focused on a few 

heavy metals and pathogenic bacteria like E. coli and Salmonella as contaminants. The 

first time, in 1986, the sludge directive (86/278/EEC) regulated the use of sewage sludge 

in agriculture in Europe to reduce negative environmental effects by minimizing the 

possible spread of heavy metals and infectious diseases through this waste stream. This 

directive (86/278/EEC) regulates the allowable limits of Zn, Cu, Ni, Pb, Cd, Cr and Hg 

and pathogens in sludge. From EU-33 countries, the European Environment Agency 

made a list of contaminants (Figure 3), mostly available in sludge, soil and sediments. 

Heavy metals are available at a rate of 30.2% and are the most common contaminants. 

But nowadays, serious warning to human health may occur as sludge contains Ag, Ti, 

polychlorinated biphenyl, pesticides, phenols, personal care products, siloxanes, 

pharmaceuticals and other toxic chemicals (Fijalkowski et al., 2017).  

 

Figure 3: Different contaminants in sludge, soil and sediments according to data from EU-33 

countries (European Environment Agency, 2019). 

 



 

 

25 

The U.S. Environmental protection agency (USEPA) considered polycyclic aromatic 

hydrocarbon (PAHs) a carcinogens and even 95% of PAHes can be removed from 

wastewater and deposited into sewage sludge (Chu et al., 2019). Other types of organics, 

like halogenated organic compounds (AOX), di (2-ethylhexyl) phthalate (DEHP), linear 

alkyl benzene sulphonates (LAS), etc. are also available in sludge and the main source of 

these pollutants from solvent, resins, oils and grease, and pesticides (Fijalkowski et al., 

2017). 

Pharmaceuticals (PhCs) and personal care products (PCPs) are considered emerging 

contaminants in sludge and generally anti-histamine/anti-hypertension, UV filter, 

antibiotics, and hormones are considered to be mostly available pollutants in sludge.  

Increasing public interest in nanotechnology is a factor in the spread of nanoparticles into 

the surrounding environment. Increasingly, nanoparticles of silver, titanium dioxide and 

zinc oxide are found in common industrial and consumer products, such as clothing and 

sunscreens. As a result, these nanomaterials can easily enter WWTPs and remain in 

sewage sludge as nanomaterials (Sheng et al., 2018). Besides, antibiotic resistance genes 

have been discovered in recent studies due to uncontrolled drug disposal and lack of 

regulation (Östman et al., 2017). All of these threats limit sludge usage in agriculture as 

fertilizer and generally, the aqueous phase accounted for most of the research, but sewage 

sludge contamination was rarely addressed.   

On the other hand, sludge is regarded as the most important renewable source of nutrients. 

Sludge can be used to produce fuels like biodiesel and hydrogen, and as a resource of 

nutrients and fertilizers (Tyagi and Lo, 2013). Currently, the main strategy is finding out 

best practices to recycle precious substances and sustainable development through 

different processes. From Figure 4, sludge disposal in different countries can be seen, 

with Germany showing the highest total sludge disposal between 2015 and 2018, which 

is always a problem for any nation.  However, pollutants in sludge that may be dangerous 

to human health and environment, should be considered as well. Besides, concentrations 

of many elements in Northern European soil (e.g., As, Cd, Co, Cu, Mn, Pb) are as little 

as one-third of those in the southwestern and southern parts of Europe. Since 

concentrations typically change at the southern ice limit of the Ice Age glacier, the top 

causes of this are directly related to geology (Natural Resources Institute Finland 

(LUKE), 2016).  
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Figure 4: Total sludge disposal in different countries (database 2015 to 2018) (Eurostat, 2020) 

 

Sludge is considered a ‘product,’ not ‘waste’ by the Water Framework Directive (WFP), 

and they also adopted a municipal sewage treatment procedure in the operational 

Directive (Directive 91/271/EEC) on 21 May 1991. The Directive generally improved 

sludge disposal, and it was modified by the commission after a few years. 

Directive 2000/60/EC for the European parliament and European council was adopted in 

the field of water policy on 23 October 2020. The primary aim of the Sludge Directive is 

to protect humans, plants as well as the environment by ensuring heavy metals in sludge 

do not exceed a set limit and to increase sludge usage in agriculture. The Directive also 

set limits for chromium, cadmium, nickel, copper, zinc, lead, mercury in sewage sludge 

for agricultural use. It also bans the usage of sludge if it exceeds this limit.  

2.4 Alternative usage of sludge 

A variety of organic pollutants found in both untreated and stabilized sewage sludge will 

contaminate the environment and harm people's health if they are not properly disposed 

of. Land application as a method of efficiently recycling sludge has attracted significant 

attention due to the difficulties involved with the desire to recycle the beneficial 

ingredients of sludge. It is important to note that microplastics can reach soil through 

sludge disposal, but further research is needed to understand the destiny of pollutants in 

our ecosystem (Corradini et al., 2019; Report, 2010).  
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Solid, liquid, and gaseous biofuels are derived primarily from biomass. Worldwide 

attention has been paid to biofuels because of their potential to replace petroleum fuels in 

the future. Biofuel recovery, particularly bioethanol, biodiesel, syngas, and bio-hydrogen, 

bio-oil, etc. from biomass, is the focus of emerging research. There are numerous 

advantages to using waste sludge as a substrate for biofuel production. As a waste 

product, it is readily available at low or no cost and is produced in abundance (Smoliński 

et al., 2019). 

Sludge, on the other hand, is rich in nutrients, particularly phosphorus. In this regard, 

phosphorus recovery from sludge is an important consideration. Only a few phosphate 

recovery systems have been widely applied from sewage, sludge or ash. A low-cost 

alternative to sterilizing phosphate in an agricultural context before it is put into soil is 

sludge. Iron in sewage sludge decreases the solubility of phosphate in water in biosolids. 

Because it saves phosphorus from being lost in surface runoff, this can be a favorable 

effect (Lu, He and Stoffella, 2012). (Čermáková et al., 2015) 

However, bulk phosphate must be dissolved at severe pH values. Deoxy ferrous oxide 

and phosphate minerals are released when acid dissolves them (III). Heavy metals and 

other metals dissolve at low pH. Phosphate has been extracted from sludge in various 

methods to increase recovery. Alkaline therapy can remove phosphate from iron-

containing sludge. However, an alkaline treatment may cause phosphate precipitation in 

the liquid. A valuable recovery product, calcium phosphate can be obtained by 

precipitating phosphate from the liquid process after solid-liquid separation (Ohtake and 

Tsuneda, 2018). Iron with phosphate can also create vivianite Fe2(PO4)38H2O, which can 

precipitate directly from the solution at a roughly neutral level of pH. Amorphous iron 

phosphate can be formed in a matter of hours from vivianite in dry sludge at ambient 

temperature and above 700⁰C. 

To develop alternative usage of sludge, a sludge catalyst is widely accepted. To make it, 

sludge drying between 110 and 130⁰C is considered to be the best setting. The synthesis 

of catalysts improved the thermal and energetic stability of the waste materials. The 

production of catalysts from waste sludge will be a viable alternative for the recovery of 

waste from the mining and steel industries and the storage of hydrocarbons, with a low 

E-factor that ensures the process's long-term viability (Castro-León et al., 2020). Further 

to this, the few researchers who are capable of finding new uses for sludge materials have 

proposed converting it into electrode material, which would be more promising in the 

near future (Zhang et al., 2018). 

Construction materials can be made from waste sludge that would otherwise be disposed 

of in landfills, reducing the need for non-renewable resources. This strategy has the 
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potential to significantly increase the amount of waste that can be utilized. Inorganic and 

organic carbon-containing complexes can be found in sludge, making it a valuable 

material source. Inorganic sludge composite thermal solidification has been the subject 

of extensive research, particularly in Japan. Construction materials are made from dried 

sludge or the ash from an incinerator. High temperatures, up to 1000 °C, are required for 

the solidification process to occur. In the drying process, there is a source of heat. Slags 

and bricks can be produced using a variety of different process modifications and 

operating conditions (Tyagi and Lo, 2013).  

The option of using 10% sewage sludge by weight in concrete base layers was also 

proposed. To meet the minimum criteria for road bases, the soil stabilization technique 

was used to boost the residue properties (de Figueirêdo Lopes Lucena et al., 2014).  
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3 Materials and methods 

The overview of all methods from the thesis represented in Figure 5 and chemical and 

electrochemical processes along with means of alternative usage are listed here (Paper I, 

Paper II, Paper III and Paper IV). Fenton-ultrasonication was used in Paper I, Electro-

dewatering in Paper II and coagulation-flocculation in Paper IV to treat sludge by 

checking dewaterability, metal content, etc.  

Besides, to develop alternative usage of sludge, sludge beads developed as adsorbent 

materials to treat REEs (Paper III) and photo-catalytic activity of sludge materials 

checked for tetracycline removal (short summary in this thesis). To ensure maximum 

precision, each experiment was carried out three times in Paper I, II, III and IV.  

Methods of sludge treatment processes and alternative usage of sludge

Sludge beads to 

recover REEs 

(after Fenton 

treatment)

Pre-treatment and 
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REEs recovery 
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and element 

analysis

Paper II

Coagulation-

Flocculation
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Tetracycline 

removal by 

sludge (after 

coagulation-

flocculation) 

Catalytic behavior 

of sludge before 

and after pyrolysis  

Tetracycline 

removal under UV

Short 

summary

Alternative usage of sludgeSludge treatment processes

 

Figure 5: Flow chart of different sludge treatment methods and alternative usage of sludge. 

3.1 Sludge treatment by Fenton-ultrasonication  

The Fenton experiment was started with a sludge concentration of 1% total suspended 

particles in a 250 ml Erlenmeyer beaker in Paper I. Sulfuric acid in a concentrated form 
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was used to maintain a pH of 3. The results of each experiment were performed three 

times to ensure the validity of the findings. For the control sample, no Fenton reagents 

were used. The oxidative agent and the necessary amount of FeII ions (in the form of 

FeSO4 solution) were added at the same time to the mixture while it was being stirred. 

The Fenton reaction was executed with ultrasonication (10, 20, and 30 minutes) after 

analyzing the metal leaching % to establish the optimal setting.  

 EPS Extraction:  

A new extraction method was investigated here (in Paper I and Paper III) to obtain TB-

EPS and LB-EPS from a sludge sample. Sludge samples were first centrifuged at 4°C for 

25 minutes. 0.05% NaCl was added to the sludge sample, and the solution was suspended 

using vortex. After being sonicated for 3-4 minutes, the samples were centrifuged at 4000 

g for 15 minutes before reprocessing. The supernatant and LB-EPS were both filtered 

using a 0.45 m polypropylene (PP) filter. For about 30 minutes, the solution was 

maintained at 60oC with the addition of 0.05% NaCl by vertexing. TB-EPS was then 

measured after the supernatant had been filtered using a 0.45 m PP filter. 

Polysaccharides and proteins can be found in every sample fraction (Ding et al., 2016; 

Zhou et al., 2014). We used the Lowry method to analyze proteins in bovine serum 

albumin and glucose was used as a benchmark to determine polysaccharide content 

(Frølund et al., 1996).  TOC analysis: 

Shimadzu's TOC-V series analyzer was used to measure total organic carbon (TOC). The 

TOC removal efficiency (𝜂) was determined by filtering 15ml of each experiment's 

sample with a 0.45 m PP filter. 

𝜂(%) =
𝑇𝑂𝐶𝑖−𝑇𝑂𝐶𝑓

𝑇𝑂𝐶𝑖
× 100    (2) 

The initial and final TOC values of the solution are represented by the acronyms TOCi 

and TOCf, respectively. 

3.2 Material characterization and metal analysis 

Sludge materials after electro-dewatering, coagulation-flocculation treatment checked by 

scanning electron microscope (SEM) in Paper II and IV as well as the adsorbent in Paper 

III.  

Fourier Transform Infrared Spectroscopy (FTIR) to assess surface groups on the sample 

matrix in Paper III, IV and CHNS Element Analyzer (Flash 2000) used to analyze organic 
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elements in Paper II and IV. The treated solution's surface zeta potential was measured 

with a Malvern Zetameter ZS90 in Paper IV.  

The Agilent 5110 ICP-OES instrument was used to check for the presence of Zn, Pb, Cu, 

Cr and Cd in Paper I, as well as with total phosphorus in Paper III; and ICP-MS Agilent 

technologies 7700 was used to analyze Cu, Pb, Ni, and Zn in Paper II. In Paper IV, rare 

earth elements (REEs) analyzed by ICP-OES (Agilent 5110) as well before and after 

adsorption studies. The supernatant was filtered using a 0.20 m syringe filter before 

analyzing metal concentration. 

3.3 Sludge treatment by Electro-dewatering 

Three stages summarize the electro-dewatering (EDW) test technique for TC sludge 

samples: centrifuged at 4,000 rpm for 5 minutes and then compression and filtration for 

about 10 minutes. Centrifuged sludge compression and filtering was used for ten minutes 

at 4,000 rpm. Finally, electric potential of 5, 15, and 25 volts was applied for 25 minutes, 

keeping the pressure constant at 300 kPa in the device. EDW was used to treat thickened 

conditioned (TC) and mechanical dewatered (MD) sludges using the same approach. The 

final DS content and VS/DS ratio were determined using standard methods before and 

after the EDW tests.  

Every minute was recorded during the EDW testing regarding the weight of water 

collected and the electrical current used.  

 Oxygen uptake rate (OUR) calculation 

Winogradsky's solution was used to dilute the sludge samples to make 8 g of DS/L 

solution performing OUR test in Paper II. The diluted 500 ml suspension was kept under 

continuous stirring on a magnetic stirrer. The solution was aerated continuously until 

oxygen saturation was achieved (Jin and Fisher, 1993). Hach Lange HQ30D portable pH 

and dissolved oxygen meter (DO) were used in this analysis. 

In order to measure the exogenous oxygen uptake, sodium acetate (10 mL) was injected 

after aeration had been stopped and DO levels had begun dropping (endogenous oxygen

uptake). The OUR testing came to an end when dissolved oxygen levels reached 2-3 

mgO2/L. 
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 Microbial quantification 

Membrane filtration was used to count E. coli in the sludge in Paper II. A 1:10 solution 

of sludge was prepared by diluting it with 8.5 g sodium chloride and 1g of peptone. Then 

the solution was treated in autoclave at 121°C for 20 minutes prior to use. One hour of 

orbital shaking at 160±20 rpm was used to homogenize the sludge solution. Diluted 

samples were filtered through the membrane and then transferred to the petri dish with 

agar in it. Counting the number of blue-violet colonies after incubation of 24h (at 44°C), 

which belong to E. coli, was used to determine the number of colony-forming units (CFU) 

per volume of the petri dish (Standing Committee of Analysts, 2003). 

 Elemental and XPS analyses 

Elements of the sludge were determined using an element analyzer (Thermo Fisher 

Scientific Flash 2000). XPS was used to determine the concentration of phosphorus 

(Thermo Fisher Scientific ESCALAB 250Xi). XPS was employed in the energy range of 

0 to 1200 eV to identify surface functional groups. 

3.4 Sludge treatment by coagulation-flocculation 

 Cationic cellulose and Polytitanium sulphate (PTS)  

preparation and characterization 

The etherification process reported by Wei et al.  (2018) for starch-based flocculant was 

used to generate cationic cellulose (Cat-Ce) where CTA served as an etherifying agent in 

Paper IV. This Cat-Ce sample was produced with a 1:1 starch-to-CTA concentration ratio.  

PTS was created by gently adding 200.0 g/L NaOH solution (a pre-determined amount) 

to a Titanium sulfate solution (15% solution, = 1.36 g/mL, Fisher Scientific) in a steady 

stream until it reached the desired concentration. There were 700–800 revolutions per 

minute and an adding rate of 0.5 milliliters per minute was used while mixing by magnetic 

stirrer. Molar ratios of 1.0, 2.0, 3.0, 4.0, and 5.0 were selected during the process and the 

samples obtained were dubbed PTS01, PTS02, PTS03, PTS04, and PTS05. 

 Sludge conditioning 

A six-beaker paddle apparatus (Stuart, SW6, Cole-Parmer Ltd.) was used to condition 

500 mL of sludge with coagulants and flocculants. Two minutes of rapid mixing at 250 

rpm, followed by five minutes of gradual mixing at 50 rpm were used for each 
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conditioner. Finally, after coagulation-flocculation, the sludge volume index (SVI) as 

well as heavy metal, nutrient, and EPS contents were assessed.  

 Sludge volume index, heavy metals and nutrients assessment 

Coagulation was used to obtain the Sludge Volume Index (SVI) in order to determine 

how quickly the sludge settles down. The conventional protocols were followed in this 

test (APHA 2005). The SVI sludge settling test requires an Imhoff 1L graduated cylinder.  

After applying coagulant to a jar test setup, the volume of settled sludge was measured 

after 30 and 60-minute settling times. 

The sludge sample's pH was pre-set to a known value before the experiment began. The 

study included a total of 10 different samples, which one of them was a reference sludge 

sample without any treatment. Other nine samples were treated with only PTS, only Ce-

CTA and combined PTS/Ce-CTA at three different pH levels: 3, 6, and 9. Ion 

Chromatography (IC, Schimadzu, Shodex SI-50 4E) used to check the presence of 

phosphorus in supernatant. Moreover, XRD and FTIR were utilized to identify the 

different compounds in the studied sludge samples. 

3.5 A water treatment solution made from sludge materials to  

recover REEs  

 HCl and Fenton pre-treatment of sludge and beads preparation 

In this study, HCl and Fenton reagents were used before sludge beads preparation and 

heavy metals extraction. HCl sludge beads are called HT beads and Fenton-treated sludge 

beads are called FT beads.  For optimal metal extraction, the sludge was dried for 12 

hours at 105°C and digested with 1M HCl for 1 hour at 80°C and 1:5 ratio. 36 mM Fe2+ 

and 320 mM H2O2 were used in Fenton treatment (Paper I), after which samples were  

carefully washed and dried at the same temperature as before (105°C). After crushing and 

sieving (500 µm), the materials were used for beads preparation (Bian et al., 2018; Ros 

et al., 2006).  

The calcium alginate beads preparation route was used to make sludge beads (Rocher et 

al., 2008a). The suspension was made by adding 2g of sodium alginate powder dissolved 

in 200 ml of deionized water (1 percent w/v) and vigorously stirred after adding the 

required sludge amount (1 percent w/v). By using a syringe pump at 5ml/min, sludge 

beads were prepared by adding the above mixture dropwise into 0.5M CaCl2 and stirred 

overnight to maintain stable formation. Because alginate and calcium form a protective 
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membrane, sludge particles cannot exit the beads. Beads were repeatedly washed and 

dried at 80°C for three to four hours before usage (Rocher et al., 2008b). 

 Adsorption studies 

Adsorption studies were conducted by mixing 50 mg of adsorbent with 10 ml of target 

REE solutions on a mechanical shaker and agitated continuously at 250 rpm for 24 hours 

(dosage of 5 g/L). After that, a 0.45 m polypropylene filter was used to separate the solid 

from the solution. Initially, the solution's concentration was 30-40 ppm, and its pH was 

2-5. This pH range was chosen because REEs commonly precipitate at pH levels higher 

than 5 according to speciation data from Visual MINTEQ software (Paper IV). The initial 

and ultimate REE values were determined using ICP-OES and calculation of adsorption 

capacity and REEs removal rate by following the equations below: 

𝑅𝐸𝐸 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝐶𝑖−𝐶𝑒

𝐶𝑖
× 100     (3)  

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑞𝑒, 𝑚𝑔/𝑔) =
𝐶𝑖−𝐶𝑒

𝑚
× 𝑉    (4) 

Where Ci and Ce (mg/L) are the solution's initial and equilibrium concentrations, and V 

and m are the volume and mass of the REE solution, respectively. 

3.6 Investigate the photocatalytic activity of sludge: Tetracycline 

removal by photocatalytic degradation of sludge 

Sludge samples after coagulation-flocculation (Paper III) were collected to check the 

photocatalytic activity before and after pyrolysis. The modified sludge samples were 

prepared in tube furnace (Carbolite, N2 environment) at 300⁰C and kept for 2h at this 

temperature and naturally cooled to room temperature.  

Photocatalytic activity of raw sludge and pyrolyzed sludge tested at pH 6 after checking 

point of zero charge. Later, pyrolyzed sludge was assessed to degrade tetracycline by 

different pH (2,4,6,8,10) solutions under ultraviolet (UV) light. 
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4 Result and discussion 

4.1 Dewatering of sludge and metal content in sludge after Fenton-

ultrasonication 

 Metal ion removal by Fenton and alternative Fenton Processes 

Fenton and alternative Fenton methods were used for sludge treatment and efficiency 

investigated by analyzing the amount of extracted metal ions from sludge. In the Fenton 

method,  1:1 and 1:10 ratios of H2O2 to Fe2+ with three molar concentrations were used. 

H2O2 is dissociated in the Fenton process, resulting in the generation of the •OH radical, 

which may easily pass through cell membranes and rupture EPS, leading to cell wall 

disintegration and the release of heavy metals (Dewil et al., 2007). In the alternative 

Fenton method, the same Fe2+/NaOCl ratio and molar concentrations were used, but lower 

extraction of Cu, Pb, and Zn from sludge was obtained compared to the conventional 

Fenton procedure. Therefore, Fenton was chosen for further sludge treatment with 

ultrasonication.  

Sludge dewatering and metal ion removal were studied by following response surface 

methodology (RSM) for Fenton-integrated ultrasonication, which accelerates the rate of 

•OH radical production. Acoustic cavitation, which disrupts the cell wall and releases 

intracellular organic molecules, is also produced by ultrasonic waves (Pham et al., 2009). 

Therefore, a higher rate of EPS destruction and an increase in dewatering and metal ion 

removal rates can be obtained. 

 Experimental design evaluation by response surface methodology 

Box-Behnken design (BBD) was used to analyze the experimental data and give an 

approximation function for each dependent variable, and the following fitting equations 

were generated from the data fitting. The doses of Fe2+and H2O2, and sonication duration 

are represented as X1, X2, and X3. The synergistic and antagonistic impacts on their 

reactions are indicated by the positive and negative signs of the coefficients (Deb et al., 

2017). 
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Table 1: The range and level of the design of an experiment 

Variables Factors Coded factor level 

-1 0 +1 

Fe2+ Dose, mM X1 10 23 36 

H2O2 Dose, mM X2 100 230 360 

Sonication time, min X3 10 20 30 

 

A significance value (alpha) of 0.05 usually works well for such an experimental design. 

A 0.05 significance level specifies a 5% risk and if the p-value > 0.05, the response is 

statistically significant, and the term-response correlation is statistically strong. If the p-

value is less, the relation or response variable is not significant. The significance of the 

model can be evaluated by the F-test; it can compare the F-test value to the tabulated F 

values by considering the relative level of freedom associated with the regression and 

residual variances. The mathematical model is said to be well fitted if the calculated F 

value exceeds the tabulated F value (Cornell, 1990). 

For TOC, a p-value <0.05 and the model's F-value was 11.42, hence it fits the TOC. The 

F-values for LB-EPS, TB-EPS, Zn, and Cu were 19, 18, 17.33 and 16.64.  Thus, the five 

described models accurately represented the behavior of integrated ultrasonic-Fenton 

sludge dewatering and metal removal (Myers et al., 2009). 

 The relationship between TOC and Fenton reagents: 

The effect of ultrasonic Fenton reaction was tested on TOC, LB-EPS, TB-EPS, Zn, and 

Cu concentrations. A probability plot shows the main effects and their interaction terms 

graphically. Generally, the probability plot assesses the data set graphically whether or 

not they follow a given distribution. This plot depicts the most significant effects and 
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interactions where non-zero means are far from the straight line and non-significant ones 

fall in a straight line.  

Minitab's analysis predicted that 30 mM Fe2+, 360 mM H2O2, and usually less than 20 

minutes of Fenton+US were optimal for treating sludge. 

 

 

 

Figure 6: Paper I; Standardized effect/pareto chart, contour plot and response surface plot of TOC 

reduction as a function of Fenton and ultra-sonication. (a,b) Standardized influence on response TOC; 

(c,d,e) the Contour plot of  TOC versus Fe, H₂O₂;  H₂O₂ , sonication time; Fe, sonication time, respectively. 
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 Variables' impact on LB-EPS and TB-EPS values 

Sludge dewaterability is frequently shown to be affected by the presence of EPS, 

however, the precise role of EPS in this case remains unclear. Due to the short reaction 

period, sludge EPS cannot be completely mineralized using the Fenton treatment method. 

However, additional improvement in sludge dewaterability was estimated to be possible 

even with only partial degradation or rupture of EPS (Li et al., 2012). From the Figure 7 

(a) and (b) LB-EPS, we can observe that CC, AC, BB, A, AB, B, and C crossed the 

reference line (2.030) being statistically significant effects. Therefore, for EPS extraction, 

the most important variables were sonication time, H2O2, and Fe2+, which is also 

illustrated in Figure 7 (b). In addition to showing the magnitude of the effect, this graph 

also shows its direction. There was a negative correlation between the Fe2+ dose (A) and 

the sonication time (C), but H2O2 (B) had a positive correlation. 

 

Figure 7: Paper I; Standardized influence of LB-EPS and TB-EPS on TOC as a function of Fenton 

and ultra-sonication 

In addition, the contour plot evaluates the relationship between a response variable and 

two forecasted variables. X and Y axes were used in Paper I (Fig. 3(c), (d), (e)) to illustrate 

anticipated variables and responses were indicated by the colorful or darkened areas. 

H2O2 at a level of 230 mM with 36 mM Fe2+ (level 0.75 to 1.00) and 180 mM H2O2 with 

18~24 minutes sonication showed the best result (Paper I). Surface plots in Paper I (Fig 
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3) reveal a possible connection between three variables. Predictors on the X, Y, and Z-

axis are represented as a smooth surface. About half of the LB-EPS extraction (46%) 

occurred at level 1 or 36mM Fe2+ and 180mM H2O2 or levels -0.75 (Paper I, Fig 3) and 

53% extraction at 300 mM H2O2 with 23 minutes of sonication. 

For TB-EPS, sonication and H2O2 became more essential aspects than Fe2+ according to 

Figure 7 (a) and (b). In this case, sonication time (C) also has a negative standardized 

effect, and hence it can influence the response. As a result, optimizing the various 

components' ratios can result in higher extraction rates (higher or lower ratios according 

to the design of the experiment). Higher or lower H2O2 and Fe2+ resulted in higher EPS 

extraction from sludge. TB-EPS shows the highest point of EPS extraction while using 

150 mM H2O2 with 13 minutes sonication and 360 mM H2O2 with 13 or 28 minutes of 

sonication (Paper I, Fig 4d).  

 Removing metals by using Fenton and ultrasonication 

Metal ion concentrations in the supernatant were determined by ICP-OES and sludge 

samples were taken before and after treatment to measure various elements (Paper I).  

Figure 8 (c) depicts the optimal Fe2+/H2O2 ratio for Zn extraction at 36 mM Fe2+ and 360 

mM H2O2. However, when it comes to copper leaching, the sonication process's duration 

is also a vital point. Surface plots in Figure 8 (f), (g), and (h) show the potential relation 

between three Fenton-related factors and sonication. Leaching with Fe2+ and H2O2 at the 

highest concentrations (36 mM and 360 mM) helped Fenton+US significantly increase 

metal removal from sludge. Enhanced hydroxyl radical production resulted in an increase 

in metal leaching from sludge. Metal removal from sludge will be accelerated by using 

an ultrasonicated Fenton approach as Fenton enhances AOPs. 
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Figure 8: Standardized effect/pareto chart, contour plot and response surface plot of Zn as a 

function of Fenton and ultrasonication. (a and b) Standardized influence on response Zn; (c,d, 

and e) Contour plot of Zn versus Fe, H2O2;  H2O2 ,sonication time; Fe, sonication time, 

respectively. (f,g,h) Surface plot of Zn versus Fe, H2O2;  H2O2, sonication time; Fe, sonication 

time, respectively. 
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 Optimum conditions of the integrated ultrasonic-Fenton process 

As shown in Figure 9, the optimization plot demonstrated how many factors affected the 

responses and computed the individual desirability for each response. By response 

optimizer, we can see how various experimental settings affect the predicted responses 

and help to identify the variable settings to optimize a set of responses. Composite 

desirability is 0.8250 from the optimization data. Increasing the Fe2+ conc. only increases 

the LB-EPS and TOC removal. The optimal settings of Fe2+ are at the maximum levels 

in the experiment. It’s almost same for H2O2 as metal Cu increasing with LB-EPS and 

TOC. Increasing sonication time decreases Cu metal extraction and it does not affect other 

responses effectively. So, the optimum result suggests that we should consider an 

experiment with a maximum Fe2+ concentration and sonication time. Concentration of 

Fe2+ showed optimum condition at 36 mM with 320 mM H2O2 after 30 minutes of 

ultrasonic treatment. Under those circumstances, the reduction rates for LB-EPS and TB-

EPS were 54% and 65%, respectively. For metal extraction, the concentrations of Zn 

(0.25 to 0.58) and Cu (0.01 to 0.08) increased from their initial values, and 36 mM of 

Fe2+, 320 mM H2O2, and 30 minutes of sonication finally produced a significant point for 

all responses (Paper I). 
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Figure 9: Overall optimization plot for all responses 

4.2 Electro-dewatering (EDW) treatment of sludge 

Two different types of sludge-thickened conditioned (TC) and mechanically dewatered 

(MD) sludge analyzed by lab-scale electro-dewatering (EDW) set-up and final DS 

content is shown in Figure 10.  

When monitored at 5, 15, and 25 volts, the DS content of TC samples from WWTP 1 

increased from 3.0% to 20.4%, 30.8% to 42.2%, while that of sludge samples from 

WWTP 2 climbed from 3.4% to 25.9%, 40.3%, and 44.3% respectively. It was found that 

WWTP 2 sludge had improved EDW performance at 5 and 15 V, but the process saturated 

at 25 V due to the high electrical resistance of sludge cakes. There was a final dryness of 

31.3 percent for MD sludge from WWTP 1 at 15 V and 43.9 percent at 25 V. These 

findings reveal that the introduction of an electric field in conjunction with mechanical 

compression can significantly reduce the moisture content of sludge (Mahmoud et al., 

2018). 
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 OUR tests 

Sludge samples from WWTP 1 were conditioned (TC) and subjected to EDW testing 

(Figure 11). When aeration was paused, the DO of the TC sample dropped to 6.8 mg/L, 

from an initial value of 7.2-8.0 mg/L. When sodium acetate was introduced, the 

exogenous phase moved more quickly than the endogenous phase, and DO concentrations 

decreased more quickly. However, after EDW, the slope of the DO vs. time curves 

increased as a function of applied electric potential. However, when sodium acetate was 

added to samples following EDW at 15 and 25 V, the slope of the curves did not change 

much regarding the endogenous phase. TC samples from WWTP 2 and MD sludge from 

WWTP 1 exhibit the same tendency (Figure 11b and c). 

 

 

 

Figure 10: Sludge samples from WWTP 1 and WWTP 2 before (solid bars) and after 

(patterned bars) EDW experiments at different electric potentials (5.15 and 25V) 
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Samples taken prior to and following EDW tests are depicted in Figure 12 as having 

average endogenous and exogenous SOUR values. Endogenous SOUR from WWTP 1 

sludge rose from 2.3 mgO2/gVSS/h for TC sample to 3.8 mgO2/gVSS/h after EDW test 

at 25 V. Exogenous SOUR, on the other hand, fell by 90%, from 10.4 mgO2/gVSS/h to 

1.7 mgO2/gVSS/h. Endogenous SOUR increased by 62.5 percent from 1.1 mgO2/gVSS/h 

to 1.9 and 2.5 mgO2/gVSS/h following EDW at 15 and 25 V, whereas exogenous SOUR 

decreased by 62.5 percent from 1.6 mgO2/gVSS/h to 0.6 mgO2/gVSS/h.  

Figure 11: Different sludge samples from WWTP 1 and WWTP 2 for OUR tests: (a) TC from 

WWTP 1, (b) TC from WWTP 2 and (c) MD from WWTP 1 
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During EDW experiments, the electric potential increased endogenous SOUR in all 

sludge samples, but exogenous SOUR decreased. It is reasonable to believe that the active 

biomass was lowered as a result of an increase in temperature caused by ohmic heating 

when electric potentials of 15 and 25 V were used (Ibeid et al., 2013) by breaking down 

of dead cells which released substrates and enzymes into the sludge. When biodegradable 

organic carbon became a food source for viable bacteria, their respiration rate increased, 

leading to a rise in the endogenous SOUR. In spite of this, the total viable biomass was 

lower. A study conducted by Sha et al. (2019) found that high-voltage EDW testing (40 

to 60 V) reduced SOUR by crushing microorganism structure and freeing organic 

material (Sha et al., 2019). However, following EDW at 20 V, SOUR increased by 8.7% 

due to the low current levels that can stimulate bacterial activity, as demonstrated by 

Millanar-Marfa et al.(2018) .  

Compared to aerobically stabilized sludge (WWTP 1), anaerobically stabilized sludge 

(WWTP 2) had lower biological activity, indicating better stabilization. The SOUR of TC 

sludge from WWTP 2 was 2.6 mgO2/gVSS/h, substantially lower than that of TC (12.7 

mgO2/gVSS/h) and MD (11.1 mgO2/gVSS/h) sludge from WWTP 1.  

Figure 12:  SOUR before and after EDW (5, 15 & 25v) from raw sample, TC from WWTP 1 

& 2 and MD sludge from WWTP 1. Solid bars represent the endogenous SOUR and pattern 

bar shows the exogenous SOUR.  
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Moreover, aerobically stabilized sludge is only classified as ‘class A biosolids' if the total 

SOUR is less than 1.5 mgO2/gDS/h (Kazimierczak, 2012). The EDW process was 

inefficient to stabilize sludge under the given circumstances, as evidenced by SOUR 

values of 1.4 to 7.2 mgO2/gDS/h.  

 Presence of pathogens in the sludge before and after EDW 

Microorganisms in sludge samples before and after EDW can be quantified to determine 

pathogenic contamination reduction (Winfield and Groisman, 2003). OUR studies 

revealed that samples obtained after EDW at 5 V had similar biological activity as TC 

sludge. So, E. coli was only detected after EDW at 15 and 25 V, when the EDW effect 

was clear (Figure 13). 

E. coli in sewage sludge has been widely assessed. The Highest E. coli was found in TC 

sludge from WWTP 1, with 1.61103 CFU/gDS. For example, an Austrian WWTP 

reported 8.5105 CFU/gDS (Reinthaler et al., 2010). According to Cooper et al. (2010), 

anaerobically stabilized sludge had E. coli concentrations of about 1.0104 CFU/gDS, 

substantially lower than raw sludge samples with 3.2106 CFU/gDS (Cooper et al., 2010). 

Moreover, centrifuged anaerobically digested sludge showed higher E. coli content 

compared to the same sample before centrifugation. Thus, the initial E. coli 

concentrations in the examined sludge samples were lower orders of magnitude than the 

literature values. 

Figure 13: E. coli quantification in WWTP 1 and 2 sludge samples before and after EDW 

testing at various electric potentials (15 and 25 V). 
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E. coli decreased by 1-2 orders of magnitude during EDW tests at 15 and 25 V. After 

EDW testing at 15 and 25 V, E. coli concentration in TC sludge from WWTP 1 declined 

by 1.0 and 1.7 log units, whereas for the sludge from WWTP 2, it decreased by 1.1 and 

2.3 log units.  After EDW at 15 and 25 V, the temperature of the sludge cake rose, possibly 

explaining the decreased residual microbial presence (Huang et al., 2008; Navab 

Daneshmand et al., 2012; Yin et al., 2018). 

The use of an electric field enhances the DS content of sludge, making it suitable for 

burning without prior heat treatment (Visigalli et al., 2017), while decreasing the E. coli 

concentration. The EDW-induced reduction in pathogen viability may assist biological 

risk reduction when sludge is put into agricultural soil. When sludge is employed in 

agriculture, the environment can have a significant impact on microorganisms. For 

example, pathogen concentrations can be lowered by hot or dried soil, low pH, and UV 

irradiation (Andreoli et al., 2007). 

 Heavy metals 

The effect of EDW on heavy metals in sludge have also been studied and yielded results 

that were not especially promising. During the EDW process, highly acidic pH developed 

near anode which leads to cations dissolution that can travel towards cathode where they 

were collected with filtrate  (Feng et al., 2014).  

Heavy metal concentrations in sludge before and after EDW experiments at 15 and 25 V 

and heavy metals transfer from sludge to the separated liquid phase yielded no significant 

results. Despite limited metal removal effectiveness, a sludge sample had a heavy metal 

concentration below the maximum threshold allowed for agricultural use (Table 2) and 

this sludge after EDW can be used in agriculture, public contact sites or forest uses 

(Council of European Communities, 1986).
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4.3 Sludge dewaterability checking and supernatant assessment after 

coagulation-flocculation 

Polytitanium sulfate as a coagulant and cellulose-based flocculant is assessed by 

coagulation-flocculation to check sludge dewaterability and nutrients, metals in 

supernatant studied in the below sections.  

 Sludge dewaterability check after coagulation-flocculation 

A greater EPS content was discovered after coagulation-flocculation, as shown in Figure 

14. The coagulation efficiency of the freshly made PTS solution was assessed with and 

without Ce-CTA having been added. Coagulation-flocculation at various pH significantly 

increased sludge dewaterability. However, extracellular polymeric substances’ (EPS) 

concentrations were greater in the fractions derived from PTS rather than Ce-CTA. The 

structural disintegration of sludge and the release of bound water are the primary causes 

of the EPS reduction which improves the sludge dewaterability.  

 

 

Figure 14: TB-EPS and LB-EPS concentration in sludge after coagulation-flocculation 

(Experiment no. 1,2,3 denotes sludge treatment by PTS, experiment nos. 4,5, and 6 represent 

sludge treatment by cellulose-based flocculants and 7,8, and 9 for sludge treatment by both PTS 

and cellulose based flocculant) 
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When PTS was added at pH 3, the EPS content increased to 340mg/L. EPS showed 

390mg/L with PTS + Ce-CTA and 210mg/L with Ce-CTA alone. When the pH was 6, 

the EPS content was 270 mg/L for PTS alone and 240 mg/L for PTS + Ce-CTA. The 

coagulants-flocculants disrupted the sludge matrix, releasing organic material 

predominantly from loosely bound EPS (LB-EPS’) and enhanced dewaterability. 

Presumably, PTS decreased sludge interfacial tension and solubilized EPS, hence greater 

EPS concentration after treatment was obtained (Dong et al., 2021). 

On the other hand, the filterability of sludge depends on the EPS content, and the high 

protein content in this fraction has usually been deleterious to filtering (Zhang et al., 

2017). pH fluctuations would also affect sludge treatment, and the acid treatment of 

organic matter (protein-likes) has been connected to the dissolution of EPS and cations 

(e.g., Ca2+, Mg2+, Al3+ and Fe3+) (Zhang et al., 2017). 

Moreover, a short-term digestion process at an appropriate temperature can further 

improve sludge dewaterability. Dewaterability and acidification may improve sludge 

dewaterability and the sludge's dewaterability improved initially but then declined as 

tyrosine and tryptophan (protein-like chemicals) in the EPS changed. The combination of 

anaerobic digestion, acidification, and flocculation have been shown to improve sludge 

dewaterability (Houghton and Stephenson, 2002; Zhang et al., 2019). 

 Heavy metals concentration before and after treatment 

The extracted amount of Zn, Cr, Cu, Pb, Cd, and Fe evaluated after coagulation-

flocculation at varied pH levels is presented in Figure 15. At pH 9, there were no heavy 

metals in the sludge supernatant but at pH 3, these metals were massively released into 

supernatant after coagulation-flocculation. Due to their nonbiodegradability, heavy 

metals can be eliminated by changing their existence mode and transforming their 

speciation. As heavy metals are more mobile at lower pH, we got larger metal 

concentrations in the supernatant and a faster rate of release. In this study, the release rate 

was as follows Pb(II) > Cd(II) > Ni(II), which is consistent with the result by  Król, 

Mizerna and Bożym (2020). The metals in sludge along with Titanium sulfate enhance 

the catalytic behavior of sludge, hence treated sludge materials could be employed for 

catalyst synthesis (Chen et al., 2021). 

 



Result and discussion 

 

52 

Sam
ple

 1

Sam
ple

 2

Sam
ple

 3

Sam
ple

 4

Sam
ple

 5

Sam
ple

 6

Sam
ple

 7

Sam
ple

 8

Sam
ple

 9
-20

0

20

40

60

80

100

120  Cr (%)
 Pb (%)
 Cu (%)
 Zn (%)
 Fe (%)
 Ni (%)

-20

0

20

40

60

80

100

-20

0

20

40

60

80

100

-20

0

20

40

60

80

100

 

Figure 15: Metal conc. in sludge supernatant after coagulation-flocculation (Samples 1,2, and 3 

is treated by PTS only, samples 4,5, and 6 by cellulose based flocculant and samples 7,8, and 9 

by both PTS and a cellulose-based flocculant) 

 Nutrient recovery by PTS and Ce-CTA 

Phosphorus recovery from sludge using polytitanium sulfate (PTS), cellulose-based 

flocculant (Ce-CTA), and both PTS with cellulose-based flocculants were assessed after 

treatment at different levels of pH (3, 6, and 9). Anaerobic sludge with higher iron content 

and organic debris with other cations can inhibit P-dissolution (Monea et al., 2020). As 

Figure 16 shows, the maximum phosphorus recovery rate occurred at pH 3 where PTS, 

Ce-CTA, and PTS + Ce-CTA showed only a little difference. The phosphorus content of 

raw digested sludge was determined to be 0.2 mg/L at pH 7 before coagulation-

flocculation.  

At pH 3, phosphorus leaching efficiency was 76%, while P-dissolution efficiency was at 

its highest at pH 2 (60-92%) according to Vardanyan et al. (2018). Phosphorus and iron 

were discovered in activated sludge in the form of Fe (III)-hydroxide precipitates and Fe 

(III)-hydroxy phosphate complexes. Sano et al. (2012) observed that alkaline conditions 

improved P extraction from FeP containing sludge (92 percent compared to 70 percent). 

In another study, the maximum P level (75 percent of total P) was measured at pH 5.25 

in anaerobic sludge and was suggested to arise from the decreased solubility of P-
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precipitants in acidic environments (Latif et al., 2015). Phosphorus precipitation with Fe 

(III)-salts was investigated by these authors, but the mechanism remained unclear. 
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Figure 16: Total phosphorus conc. in sludge supernatant after coagulation-flocculation (Samples 

1,2, and 3 are treated by PTS only, samples 4,5, and 6 by cellulose-based flocculant and samples 

7,8, and 9 by both PTS and cellulose-based flocculant) 

The sludge supernatant was also tested for orthophosphate and nitrate using IC. More 

than 80% of the phosphorus in sludge was dissolved by increasing the pH or acidification 

of the water. Inorganic ortho-phosphates were found in the samples with lower pH (at 3) 

but not in the samples with a neutral pH and alkaline supernatant (Paper III). 

4.4 Alternative usage of sludge – as adsorbent 

To develop an alternative usage of sludge as an adsorbent, sludge beads prepared after 

Fenton treatment and HCl treatment and rare earth elements (REEs) adsorption were 

studied by sludge beads. The pH study, dosage effect and feed concentrations were 

investigated to check sludge efficiency as adsorbent material. HCl treated beads denoted 

as HT-beads and Fenton treated as FT beads’ Adsorption kinetics and isotherm modelling 

investigated for both HT and FT beads and maximum adsorption capacity obtained (Paper 

IV). 
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 Adsorption tests: pH effect 

 

 

The protonation/deprotonation of surface binding sites on the adsorbents and the 

speciation of REEs in solution are both influenced by pH during REEs’ adsorption. Apart 

from that, REEs precipitate at a higher pH range (usually pH > 6), which is predominantly 

influenced by the surface-mediated precipitation mechanism (Ramasamy et al., 2017, 

2018; Swain and Mishra, 2019). For HT- and FT-sludge beads at pH 2-5, the intraseries 

REEs trend is shown in Figure 17. It shows that the removal efficiency of REEs by HT 

and FT sludge beads increased significantly with an increase of feed pH. This is most 

likely due to the competition between H+ and REE3+ ions, which can prevent REE3+ 

adsorption at lower pH values. At higher pH, i.e., 5, both the adsorbents displayed overall 

REEs’ removal efficiencies of around 80-90% except for Sm3+ ions, which recorded over 

90%. Based on these results, pH 5 was used as the optimal pH for REEs’ removal during 

further analysis. It is also clear that, when comparing the removal of rare earth elements 

by the two adsorbents, the FT sludge beads performed better than the HT sludge beads. 

As electrostatic attraction to REEs develops, the HT sludge beads' surface charge goes 

from positive to negative at lower pH values. Both adsorbents at pH 5 showed the highest 

removal efficiency, which is consistent with a point of zero charge (PZC) of both sludge-

based beads (Paper IV). From PZC, adsorbents are found negatively charged below pH 5 

and that’s why this study investigated the pH effect range 2-5. According to surface zeta 

potential measurements, electrostatic attraction between trivalent REE cations and 

negatively charged adsorbent facilitates REE uptake. Adsorption of REE3+ onto 

Figure 17: Effect of pH on REEs’ removal efficiency for a) HT beads and b) FT beads (Co = 

15 ppm of each REE; dosage = 5 g/L and t = 24 h). 
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adsorbents may have been affected by competition for binding sites between H+ and 

REE3+ ions at pH 2.  

 The effect of adsorbent dosage 

One of the variables that influences the adsorption process in general is the adsorbent 

dosage. If the adsorbent dosage is either low or too high, it might considerably impact 

REE uptake, hence its optimization is critical (Iftekhar et al., 2018).  

Table 3: REE removal % for different dosages of HT and FT sludge beads (Co = 15 ppm 

of each REE; pH = 5 and t = 24 h). 

Adsorbent dosage Removal % by HT sludge beads Removal % by FT sludge beads 

3 g/L Sm3+ 85%  

Other REEs 71-76%  

Sm3+ 90%  

Other REEs 70-75% 

4 g/L Sm3+ 86% 

Other REEs 72-78%  

Sm3+ 90%  

Other REEs 75-80%  

5 g/L Sm3+ 92%  

Other REEs 81-86%  

Sm3+ 97%  

Other REE 86-90%  

6 g/L  Sm3+ 97% 

Other REEs 82-87%  

Sm3+ 98% 

Other REEs 90-92%  

 

The removal efficiency of REEs was studied by using different dosages of HT and FT 

sludge beads (Table 3). Overall, the FT sludge beads outperformed the HT sludge beads 

in terms of REE removal efficiency. When the REE adsorption trend is examined in more 

detail, it becomes clear that both adsorbents have superior removal efficiencies for Sm3+ 

ions when compared to other REEs. Increasing the adsorbent dosage enhanced the REE 

removal efficiencies because the effective surface area of the agglomerated adsorbent 

particles increased accompanied by the number of REE binding sites (Das and Das, 2013; 

Xie et al., 2015). For both HT and FT sludge beads, an apparent increase in REE uptake 

was seen when the adsorbent dosage increased from 4 to 5 g/L, after which no significant 

effect was observed, and 5 g/L was selected as the optimal dosage for further analysis. 

  The effect of feed concentration 

The efficiency of REE removal from HT- and FT- sludge beads was studied further to 

determine the impact of initial concentration on removal efficiency. 
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The REE removal percentage for the HT and FT-sludge beads is shown in Figure 18 for 

different initial REE concentrations of 5, 10, 15, 20, and 25 ppm. Both HT- and FT- 

sludge beads had higher REE removal efficiency of > 80% at lower REE concentrations 

of 5-15 ppm. At greater REE concentrations, the FT sludge beads proved to be more 

competitive in comparison to the HT sludge beads. Since binding sites for REEs are 

scarce or saturated as concentrations of REEs rise, this study and other literature show 

that the removal efficiency of REEs drops as their concentrations rise (Ramasamy et al., 

2018). Furthermore, both adsorbents had a higher affinity for Sm3+ ions than other REEs. 

For Sm3+, adsorption capacities of the HT sludge beads in the multi-component system 

(Co = 25 ppm of each REE) were estimated to be 2.83 mg/g, and for FT sludge beads, 

4.16 mg/g.  

4.5 Alternative use of sludge: photocatalytic activity of sludge after 

coagulation-flocculation 

The possibility of sludge-based catalyst studied in this section to degrade tetracycline 

(TeC) under UV light. Sludge after coagulation-flocculation and pyrolyzed sludge tested 

to check the efficiency as a photocatalyst and found catalytic activity for tetracycline 

degradation under UV light rather than visible light.  

Figure 18: Effect of feed concentration on REE removal efficiency for a) HT sludge beads and b) 

FT sludge beads (dosage = 5 g/L: pH = 5 and time = 24 hours). 
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Figure 19: Photocatalytic activity of sludge before and after pyrolysis (TeC conc. 20 ppm, dosage 

0.5g/L)  (a) TeC degradation by dried and pyrolyzed sludge under UV at pH 6, (b) TeC 

degradation by pyrolyzed sludge at different pH and (c) TeC degradation checking by pyrolyzed 

sludge with or without UV light at pH 4.  

 

The photocatalytic activities of raw sludge and pyrolyzed sludge as modified one, were 

measured through TeC under visible and UV light as there was not any significant results 

under visible light. So, UV light checked for TeC degradation for further studies in Figure 

19. As shown in Figure 19a, the pyrolyzed sludge degrade 80% after 220 minutes, 

whereas only 55% degraded via dried sludge. Later pH affect tested by pyrolyzed sludge, 

and it showed the highest degradation efficiency at pH 4. To check pyrolyzed sludge 

efficiency with or without UV, it’s clear in Figure 19c and it showed that the 

concentration of TeC gradually decreasing under UV light and proved its potential as a 

low cost photocatalyst for further application.  
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4.6 Economic evaluation of Fenton and the electrochemical process 

The cost of the sludge treatment system is a very significant parameter. The operational 

cost of the Fenton process and the electrochemical process are studied here for one ton of 

sludge by considering the costs of chemicals and the estimated cost of energy cost for 

mixing. To carry out Fenton treatment of 1 ton of sludge, the price of FeSO4.7H2O was 

assumed to be 0.25 €/kg and price of H2O2 0.4 €/kg (Gümüş and Akbal, 2016). 

Ultrasonication was assumed to be 200 kWh for 30 minutes and the cost was calculated 

by considering 0.124€/kWh. So, for one ton of sludge treatment by Fenton-ultrasonication 

with optimum dosage cost was 292 Euros. On the other hand, when electro-dewatering 

was used, centrifugation as well as electrical energy should be considered. Assuming the 

digestion centrifuge energy is about 4.5 kWh/t and the electro-dewatering is 67.49 kWh/t, 

80 euros total cost for one ton of sludge treatment could be obtained. Hence, both energy 

costs (centrifuge and electrical) along with polymer PRAESTOL 645 BC (the polymer 

used during EDW test in laboratory) were calculated for one ton of sludge dewatering.  
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5 Conclusion and future research possibilities 

The aim of this work was to study how chemical treatment (Fenton, PTS and Ce-CTA) 

and electro-dewatering affect sludge properties such as dewaterability, metals extraction, 

nutrient availability, and pathogen quantification. Sludge from the wastewater treatment 

is often considered waste, but it also has a huge potential to be utilized as raw material or 

valuable product after suitable treatment. The way a sludge is treated is determined by its 

ultimate end-use. Especially, nutrient recovery from sludge is becoming increasingly 

attractive because of its high phosphate content.  

The significant observations from the thesis are summarized below: 

Based on an RSM study by Fenton-ultrasonication, the best results were found for 36 mM 

of Fe2+ and 320 mM H2O2 with 30 minutes of sonication. Heavy metal removal and sludge 

dewaterability was enhanced after Fenton-ultrasonication treatment. The limitation of this 

process is to perform the test at pH 3, but using Fenton, on the other hand, requires no 

energy at all. The reaction time is fast, and atmospheric pressure is sufficient to perform 

Fenton treatment.  

Electro-dewatering by a lab-scale EDW set-up decreased the treatment cost and  

improved the DS content and reduced the pathogen availability. In an economic 

evaluation, EDW treatment showed lower costs compared to Fenton-ultrasonication, but 

heavy metals’ concentration and nutrients were poorly affected by EDW.  

To propose an alternative usage of sludge after the Fenton process, sludge beads were 

fabricated and investigated for REEs’ recovery. Sludge adsorbent would be highly 

promising feedstock as adsorbent and easily available as a raw material. Though sludge's 

maximum adsorption capacity is not so promising if considered alongside other pyrolyzed 

material (Paper IV), but sludge beads’ adsorbent would be easier to handle than the 

powder one and REE adsorbed beads can be used as a catalyst as well.  

Inorganic coagulant (PTS) and organic flocculant (Ce-CTA) were assessed for sludge 

treatment and EPS, and nutrient and heavy metals were evaluated in the supernatant. PTS 

showed promising results and the possibility of a sludge-based catalyst was also studied 

for tetracycline degradation.  

The results from this research work can be interesting in waste management plants 

worldwide, particularly in Europe. The knowledge obtained from this study can facilitate 

the current sludge treatment processes in WWTPs. So, we have to consider various 

advantages and disadvantages of chemical-electrochemical techniques and utilize sludge 
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materials for different purposes such as adsorbent or beads, catalyst, or carbon-rich 

materials. The conversion of sludge to biochar and electrode as an advanced application 

would entail more value-added material in the near future. Due to the high lipid content 

of sludge, another option would be to convert it to biofuel (in the form of biodiesel). 
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• Fenton (Fe2+/H2O2) and alternative
Fenton (Fe2+/NaOCl) systems were in-
vestigated.

• Dewaterability and metal leaching re-
sponses were optimized by Box-
Behnken design.

• Ultra-sonicated Fenton significantly in-
creased the metal removal from sludge.

• Optimal operating conditions were
36 mM of Fe2+, 320 mM H2O2 and
30 min sonication.
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This study reveals the optimization of ultrasonic-Fenton process for the treatment of sludge taken from a local
municipal wastewater treatment plant after anaerobic digestion. Box-Behnken design (BBD), a common ap-
proach of response surface methodology (RSM), was applied to evaluate and optimize the individual and inter-
active effects of three process variables, namely Fe2+ dose, H2O2 amount and sonication time for Fenton-
ultrasonication method. Five dependent parameters including total organic carbon (TOC), extracellular poly-
meric substances (EPS), as LB-EPS and TB-EPS, and metals such as Zn and Cu were considered as the responses
to investigate. According to the results of analysis of variances (ANOVA), five modelling equations are proposed
that can be used to operate the design space with high regression coefficient R2. Modelling results suggest that
Fenton parameters, such as: H2O2 and Fe2+ dosage had the significant effects on the overall removal of TOC;
whereas, sonication improved the metal removal from the sludge sample. Based on response surface methodol-
ogy, best performance is achievable under the following conditions: 36mMof Fe2+, 320mMH2O2with 30min of
sonication respectively for all of the responses.

©2018 TheAuthors. Publishedby Elsevier B.V. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Aerobic and anaerobic digestion are the most common functioning
process for sludge generation in the wastewater treatment system and
generates sludge at a high amount of 0.2–0.3 kg/m3 treated water
(Turovskiy and Mathai, 2005). For maintaining a continuous operation
of wastewater treatment plants (WWTPs), periodic disposal of sludge
from the system is needed;which is nowconsidered as amajor environ-
mental concern. Moreover, sludge particles aggregate as a colloidal sus-
pension which contains N90% water. Therefore, dewatering of sludge is
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needed prior to disposal for the reduction of sludge handling costs as
well as the transportation costs (Yu et al., 2016; Zhou et al., 2014a).

Dewatering of sewage sludge is a challenging endeavour because of
their hydrated nature along with highly colloidal structure. In this re-
gard, extracellular polymeric substances (EPS), mainly consisting of
proteins and polysaccharides, have a substantial impact. Indeed, EPS
can be divided into LB-EPS (loosely bound EPS) and TB-EPS (tightly
bound EPS), and the LB-EPS has a significant effect on sludge
dewaterability. In bacterial cell, EPS is attached to the surface and in ac-
tivated sludge, this insoluble organic matter accounts for 50–90% of the
total organic matter. Moreover, EPS has a strong water binding capabil-
ity; which makes it difficult to remove the sludge floc's water by me-
chanical force (Hong et al., 2017; Qi et al., 2011).

Apart from dewatering, toxicity of the residual sludge should also be
considered before disposal into the environment. In conventional water
treatment systems, toxic metals tend to settle down in the residual
sludge (Wong et al., 2006); which is often digested, incinerated, or

deposited in landfills, and in some cases used as fertilizer in agricultural
lands. All these processes can make a pathway for toxic metals to find
their destination in the environment. In addition, the possibility to
find pathogenic organisms in sludge, makes it potentially harmful to
the environment and public health. Numerous conditioning methods
including physical, biological, mechanical and chemical systems are
used to treat sludge inWWTP (Wang et al., 2017). In aqueous medium,
advanced oxidation processes (AOPs) are very promising and could be
applied to degrade contaminated and biologically refractory organic
pollutants. The key advantage of AOPs is the in situ generation of hy-
droxyl radicals (HO•), which can act as highly oxidizing agents in
water (Cheng et al., 2016a; Laine and Cheng, 2007; Oturan and Aaron,
2014). Under optimum conditions, it is capable of converting a variety
of organic pollutants into smaller molecular weighted compounds or
even into water and carbon dioxide as well. Chemicals like ozone
(Esplugas et al., 2007), hydrogen peroxide and Fe2+/UV (del Moro
et al., 2013) are often used in chemical oxidation techniques.

Among AOPs, Fenton technique is reported as an effective process in
the detoxification of toxic and persistent organic pollutants in water,
soil and sewage sludge due to its high degradation ability, short reaction
time and simplicity in operation (Cheng et al., 2016b; He et al., 2015; Hu
et al., 2018). The combination of hydrogen peroxide and ferrous ion is
the main reagent for Fenton, leading to the formation of highly reactive
hydroxyl radical (HO•) along with the oxidation of Fe2+ to Fe3+ (Eq. 1)
(Huang et al., 2017; Xiao et al., 2018; Zingaretti et al., 2018). Under the
action of HO• radical, organic compounds (R-H or R) transform into the
organic radicals (R• or HOR•) (Eqs. (2) & (3)), which further transforms

Fig. 1. Schematic diagram of the research work.

Table 1
Experimental range and levels of design of experiment.

Variables Factors Coded factor level

−1 0 +1

Fe2+ dose, mM X1 10 23 36
H2O2 dose, mM X2 100 230 360
Sonication time, min X3 10 20 30

Table 2
Regression co-efficients of model equations and their corresponding level of significance.

Y X1 X2 X3 X12 X22 X32 X1 X2 X1 X3 X2 X3 Const. R2 (%) R2 (adj) (%)

TOC 7.19 26.42 −6.50 −9.13 9.75 74.59 68.06
LB-EPS −2.867 2.701 −1.772 4.253 7.7 3.858 4.632 38.32 83.49 79.24
TB-EPS 14.33 −11.22 50.17 32.35 40.33 −18.91 17.48 −50.62 82.81 78.39
Zn 8.95 8.52 6.23 4.24 −8.78 100.08 81.67 76.96
Cu 175.7 −49.6 100.2 99.99 −99.7 −149.6 1500.7 81.07 76,20
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Fig. 2. Standardized effect/pareto chart, contour plot and response surface plot of TOC reduction as a function of Fenton and ultra-sonication. (a,b) Standardized influence on response TOC; (c,d,
e) Contour plot of TOC versus Fe, H₂O₂; H₂O₂,sonication time; Fe, sonication time respectively. (f,g,h) Surface plot of TOC versus Fe, H₂O₂; H₂O₂,sonication time; Fe, sonication time respectively.
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into various degradation products through a series of chemical reactions
(Cheng et al., 2016a; Hu et al., 2018). On the other hand, Fe3+ ion can
further catalyze the H□O□ to produce hydroperoxyl radicals (HO₂•)
which is known as Fenton-like reaction (Eq. (4)).

Fe2þ þ H2O2→Fe3þ þ HO˙þ OH− ð1Þ

RHþ HO˙→H2Oþ R˙ ð2Þ

R þ HO˙→HOR˙ ð3Þ

Fe3þ þ H2O2→Fe2þ þ HO2̇ þHþ ð4Þ

Despite several benefits of Fenton process, it has some shortcomings,
such as restricted operational pH (2.8–3.5) and iron sludge precipitation
(Cheng et al., 2018a), which made the researchers to think about some
alternative of Fenton process with almost similar efficiency. Till now
several alternative processes including steel converter slag catalyzed
(Cheng et al., 2016b), Fe/Co catalyzed (Cheng et al., 2018b) and a vast
number of Fe-based metal organic framework (MOF) catalyzed
(Cheng et al., 2018a; Zhu et al., 2014) fenton processes have been devel-
oped. However, operation at lower pH often resulted in surface proper-
ties modification and particle aggregation of heterogeneous catalysts.
Recently, Behin et al. studied, a cost effective Fe2+/NaOCl based process
as a promising alternative to Fenton process that can react over a wide
range of pH values for the treatment of aromatic compounds in waste-
water (Behin et al., 2017). To best of our knowledge the application of
Fe2+/NaOCl based process has never been explored for sludge
dewatering and metal ion extraction from sludge.

Interestingly, ultrasound coupled AOPs are gaining attention due to
operational simplicity, efficient and environmentally benign, and suit-
ability for application in large-scale industrial processes (Babu et al.,
2016). Sludge treatment by ultrasound assisted Fenton process was re-
ported to promote the release of nitrogen, phosphorous and organic
carbon with improved digestibility and dewaterability (Gong et al.,
2015). This integrated technique combines the advantages of strong ox-
idation function of Fenton reagent and ultrasonic digestion time mini-
mization, resulting in the improved disintegration of sludge.

Therefore, in this study (Fig. 1), Fenton and alternative Fenton (Fe2+/
NaOCl) processes were investigated initially to evaluate the
dewaterability and heavy metal removal from the anaerobically
digested sludge. Based on the obtained results, Fenton process was inte-
grated with ultrasonication and a RSM tool, Box-Behnken design (BBD),
was used to optimize the dosages of Fenton reagents and ultrasonic
time. The dosage of Fe2+, H2O2 and sonication time were taken as
three factors of BBD and sludge dewaterability and metal removal
through leaching from the sludge were considered as the responses of
the system.

2. Materials and method

2.1. Materials

Iron (II) sulfate heptahydrate (≥99.0%, Sigma-Aldrich), H2O2 (30%
(w/w), Sigma-Aldrich) and Sodium hypochlorite solution (Sigma-Al-
drich) were used for Fenton and alternative Fenton processes. For
adjusting pH of the sludge solution, H2SO4 (95–97%, Sigma-Aldrich)
was applied initially. Lowry's method using Bovine Serum Albumin
was selected for protein determination. Analytical protein standard
(200 mg/mL (BSA), Sigma-Aldrich), NaOH (≥98%, Sigma-Aldrich),
Na2CO3 (Merck), Potassium sodium tartrate tetrahydrate (≥99.0%,
Sigma-Aldrich), CuSO4.5H2O (≥98.0%, Sigma-Aldrich) were used for

Lowry's method. Anthrone method was taken for carbohydrate deter-
mination where Anthrone (96%, Alfa Aesar) was dissolved in H2SO4

(95–97%, Sigma-Aldrich) for sample preparation and D-(+)-Glucose
(Sigma-Aldrich) worked as standard material.

Raw sludge used in this study was mainly taken from the local
WWTP in Mikkeli, Finland. The samples stored in an airtight polyethyl-
ene bottle plastic container at 4 °C for further experiment. All the assess-
ments were finalized within one week after sampling.

2.2. Experimental procedure

1% total suspended solids amount of sludge was adjusted with de-
ionized water in 250mL of Erlenmeyer beaker to start the experimental
procedure of Fenton at room temperature. pH 3±0.2was controlled by
adding concentrated sulfuric acid. Every single experiment was repli-
cated three times for checking the consistency of the results. One
batchwas arranged as a control samplewithout Fenton reagents. An ap-
propriate amount of FeII ions (in the formof FeSO4 solution) and desired
amounts of the oxidative agent were added simultaneously to the mix-
ture while stirring. After checking the metal leaching percentage, we
had decided to perform Fenton reaction with ultra-sonication to deter-
mine optimum condition.

The desired quantities of Fenton reagents were added to the waste-
water solution in different modes, with ultrasonic power as shown in
Table 1.

2.3. EPS extraction

Amodified extraction processwas studied here to extract the TB-EPS
and LB-EPS from the available sludge sample. At first, centrifuged 10ml
sludge sample at 4 °C at 4000g for 25 min. After that, the collected sam-
ple was re-suspended using vortex after adding 0.05% NaCl. Samples
were then sonicated for 3–4 min and centrifuged again at 4000g for
15 min. 0.45 μm PP filter used to filter the supernatant and LB-EPS
was analyzed. 0.05% NaCl is added to the corresponding solution using
vortex and then kept the solution at 60 °C about 30min. Finally, the su-
pernatant was filtered through the 0.45 μm PP filter and measured TB-
EPS. In each fraction of the sample, polysaccharides and proteins are
available (Xu et al., 2016; Zhou et al., 2014b). We determined proteins
using Lowry method by bovine serum albumin. Anthrone method
(Frølund et al., 1996) was used for the polysaccharide determination
by using glucose as a standard. Each trial was performed in triplicate
for more accuracy.

2.4. TOC and metal determination

Total organic carbon (TOC) was determined using a TOC-V series
Shimadzu analyzer. 15ml of the sample from each experimentwere fil-
tered through 0.45 μm PP filter and TOC removal efficiency (ɳ) was
measured as follows:

η %ð Þ ¼ TOCi−TOC f

TOCi
� 100 ð5Þ

where TOCi and TOCf denoted as initial and final TOC value of the
solution.

Concentrations of Zn, Cr, Cd, Cu, Pb were measured by the Agilent
5110 ICP-OES Instrument. For this, 5 ml of sample was centrifuged for
15 min at 4000 rpm, and then the supernatant was filtered using 0.20
μm syringe filter.

Fig. 3. Standardized effect/pareto chart, contour plot and response surface plot of LB-EPS as a function of Fenton and ultra-sonication. (a,b) Standardized influence on response LB-EPS; (c,
d,e) Contour plot of LB-EPS versus Fe, H2O2; H2O2,sonication time; Fe, sonication time respectively. (f,g,h) Surface plot of LB-EPS versus Fe, H2O2; H2O2,sonication time; Fe, sonication time
respectively.
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2.5. Response surface design

For optimizing the operating conditions of Fenton process, a com-
parative study is performed and an experimental design was developed
by RSM. A three-level BBDwas studied which is a quadratic design that
does not include factorial or fractional factorial design. In this design the
experimental points are located at the midpoints of edges formed by
any two factors (Wu et al., 2010). Since, the Box-Behnken does not
have corners and dissociate parametric extremes, it can reduce the
risk of update failures (Sharcnet.ca, 2018). Moreover, BBD requires
less experimental points than a full factorial CCD or a fractional factorial
CCD. In this study, RSM was used to explore the effects of the three in-
dependent process variables namely; Fe2+ dose, H2O2 dose, and ultra-
sonic time while considering the metal removal as well as the TOC
reduction, LB-EPS and TB-EPS extraction from the sludge as the re-
sponse parameters.

The BBD design with three replicates at central point is given in
Table S-1. Experiments were conducted according to the design points
and data were analyzed to evaluate the contribution of the three vari-
ables, and then fitted to the following second-order polynomial model:

y ¼ β0 þ
Xk

i¼1

βixi þ
Xk

i¼1

βiix
2
i þ

Xk¼1

i¼1

Xk

j¼iþ1

βijxix j þ ε ð6Þ

where y signifies the expected response; xi and xj are the independent
variables,β0,βi,βii andβij are regression coefficients for intercept, linear,
quadratic and interaction coefficients correspondingly, ε is the error and
k is the number of variables studied (Nair and Ahammed, 2015).

Preliminary testswere conducted before designing the experimental
runs, to narrow the range of experimental variables by changing the
value of one variable at a time while keeping all other variables at
fixed conditions. For example, Fe2+ concentration was varied between
10 and 36 mM. Similarly, the effect of sonication time 10–30 min was
studied in the range of 100 to 360mMH2O2. Table 1 shows the indepen-
dent variables used for RSM alongwith their coded values. TOC removal
from sludge (Y1), LB-EPS reduction rate (Y2), TB-EPS reduction rate (Y3),
Zn removal rate (Y4) and Cu removal rate (Y5) denoted as variables in
Table 2 but Cd, Pb and Cr were not considered as a final point as their
availability were very less.

3. Results and discussion

3.1. Metal ion removal by Fenton and alternative Fenton processes

Metal ion extraction from the sludge was studied by Fenton and al-
ternative Fenton processes and the results are presented in Table S-2.
In the Fenton process the ratio of H₂O₂ to Fe2+ was maintained at 1:1
and 1:10 with three different molar concentrations. A similar ratio of
Fe2+ toNaOCl andmolar concentrationswas alsomaintained in alterna-
tive Fenton process. From Table S-2 it can be seen that, Fenton process is
more effective in Cu, Pb and Zn extraction from sludge than the alterna-
tive Fenton process. In Fenton process, •OH radical is generated by the
dissociation of H2O2, which can easily passes through the cell mem-
brane leading to the destruction of cell wall and disruption of EPS and
releases heavy metal from the sludge (Dewil et al., 2007). Although, in
alternative Fenton process •OH radical is generated at lower pH, it is
not as effective as Fenton process in sludge treatment.

Therefore, the Fenton process was further integrated with
ultrasonication and its effect was investigated in sludge dewatering
and metal ion removal by RSM study. Ultrasonication with Fenton pro-
cess increases the rate of •OH radical generation. Moreover, ultrasonic
wave creates acoustic cavitation which can also disrupt the cell wall

and releases intracellular organic substances (Pham et al., 2009). As a
result, EPS destruction rate increases and dewatering as well as the
metal ion extraction rate is improved.

3.2. Evaluation of the experimental design approach using response surface
methodology

Experimental data were assessed using the BBD to yield an approx-
imate functions for each dependent variables Y1, Y2, Y3, Y4, Y5 and the
following fitting equations in Table 2 were obtained from data fitting.
Here, X1, X2 and X3 are denoted as the dosages of Fe2+, H2O2 and soni-
cation time respectively. The positive and negative sign of the coeffi-
cients indicate their synergistic and antagonistic effects, respectively,
on their responses (Deb et al., 2017).

Usually, a significance level (denoted as α or alpha) of 0.05 works
well for such an experimental design. A 0.05 significance level specifies
a 5% risk of concluding that an association exists when there is no actual
association. If p-value ≤ α: the response is statistically significant and it
can conclude that the association between response variable and term is
statistically powerful. In contrast, if, p-value N α: the association or re-
sponse variable is not statistically significant. Therefore, it cannot be
concluded that there is a statistically significant association between
the response variable and the term. In that case, the model has to be
refitted without the term. The significance of the model equation can
be evaluated by F-test, the ratio between the mean of square of regres-
sion to the mean of square of residuals, and comparing the F-test value
to the tablulated F values by considering the respective degree of free-
dom associated to the regression and residual variances. If the calcu-
lated F value is higher than the tabulated F value, then the
mathematical model is said to be well fitted to the experimental data
(Cornell, 1990).

For TOC, the model F-value is 11.42 and p value is b0.05, thus the
model is suitable. 19.66 and 18.74 are the F-value for LB-EPS and TB-
EPS and both models' p value inside the significant level. By following
the same approach, Zn and Cu both are significant and F-value is 17.33
and 16.64. Therefore, it can be concluded that the above five models
are valid to describe the behavior of sludge dewatering and metal re-
moval by using integrated ultrasonic-Fenton process. R2 is the variation
percentage for response andhigher theR2 value, better themodelfitting
with experimental data. Difference between the R2 and R2(adj) values,
implies that there is a least chance that insignificant terms have been in-
cluded in the model (Myers et al., 2009).

3.3. The relation between TOC and Fenton reagents

The effectiveness of Fenton reaction with ultra-sonication was ana-
lyzed according to the following responses: TOC, LB-EPS, TB-EPS, Zn,
and Cu concentration. In the probability plot, main effects estimation
are shownwith their interaction terms. All effects, which are significant,
have non-zero means and usually they are located far away from the
straight line. In contrast, the insignificant effect is normally distributed
with mean zero and tends to fall in a straight line in the plot. The larger
the significant effects, the further away they are from the straight line
(Deb et al., 2017). From the Fig. 2(a) and (b), TOC removal efficiency en-
tirely dependent on factor B as H2O2 and sonication time as Cwhich had
a negative impact.

This response occurred due to the oxidative decomposition of sludge
flocs andmineralization by •OH from the Fenton reaction andH2O2 have
a significant impact on organic substances aswell. (Amudha et al., 2016;
Wang, 2008). However, as far as the Fe2+ concentration is concerned,
0.75 to 1.0 mM H2O2, and 0 to 1 mM Fe2+ showed the best result in
Fig. 2(c), nearly −0.75 to 0.5 min Fenton+US with the same value of

Fig. 4. Standardized effect/pareto chart, contour plot and response surface plot of TB-EPS as a function of Fenton and ultra-sonication. (a,b) Standardized influence on response TB-EPS; (c,
d,e) Contour plot of TB-EPS versus Fe, H2O2; H2O2,sonication time; Fe, sonication time respectively. (f,g,h) Surface plot of TB-EPS versus Fe, H2O2; H2O2,sonication time; Fe, sonication time
respectively.
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Fe2+ amount established the most remarkable result for TOC. From the
contour and surface plot, a higher concentration of H2O2, Fe2+ and less
Fenton+US period is ideal for sludge treatment. In this regard, the
Fenton+US treatment made more COD release from the particulate
fraction to the soluble fraction than Fenton treatment alone. It was
also reported that it is the main cause for the drastic increase in the
COD after 10 min of ultra-sonication (Xu et al., 2010). Optimum condi-
tions determination of different variables are the main objective of the
RSM study, which can affect the removal of TOC, metal leaching, etc.
from the sludge. By considering the predicted response fromMinitab
in Table S-3, 30 mM Fe2+, 360 mM H2O2 and lower than 20 min of
Fenton+US were the optimum condition for sludge treatment.
Fenton+US experiments were carried out by setting the experimental
conditions as suggested by the model equations and a good agreement
between experimentally determined response and model predicted
response was observed.

3.4. Effect of variables on LB-EPS and TB-EPS

EPS is often reported to influence the dewaterability of sludge, how-
ever the exact role of EPS behind this phenomenon still remains ambig-
uous. Fig. S-1 represents the effect of the ultrasound assisted Fenton
treatment on the reduction of different EPS fractions. Initially for raw
sludge, the TB-EPS and LB-EPS were the most abundant which de-
creased sharply under optimal condition. Similar phenomena was re-
ported by Mo et al., 2015.

It must be noted that, complete mineralization of sludge EPS by
Fenton treatment is not possible due to the limited reaction time. How-
ever, partial degradation or rupture of EPS was considered enough for
further improvement of sludge dewaterability (Li et al., 2012). Fig. 3
(a) and (b) showed the standardized effects which symbolize the larg-
est result to the smallest outcome. Statistical significance reference de-
pends on the significance of alpha (α) value. In this Pareto chart, we
have seen that CC, AC, BB, A, AB, B and C crossed the reference line
(that is 2.030). Sonication time, H2O2 alongwith Fe2+ becamemost sig-
nificant factors for EPS extraction. Fig. 3(b) revealed most of the points
are statistically significant and those have different color and sizes
from the insignificant effects. This plot indicated the direction of the ef-
fect aswell. Fe2+ dose (A) and sonication time (C) had a negative effect,
whereas H2O2 (B) had a positive standardized effect. Consequently, the
response will be influenced based on this positive-negative effect.

Furthermore, the contour plot examines the relationship between a
response variable and two predicted variables. In Fig. 3(c), (d), (e) two
predicted variables represented by the x and y-axis and responses were
signified by the colored or shaded regions. Level zero or 230 mM H2O2

with 36 mM Fe2+ (level 0.75 to 1.00); 180 mM H2O2 and 18 to 24 min
(level ~0 to 0.4) sonication presented the best result in Fig. 3(a) and
(b). The lowest point of Fe2+ as 10 mM (level−1 to−0.75) and nearly
6 min (−0.1 to−0.2 level) sonication denoted the upper result for LB-
EPS extraction in Fig. 3(e) respectively.

Surface plots in Fig. 3(f), (g), and (h) discovers the potential relation-
ship between three variables. Variables on the X and Y-axis are
displayed as predictors and Z variable symbolized by a smooth surface.
The highest LB-EPS about 46% extraction occurred approximately at
36 mM Fe2+ or level 1 and 180 mM H2O2 or level − 0.75 in Fig. 3
(f) and 53% extraction at 300 mM (0.75 in level) H2O2 and 23 min son-
ication in Fig. 3(g).

Fig. 4(a) and (b) presented the standardized effects for TB-EPS and
AA, BB, CC, B, AB, BC, and C crossed the reference line (that is 2.030).
Sonication time andH2O2 becamemore significant factors than Fe2+ ac-
cording to Fig. 4(b). Here, sonication time (C) also have a negative stan-
dardized effect, thus it can influence the response adversely.

Contour plots in Fig. 4(c), (d) and (e) revealed the significance of
response by the shaded graph. Highest point or lowest point H2O2 and
Fe2+ showed more TB-EPS extraction result. Using 150 mM H2O2 with
13 min sonication, and 360 mM H2O2 with 13 or 28 min sonication,

showed the top point of EPS extraction in Fig. 4(d). Therefore, it is pos-
sible to get higher extraction rate by choosing the appropriate ratio of
the various factors (higher or lower ratios according to the design of
the experiment).

Surface plots in Fig. 4(f) explored the highest TB-EPS about 48% ex-
traction occurred roughly at the time of the higher amount of H2O2

and lower amount of Fe2+. The extraction rate became higher with in-
creasing both factors H2O2 and sonication time in Fig. 4(g) and decreas-
ing of Fe2+ factors with higher sonication time in Fig. 4
(h) correspondingly.

3.5. Fenton and ultrasonication effect on metal removal

ICP-OES determined the metal ion concentration in the supernatant
according to the Minitab developed conditions for the suspended solu-
tion. Metals including Cd, Cr, Cu, Pb, and Zn from sludgeweremeasured
before and after the treatment. The threshold point of pH for Zn is sug-
gested from 6 to 6.5 but only 2–3 for Cd and Cr which is opposite of Zn.
For Cu, pH is consistent for the low solubilized controlled sample (Villar
and Garcia, 2002).

Fe2+ (A) and H2O2 (B) showed the standardized effects from the
largest to the smallest than sonication time (C) in Fig. 5. Fig. 5
(b) revealed that more than quarter points are statistically significant
and those have different color and sizes from the insignificant effects.
Sonication time (C) have also a great influence on the response of
metal Zn or Cu leaching from the sludge.

There is a shared region between the highest ratio of 36mMof Fe2+

and 360mMof H2O2 in Fig. 5(c) denoting the best result for Zn. But son-
ication time would also be an important factor for Cu leaching. Surface
plots in Fig. 5 and Fig. 6(f), (g), and (h) explore the potential relation-
ship between three factors of Fenton and sonication. Zn and Cu quantity
available at the highest point of the variables (36 mM of Fe2+ and
360mM of H2O2), and Fenton+US significantly increased the metal re-
moval through leaching from sludge. The higher rate of hydroxyl radical
production increased the metal removal rate from sludge. Ultrasound
alone is not much effective for metal removal from sludge, so ultra-
sonicated Fenton method enhances the AOPs and can able to reduce
the total reaction time (Deng et al., 2009).

3.6. Optimum conditions of integrated ultrasonic-Fenton process

Optimization plot showed the affect of different factors on the re-
sponses and calculated an individual desirability for each response in
Fig. S-2. Fe2+ conc. and sonication time indicated 36 mM and 30 min
as their optimum result whereas H2O2 conc. was 320mM. In that condi-
tion, LB-EPS and TB-EPS reduction rate were 54% and 65%. For metal ex-
traction, conc. of Zn (0.25 to 0.58) and Cu (0.01 to 0.08) increased in the
water from their initial value and finally 36 mM of Fe2+, 320 mMH2O2

and 30 min of sonication became a considerable greatest point for all
responses.

Sludge treatment by Fenton-ultrasonication or others modified
Fenton system is studied by other researchers and in Table 3 we have
listed some of their results with our current work to check them as a
synopsis. Fenton-ultrasonication is used to treat the sludge generally
for dewaterability improvement, odor or toxic compound removal.
Sometimes skeleton materials are used as physical conditioners for
dewaterability sludge improvement as well.

4. Conclusion

Fenton process is very effective for sludge dewatering, and can thus
address themajor issues of sludge treatment andwaste disposal. The ef-
fect of F + US for sludge treatment was investigated experimentally in
this research. The results of modelling revealed that, EPS extraction de-
pends on the different ratios of factors of Fenton and ultrasonication
whereas sonication became an important factor in raising the metal
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Fig. 5. Standardized effect/pareto chart, contour plot and response surface plot of metal Zn as a function of Fenton and ultra-sonication. (a,b) Standardized influence on response Zn; (c,d,e)
Contour plot of Zn versus Fe, H2O2; H2O2,sonication time; Fe, sonication time respectively. (f,g,h) Surface plot of Zn versus Fe, H2O2; H2O2,sonication time; Fe, sonication time respectively.
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Fig. 6. Standardized effect/pareto chart, contour plot and response surface plot of metal Cu as a function of Fenton and ultra-sonication. (a,b) Standardized influence on response Cu; (c,d,e)
Contour plot of Cu versus Fe, H2O2; H2O2,sonication time; Fe, sonication time respectively. (f,g,h) Surface plot of Cu versus Fe, H2O2; H2O2,sonication time; Fe, sonication time respectivel.
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extraction rate from sludge. Based on the RSM optimization result from
the Minitab, the best results for all of the targeted responses were:
36 mM of Fe2+, 320 mM H2O2 and 30 min of sonication.

Acknowledgment

Wewould like to thank EuropeanUnion (EU) for their financial help
and Kenkäveronniemi WWTP for their support during our sampling
work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.07.125.

References

Amudha, V., Kavitha, S., Fernandez, C., Adishkumar, S., Banu, J.R., 2016. Effect of
deflocculation on the efficiency of sludge reduction by Fenton process. Environ. Sci.
Pollut. Res. 23:19281–19291. https://doi.org/10.1007/s11356-016-7118-y.

Babu, S.G., Ashokkumar, M., Neppolian, B., 2016. The role of ultrasound on advanced ox-
idation processes. Top. Curr. Chem. https://doi.org/10.1007/s41061-016-0072-9.

Behin, J., Akbari, A., Mahmoudi, M., Khajeh, M., 2017. Sodium hypochlorite as an alterna-
tive to hydrogen peroxide in Fenton process for industrial scale. Water Res. 121:
120–128. https://doi.org/10.1016/j.watres.2017.05.015.

Cheng, M., Zeng, G., Huang, D., Lai, C., Xu, P., Zhang, C., Liu, Y., 2016a. Hydroxyl radicals
based advanced oxidation processes (AOPs) for remediation of soils contaminated
with organic compounds: a review. Chem. Eng. J. https://doi.org/10.1016/j.
cej.2015.09.001.

Cheng, M., Zeng, G., Huang, D., Lai, C., Xu, P., Zhang, C., Liu, Y., Wan, J., Gong, X., Zhu, Y.,
2016b. Degradation of atrazine by a novel Fenton-like process and assessment the in-
fluence on the treated soil. J. Hazard. Mater. 312:184–191. https://doi.org/10.1016/j.
jhazmat.2016.03.033.

Cheng, M., Lai, C., Liu, Y., Zeng, G., Huang, D., Zhang, C., Qin, L., Hu, L., Zhou, C., Xiong, W.,
2018a. Metal-organic frameworks for highly efficient heterogeneous Fenton-like ca-
talysis. Coord. Chem. Rev. https://doi.org/10.1016/j.ccr.2018.04.012.

Cheng, M., Zeng, G., Huang, D., Lai, C., Liu, Y., Zhang, C., Wan, J., Hu, L., Zhou, C., Xiong, W.,
2018b. Efficient degradation of sulfamethazine in simulated and real wastewater at
slightly basic pH values using Co-SAM-SCS/H2O2Fenton-like system. Water Res.
138:7–18. https://doi.org/10.1016/j.watres.2018.03.022.

Cornell, J.A., 1990. The basic references in quality contorol. How to Apply Response Sur-
face Methodology. Am. Soc. Qual vol. 8, p. 51.

Deb, A., Ferdous, J., Ferdous, K., Uddin, M.R., Khan, M.R., Rahman, M.W., 2017. Prospect of
castor oil biodiesel in Bangladesh: process development and optimization study. Int.
J. Green Energy 14:1063–1072. https://doi.org/10.1080/15435075.2017.1357558.

del Moro, G., Mancini, A., Mascolo, G., di Iaconi, C., 2013. Comparison of UV/H2O2based
AOP as an end treatment or integrated with biological degradation for treating land-
fill leachates. Chem. Eng. J. 218:133–137. https://doi.org/10.1016/j.cej.2012.12.086.

Deng, J., Feng, X., Qiu, X., 2009. Extraction of heavy metal from sewage sludge using
ultrasound-assisted nitric acid. Chem. Eng. J. 152:177–182. https://doi.org/10.1016/
j.cej.2009.04.031.

Dewil, R., Baeyens, J., Appels, L., 2007. Enhancing the use of waste activated sludge as bio-
fuel through selectively reducing its heavy metal content. J. Hazard. Mater. 144:
703–707. https://doi.org/10.1016/j.jhazmat.2007.01.100.

Esplugas, S., Bila, D.M., Krause, L.G.T., Dezotti, M., 2007. Ozonation and advanced oxidation
technologies to remove endocrine disrupting chemicals (EDCs) and pharmaceuticals
and personal care products (PPCPs) in water effluents. J. Hazard. Mater. https://doi.
org/10.1016/j.jhazmat.2007.07.073.

Frølund, B., Palmgren, R., Keiding, K., Nielsen, P.H., 1996. Extraction of extracellular poly-
mers from activated sludge using a cation exchange resin. Water Res. 30:1749–1758.
https://doi.org/10.1016/0043-1354(95)00323-1.

Gong, C., Jiang, J., Li, D., 2015. Ultrasound coupled with Fenton oxidation pre-treatment of
sludge to release organic carbon, nitrogen and phosphorus. Sci. Total Environ. 532:
495–500. https://doi.org/10.1016/j.scitotenv.2015.05.131.

He, D.Q., Wang, L.F., Jiang, H., Yu, H.Q., 2015. A Fenton-like process for the enhanced acti-
vated sludge dewatering. Chem. Eng. J. 272:128–134. https://doi.org/10.1016/j.
cej.2015.03.034.

Hong, C.,Wang, Z., Si, Y., Yang, Q., Xing, Y., 2017. Improving sludge dewaterability by com-
bined conditioning with Fenton's reagent and surfactant. Appl. Microbiol. Biotechnol.
101:809–816. https://doi.org/10.1007/s00253-016-7939-0.

Hu, C., Huang, D., Zeng, G., Cheng, M., Gong, X., Wang, R., Xue, W., Hu, Z., Liu, Y., 2018. The
combination of Fenton process and Phanerochaete chrysosporium for the removal of
bisphenol A in river sediments: mechanism related to extracellular enzyme, organic
acid and iron. Chem. Eng. J. 338:432–439. https://doi.org/10.1016/j.cej.2018.01.068.

Huang, D., Hu, C., Zeng, G., Cheng, M., Xu, P., Gong, X., Wang, R., Xue, W., 2017. Combina-
tion of Fenton processes and biotreatment for wastewater treatment and soil reme-
diation. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2016.08.199.

Laine, D.F., Cheng, I.F., 2007. The destruction of organic pollutants under mild reaction
conditions: a review. Microchem. J. https://doi.org/10.1016/j.microc.2006.07.002.

Li, H., Wen, Y., Cao, A., Huang, J., Zhou, Q., Somasundaran, P., 2012. The influence of additives
(Ca2+, Al3+, and Fe3+) on the interaction energy and loosely bound extracellularTa

bl
e
3

O
ve

rv
ie
w

of
Fe
nt
on

-u
lt
ra
so
ni
ca
ti
on

w
or
k
fo
r
sl
ud

ge
tr
ea
tm

en
t.

SL no
.

Te
ch

no
lo
gy

Co
m
po

un
ds

st
ud

ie
d

Ex
pe

ri
m
en

ta
lc

on
di
ti
on

s
Si
gn

ifi
ca
nt

re
su

lt
s

Re
fe
re
nc

es

1
U
lt
ra
so
ni
c
w
it
h
Fe

nt
on

ox
id
at
io
n

Bi
s(
2-
et
hy

lh
ex

yl
)
ph

th
al
at
e
(D

EH
P)

H
2
O
2
0.
01

m
L/
g
fo
r
su

sp
en

de
d
so
lid

s
(S
S)
,1

50
[H

2
O
2
] 0
/[
Fe

2
+
]

0
,2

5
g/
L
to
ta
ls
ol
id
s
(T
S)

at
25

°C
fo
r
60

m
in

du
ra
ti
on

of
ul
tr
as
on

ic
at
io
n.

U
lt
ra
so
ni
c
in
te
ns

it
y
w
as

0.
75

W
/c
m

2
.

D
EH

P
re
m
ov

al
w
as

72
%,

89
%
an

d
85

%,
re
sp

ec
ti
ve

ly
fo
r
ra
w

sl
ud

ge
,

ul
tr
a-
so
ni
ca
te
d
an

d
Fe

nt
on

sl
ud

ge
s.

(P
ha

m
et

al
.,

20
11

)

2
U
lt
ra
-s
on

ic
at
ed

Fe
nt
on

tr
ea

tm
en

t
Sl
ud

ge
pa

rt
ic
le

si
ze

,T
O
C1

,E
PS

2
H
2
O
2
an

d
Fe

2
+
qu

an
ti
ty

w
er
e
42

8
m
g/
g
an

d
42

.8
m
g/
g
w
it
h

ul
tr
as
on

ic
de

ns
it
y
fr
om

0.
08

W
/m

lt
o
0.
16

W
/m

lf
or

60
m
in

w
it
h
in
it
ia
lP

H
6.
62

to
2.

D
ep

en
di
ng

on
TO

C
re
su

lt
s,
0.
12

–0
.1
6
W

/m
la

nd
lo
w
er

pH
(≤
3)

de
te
rm

in
ed

as
m
os
t
su

it
ab

le
co

nd
it
io
n.

(N
in
g
et

al
.,

20
14

)

3
Fe

nt
on

w
it
h
sk
el
et
on

m
at
er
ia
ls

(P
or
tl
an

d
ce
m
en

t
an

d
lim

e)
O
rg
an

ic
m
at
te
r
an

d
SR

F3
in

sl
ud

ge
Fe

2
+
/H

2
O
2
do

sa
ge

w
er
e
20

/1
25

at
PH

5–
6
w
it
h
re
ac
ti
on

ti
m
e

be
tw

ee
n
30

an
d
80

m
in
.O

PC
4
do

sa
ge

us
ed

fr
om

0
to

30
0
m
g/
g

fo
r
ra
w

sl
ud

ge
.

95
%
SR

F
ac
hi
ev

ed
fr
om

pH
=

5,
Fe

2
+
=

40
m
g/
g,

H
2
O
2
=

32
m
g/
g,

O
PC

=
30

0
m
g/
g
an

d
lim

e
=

40
0
m
g/
g.

Th
is
re
du

ct
io
n
ra
te

w
as

ne
ga

ti
ve

ly
af
fe
ct
ed

by
in
cr
ea

si
ng

O
PC

an
d
lim

e
do

sa
ge

.

(L
iu

et
al
.,

20
12

)

4
Fe

nt
on

w
it
h
ul
tr
as
on

ic
Su

lfu
r
co

nt
ai
ni
ng

co
m
po

un
ds

fr
om

sl
ud

ge
fo
r
od

or
re
m
ov

al
2.
0
g
of

Fe
SO

4
.7
H
2
O
an

d
1.
7
m
lo

f3
0%

H
2
O
2
w
er
e
ad

de
d
to

1
L

of
sa
m
pl
e
w
he

re
th
e
co

nc
en

tr
at
io
ns

of
Fe

2
+
an

d
H
2
O
2
w
er
e

0.
4
an

d
0.
50

g/
L
an

d
ul
tr
as
on

ic
de

ns
it
y
(7

20
W

/L
)
w
as

us
ed

.

D
is
so
lv
ed

su
lfi
de

(S
2
−
)
re
du

ci
ng

fr
om

17
.4

m
g/
L
to

8.
1
m
g/
L
af
te
r

20
-m

in
of

F+
U
S5

tr
ea

tm
en

ts
.T

ho
ug

h
th
is
re
su

lt
od

or
ra
te

de
cr
ea

se
d

N
50

%
an

d
co

up
le
d
tr
ea

tm
en

t
pe

rf
or
m
ed

be
tt
er

th
an

Fe
nt
on

or
ul
tr
as
on

ic
at
io
n
al
on

e.

(L
iu

et
al
.,

20
16

)

5
Fe

nt
on

+
ul
tr
as
on

ic
at
io
n

EP
S
an

d
m
et
al

re
m
ov

al
fr
om

sl
ud

ge
Fe

2
+
(1

0–
36

m
M
)
an

d
H
2
O
2
(1

00
–3

60
m
M
)
an

d
ul
tr
as
on

ic
at
io
n
(1

0–
30

m
in
)
w
er
e
us

ed
as

th
re
e
fa
ct
or
s
fo
r

Bo
x-
Be

hn
ke

n
de

si
gn

.

Th
is
pr
op

os
ed

m
et
ho

d
sh

ow
ed

36
m
M

of
Fe

2
+
,3

20
m
M

H
2
O
2
w
it
h

30
m
in

of
ul
tr
as
on

ic
w
ou

ld
be

op
ti
m
um

co
nd

it
io
ns

fo
r
EP

S
an

d
m
et
al

pe
rc
en

ta
ge

of
sl
ud

ge
.

Pr
es
en

t
st
ud

y

1
To

ta
lo

rg
an

ic
ca
rb
on

.
2

Ex
tr
ac
el
lu
la
r
po

ly
m
er
ic
su

bs
ta
nc

es
.

3
Sp

ec
ifi
c
re
si
st
an

ce
to

fil
tr
at
io
n.

4
O
rd
in
ar
y
Po

rt
la
nd

ce
m
en

t.
5

Fe
nt
on

+
ul
tr
as
on

ic
at
io
n.

583J. Rumky et al. / Science of the Total Environment 645 (2018) 573–584



polymeric substances (EPS) of activated sludge and their flocculation mechanisms.
Bioresour. Technol. 114:188–194. https://doi.org/10.1016/j.biortech.2012.03.043.

Mo, R., Huang, S., Dai, W., Liang, J., Sun, S., 2015. A rapid Fenton treatment technique for
sewage sludge dewatering. Chem. Eng. J. 269, 391–398.

Myers, R.H., Montgomery, D.C., Anderson-Cook, C.M., 2009. Response surface methodol-
ogy. Process and Product Optimization Using Designed Experiments. John Wiley &
Sons, Inc. https://doi.org/10.1007/s13398-014-0173-7.2.

Nair, A.T., Ahammed, M.M., 2015. The reuse of water treatment sludge as a coagulant for
post-treatment of UASB reactor treating urban wastewater. J. Clean. Prod. 96:
272–281. https://doi.org/10.1016/j.jclepro.2013.12.037.

Oturan, M.A., Aaron, J.J., 2014. Advanced oxidation processes in water/wastewater treat-
ment: principles and applications. A review. Crit. Rev. Environ. Sci. Technol. 44:
2577–2641. https://doi.org/10.1080/10643389.2013.829765.

Pham, T.T.H., Brar, S.K., Tyagi, R.D., Surampalli, R.Y., 2009. Ultrasonication of wastewater
sludge-consequences on biodegradability and flowability. J. Hazard. Mater. 163:
891–898. https://doi.org/10.1016/j.jhazmat.2008.07.091.

Qi, Y., Thapa, K.B., Hoadley, A.F.A., 2011. Application of filtration aids for improving sludge
dewatering properties - a review. Chem. Eng. J. 171:373–384. https://doi.org/
10.1016/j.cej.2011.04.060.

Sharcnet.ca, 2018. No Title [WWW Document]. Box-Behnken Des.
Turovskiy, I.S., Mathai, P.K., 2005. Wastewater Sludge Processing. https://doi.org/

10.1002/047179161X.
Villar, L.D., Garcia, O., 2002. Solubilization profiles of metal ions from bioleaching of sew-

age sludge as a function of pH. Biotechnol. Lett. 24:611–614. https://doi.org/10.1023/
A:1015010417315.

Wang, S., 2008. A comparative study of Fenton and Fenton-like reaction kinetics in
decolourisation of wastewater. Dyes Pigments 76:714–720. https://doi.org/10.1016/
j.dyepig.2007.01.012.

Wang, Q., Wei, W., Gong, Y., Yu, Q., Li, Q., Sun, J., Yuan, Z., 2017. Technologies for reducing
sludge production in wastewater treatment plants: state of the art. Sci. Total Environ.
587–588:510–521. https://doi.org/10.1016/j.scitotenv.2017.02.203.

Wong, W.T., Chan, W.I., Liao, P.H., Lo, K.V., 2006. A hydrogen peroxide/microwave ad-
vanced oxidation process for sewage sludge treatment. J. Environ. Sci. Health A 41:
2623–2633. https://doi.org/10.1080/10934520600928086.

Wu, Y., Zhou, S., Qin, F., Ye, X., Zheng, K., 2010. Modeling physical and oxidative removal
properties of Fenton process for treatment of landfill leachate using response surface
methodology (RSM). J. Hazard. Mater. 180:456–465. https://doi.org/10.1016/j.
jhazmat.2010.04.052.

Xiao, K., Pei, K., Wang, H., Yu, W., Liang, S., Hu, J., Hou, H., Liu, B., Yang, J., 2018. Citric acid
assisted Fenton-like process for enhanced dewaterability of waste activated sludge
with in-situ generation of hydrogen peroxide. Water Res. 140, 232–242.

Xu, G., Chen, S., Shi, J., Wang, S., Zhu, G., 2010. Combination treatment of ultrasound and
ozone for improving solubilization and anaerobic biodegradability of waste activated
sludge. J. Hazard. Mater. 180:340–346. https://doi.org/10.1016/j.jhazmat.2010.04.036.

Xu, H., Shen, K., Ding, T., Cui, J., Ding, M., Lu, C., 2016. Dewatering of drinking water treat-
ment sludge using the Fenton-like process induced by electro-osmosis. Chem. Eng. J.
293:207–215. https://doi.org/10.1016/j.cej.2016.02.025.

Yu, W., Yang, J., Shi, Y., Song, J., Shi, Y., Xiao, J., Li, C., Xu, X., He, S., Liang, S., Wu, X., Hu, J.,
2016. Roles of iron species and pH optimization on sewage sludge conditioning with
Fenton's reagent and lime. Water Res. 95:124–133. https://doi.org/10.1016/j.
watres.2016.03.016.

Zhou, X., Wang, Q., Jiang, G., Zhang, X., Yuan, Z., 2014a. Improving dewaterability of waste
activated sludge by combined conditioningwith zero-valent iron and hydrogen perox-
ide. Bioresour. Technol. 174:103–107. https://doi.org/10.1016/j.biortech.2014.10.009.

Zhou, J., Zheng, G., Zhang, X., Zhou, L., 2014b. Influences of extracellular polymeric sub-
stances on the dewaterability of sewage sludge during bioleaching. PLoS One 9.
https://doi.org/10.1371/journal.pone.0102688.

Zhu, Y.P., Ren, T.Z., Yuan, Z.Y., 2014. Hollow cobalt phosphonate spherical hybrid as high-
efficiency Fenton catalyst. Nanoscale 6:11395–11402. https://doi.org/10.1039/
c4nr02679a.

Zingaretti, D., Lombardi, F., Baciocchi, R., 2018. Soluble organic substances extracted from
compost as amendments for Fenton-like oxidation of contaminated sites. Sci. Total
Environ. 619–620:1366–1374. https://doi.org/10.1016/j.scitotenv.2017.11.178.

584 J. Rumky et al. / Science of the Total Environment 645 (2018) 573–584



Publication II 

Rumky, J., Visigalli, S., Turolla, A., Gelmi, E., Necibi, C., Gronchi, P., Sillanpää, M., 

and Canziani, R. 

Electro-dewatering treatment of sludge: Assessment of the influence on relevant 

indicators for disposal in agriculture 

Reprinted with permission from 

Journal of Environmental Management 

Vol. 268, pp. 10689, 2020 

© 2020, Elsevier 





Journal of Environmental Management 268 (2020) 110689

0301-4797/© 2020 Elsevier Ltd. All rights reserved.

Research article 

Electro-dewatering treatment of sludge: Assessment of the influence on 
relevant indicators for disposal in agriculture 

Jannatul Rumky a, Simone Visigalli b, Andrea Turolla b, Enrico Gelmi b, Chaker Necibi c, 
Paolo Gronchi d, Mika Sillanp€a€a e,f,g, Roberto Canziani b,* 

a Department of Green Chemistry, LUT University, Sammonkatu 12, 50130 Mikkeli, Finland 
b Department of Civil and Environmental Engineering – Environmental Section, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133, Milano, Italy 
c International Water Research Institute, Mohammed VI Polytechnic University, 43150, Green City Benguerir, Morocco 
d Department of Chemistry, Materials and Chemical Engineering, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133, Milano, Italy 
e Institute of Research and Development, Duy Tan University, 550000, Da Nang, Viet Nam 
f Faculty of Environment and Chemical Engineering, Duy Tan University, 550000, Da Nang, Viet Nam 
g School of Civil Engineering and Surveying, Faculty of Health, Engineering and Sciences, University of Southern Queensland, West Street, Toowoomba, 4350, QLD, 
Australia   

A R T I C L E  I N F O

Keywords: 
Biological stability 
Electro-dewatering (EDW) 
Pathogen inactivation 
Resource recovery 
Sludge treatment and management 

A B S T R A C T

Waste activated sludge requires effective dewatering, high biological stability and retention of nutrients prior to 
disposal for agricultural application. The study was conducted to evaluate the impact of pressure-driven electro- 
dewatering (EDW) on improving sludge characteristics related to disposal in agriculture, including biological 
stability, pathogen availability, heavy metals concentrations and nutrients content. Thickened conditioned and 
mechanically dewatered sludge samples were collected from two wastewater treatment plants (WWTPs), char-
acterized by different stabilization processes, and treated by a lab-scale device at 5, 15 and 25 V. EDW increased 
significantly the dry solid (DS) content, up to 43–45%, starting from 2 to 3% of raw sludge. The endogenous 
value of specific oxygen uptake rate (SOUR), monitored as indicator of biological stability, increased up to 56% 
and 39% after EDW tests for sludge from two WWTPs. On the other hand, the exogenous SOUR decreased, 
indicating a significant drop in the active bacterial population. Likewise, a 1–2 log unit reduction was observed 
for E. coli after EDW tests at 15 and 25 V. However, no remarkable removal of heavy metals, namely chromium, 
nickel, lead, copper and zinc, was achieved. Finally, the concentration of nutrients for soil, such as carbon, ni-
trogen, phosphorus and sulfur, was not affected by the EDW process. In conclusion, EDW exerts considerable 
effects on the biological characteristics of sludge, which should be considered in a proper design of sludge 
management to ensure safe and sustainable resource recovery.   

1. Introduction 

In recent years, sludge treatment and management became a 
bottleneck in wastewater treatment plants (WWTPs) due to the high 
costs for sludge disposal and the environmental impact resulting from 
inappropriate dumping (Yang et al., 2015). Therefore, sludge dewater-
ing is required before disposal for ease of handling and minimization of 
transport costs. Various processes, such as ultrasonication (P�erez-Elvira 
et al., 2006), Fenton combined with ultrasonication (Ning et al., 2014) 
or homogenous/heterogeneous Fenton (Tao et al., 2019), alternative 
Fenton processes (Kałuzna-Czapli�nska et al., 2010; Rumky et al., 2018), 
bioleaching (Pathak et al., 2009) along with others advanced oxidation 

processes (AOPs) (Liu et al., 2018; Zhen et al., 2012), emerged lately as 
promising alternatives for enhancing the performance of sludge dew-
atering with metal and phosphorus recovery. Among these processes, 
electro-osmosis has gained attention and has been deeply studied as an 
efficient dewatering process to increase the dry solid (DS) content in the 
sludge. The application of an electric field combined with pressure can 
increase the DS content up to 45%, which is much higher than that 
achieved by mechanical processes only (Xu et al., 2016). During 
pressure-driven electro-dewatering (EDW) process, the applied pressure 
reduces the pores volume and squeezes all the free water from sludge, 
while electro-osmosis enhances the surface adhesion of the sludge and 
induces the available water to migrate towards the cathode. EDW pro-
cess may be considered also as an alternative to thermal drying process 
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due to its lower energy consumption (Mahmoud et al., 2010). In fact, 
literature reported that EDW process can decrease the energy con-
sumption up to 25% to achieve a sludge dryness up to 60% (Barton et al., 
1999; Mahmoud et al., 2011). 

Considering sludge disposal routes, while the influence of mechani-
cal dewatering on the sludge characteristics has been widely studied, 
many related aspects are still unknown for the EDW process. For 
instance, there is a strong debate regarding the land application of 
sludge: extensive results about pathogenic contamination have already 
been reported (Bruce et al., 1990; Gerba and Smith, 2005) but relatively 
little literature is present in relation to EDW process. Moreover, the ef-
fect of EDW on the biological characteristics of treated sludge has not 
been investigated yet. In the European Union, 30% of sewage sludge is 
reused as fertilizer in agriculture (S�anchez et al., 2017). Therefore, since 
sludge disposal in agriculture may determine adverse effects caused by 
pathogens, with consequent human health risks, and nuisance odour 
problems, an assessment on the influence of EDW process on the 
viability of pathogens and biological stability is strongly needed (Huang 
et al., 2008; Yin et al., 2018). 

Besides, the presence of heavy metals in sludge should be considered 
to minimize health risks when disposed in agriculture. During the EDW 
process, electro-osmosis and electromigration are regarded as the main 
phenomena involving heavy metals, since Hþ ions are generated from 
water electrolysis and move from the anode to the cathode, where water 
is removed. The migration of protons causes a pH modification in the 
sludge cake profile, resulting in high acidity next to the anode and high 
alkalinity next to the cathode (Yoshida et al., 1999), and might allow 
dissolution of metals at the anodic side, from which they can migrate 
towards the negatively charged electrode. Some researchers studied the 
effect of EDW on the concentration of heavy metals in the sludge cake 
(Feng et al., 2014; Wang et al., 2005) but results were ambiguous and a 
definitive conclusion was not achieved (Tuan and Sillanp€a€a, 2010; Yuan 
and Weng, 2003). 

Furthermore, from an agronomic point of view, sludge can provide 
essential nutrients for plants, such as nitrogen, phosphorus, calcium, 
magnesium and potassium. These elements are present in large quanti-
ties whereas micro-elements, such as iron, copper, zinc and manganese 
are found in variable amounts (Bratina et al., 2016; Fri�st�ak et al., 2018). 
Therefore, the study of the influence of EDW process on the migration 
and possible separation of nutrients becomes essential when sludge is 
disposed in agriculture. 

By considering all these issues, a robust functional approach was 
carried out to assess the influence of the EDW process on sludge bio-
logical stability, pathogen availability, heavy metals concentration and 
nutrients content in relation to disposal in agriculture. Lab-scale EDW 
tests at various fixed electric potentials (5, 15 and 25 V) have been 
performed on thickened conditioned and mechanically dewatered 
sludge samples from two WWTPs. To evaluate biological stability, 
endogenous oxygen uptake rate (OURENDO) and exogenous oxygen up-
take rate (OUREXO) have been determined. Moreover, the presence of 
Escherichia coli and heavy metals, namely chromium (Cr), copper (Cu), 
nickel (Ni), lead (Pb) and zinc (Zn), has been measured. Finally, nutrient 
content was assessed by elemental analysis and X-ray photoelectron 
spectroscopy (XPS). 

2. Materials and methods 

2.1. Sludge samples and reagents 

Thickened unconditioned (TU) sludge samples were collected from 
two WWTPs located in the Milan metropolitan area, in Italy (Fig. 1). In 
addition, mechanically dewatered (MD) sludge was sampled after belt 
filter press in WWTP 1. After collection, sludge samples were stored at 4 
�C for less than five days before processing to keep their properties 
unaltered. 

Potassium dihydrogen phosphate (Carlo Erba), magnesium sulfate 
(Sigma Aldrich), sodium chloride (Merck), iron(III) sulfate hydrate 
(Carlo Erba), manganese sulfate monohydrate (Baker) and sodium bi-
carbonate (Carlo Erba) were used to prepare Winogradsky’s salt solution 
for OUR tests. Sodium acetate solution (Sigma Aldrich) was used as 
nutrient for bacteria during OUR test. Sulfuric acid (Sigma Aldrich) was 
used to stabilize the sludge at pH ¼ 2 before ICP-MS analyses. For 
pathogens quantification, peptone (Thomas Scientific) and sodium 
chloride (Sigma Aldrich) were used to prepare the maximum recovery 
diluent (MRD) and chromogenic agar (Scharlau Science Group Micro-
instant Chromogenic Coliforms Agar) was used as selective medium for 
the detection of E. coli. 

2.2. Sludge conditioning and characterization 

Thickened conditioned (TC) sludge samples were obtained by lab- 
scale jar tests (Fig. 1), in which the conditioning process at two 
WWTPs was simulated in order to study its effect on the EDW perfor-
mance. Polyamidic and high cationic polyelectrolyte (Praestol 645 BC) 
was used at a dosage of 6 and 10 g/kgDS, respectively. 

Initial DS amount, volatile solids to dry solids (VS/DS) ratio and 
capillary suction time (CST) were measured according to Standard 
Methods (APHA/AWWA/WEF, 2012). Electrical conductivity was 
monitored by a conductivity meter (B&C Electronics-C 125.2) and pH by 
a pH-meter (Metrohm 827 pH Lab). Conductivity and pH on mechani-
cally dewatered sludge samples were measured after a 1:10 dilution 
with tap water. Sludge samples were filtered under vacuum with a 
Whatman 42 filter cloth (2.5 μm pores size) and the zeta potential of the 
filtrate was determined by the instrument Malvern Zetameter ZS90. 

2.3. EDW tests 

The lab-scale setup for EDW tests was reported in a previous work by 
Visigalli et al. (2017)a,b. As shown in Fig. 1, the procedure of 
electro-dewatering tests on TC sludge samples can be summarized in 
three stages: (1) centrifugation in the laboratory at 4000 rpm for 5 min; 
(2) compression and filtration of 90 g centrifuged sludge in the device 
for 10 min, by applying a pressure of 300 kPa; (3) electric potential 
application at various fixed voltages (5, 15 and 25 V) for 25 min, keeping 
the pressure constant at 300 kPa. EDW tests on MD sludge were per-
formed with the same procedure, by pouring 55 g of sample directly in 
the device, without the preliminary centrifugation. At the end of the 

Abbreviations list 

AOP advanced oxidation process 
CFU colony forming units 
CST capillary suction time 
DO dissolved oxygen 
DS dry solid 
EDW electro-dewatering 
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EDW tests, final DS content and VS/DS ratio were measured by Standard 
Methods (APHA/AWWA/WEF, 2012). During the EDW tests, the weight 
of removed water and the electrical current values were recorded every 
minute. Each test has been carried out in triplicate, as all tests and an-
alyses reported in the following analyses, except for SEM, elemental and 
XPS. 

2.4. Surface morphology of sludge 

A scanning electron microscope (SEM, Hitachi S-4800) was used to 
observe the surface micro-morphology of the thickened conditioned 
sludge samples before and after the EDW process. 

2.5. OUR tests 

Sludge samples were diluted and mixed with Winogradsky’s salt 
solution (Sewalem et al., 2011) to get a final concentration of 8 gDS/L. 
The diluted suspension (500 mL) was poured in a 1 L-beaker, placed on a 
magnetic stirrer and aerated until oxygen saturation was achieved. 
During OUR tests, dissolved oxygen (DO) and pH were monitored by a 
Hach Lange HQ30D portable meter. Then, aeration was stopped and DO 
values started decreasing (endogenous oxygen uptake); after some 

minutes, 10 mL of sodium acetate were added to evaluate the exogenous 
oxygen uptake. OUR tests were stopped when DO reached values around 
2–3 mgO2/L. 

The OURENDO was computed as the slope of DO values vs. time curve 
from the point at which aeration was stopped until sodium acetate 
dosage. On the other hand, the OUREXO was calculated as the slope of the 
curve after sodium acetate addition until the end of the OUR test. Spe-
cific OUR (SOUR, in mgO2/gVSS/h) was determined by dividing OUR by 
the biomass concentration (expressed as volatile suspended solids, VSS). 

2.6. Microbial quantification 

E. coli enumeration in sludge was carried out by the membrane 
filtration procedure (Standing Committee of Analysts, 2003). Briefly, 
peptone (1 g) and sodium chloride (8.5 g) were dosed to prepare the 
maximum recovery diluent (MRD), which was autoclaved for 20 min at 
121 �C. The sludge sample was diluted (1:10) with the MRD and the 
solution was homogenized by orbital shaking for 1 h at 160 � 20 rpm. 
The required volume of diluted sample was filtered on a membrane that 
was later transferred to the Petri dish containing chromogenic agar. 
Petri dishes were incubated at 44 �C for 24 h and the blue-violet col-
onies, corresponding to E. coli, were counted to estimate the colony 

Fig. 1. Flow chart for the structure of the research work.  
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forming units (CFU) per unit of volume. 

2.7. Heavy metals 

The presence of Cu, Ni, Pb and Zn was measured according to UNI EN 
ISO 17294–1: 2007 method, while Cr according to APAT IRSA 
3150B1:2003 method. Analyses were performed by inductively coupled 
plasma mass spectroscopy (ICP-MS, Agilent Technologies 7700). 

2.8. Elemental and XPS analyses 

Sludge elemental composition and carbon, nitrogen and sulfur con-
tents were determined by elemental analyzer (Thermo Fisher Scientific 
Flash 2000). Phosphorous concentration was measured by XPS (Thermo 
Fisher Scientific ESCALAB 250Xi). To recognize surface functional 
groups, XPS was used in an energy range between 0 and 1200 eV. 

3. Results and discussion 

3.1. Sludge characteristics 

Table 1 lists main characteristics of sludge samples collected from 
two WWTPs. According to Table 1, the DS content of TC samples 
decreased slightly from the initial value of TU sludge as polyelectrolyte 
was added for sludge conditioning. Simultaneously, CST decreased and 
zeta potential increased after conditioning. These results evidence the 
occurrence of sludge flocculation, resulting in an improvement of sludge 
filterability. 

3.2. EDW tests 

TC samples from two WWTPs and mechanically dewatered (MD) 
sludge from WWTP 1 were tested by EDW. Fig. 2 shows the DS content of 
sludge samples after EDW. 

The DS content of TC samples from WWTP 1 increased from 3.0% to 
20.4%, 30.8% and 42.2% at 5, 15 and 25 V, respectively, whereas that of 
sludge from WWTP 2 increased from 3.4% to 25.9%, 40.3%, and 44.3%. 
In general, TC sludge from WWTP 2 showed better EDW performance at 
5 and 15 V, but the process saturated at 25 V, due to the high electrical 
resistance of sludge cakes, with a final DS content similar for the two 
types of sludge. Indeed, as described in Visigalli et al. (2017)a,b, as soon 
as the sludge cake has formed and a significant amount of free water has 
been removed, electrical resistance starts rising, currents decrease, and 
the water removal slows down. The DS content of MD sludge from 
WWTP 1 reached a final dryness of 31.3% at 15 V and 43.9% at 25 V. 
These results showed that the electric field application directly coupled 
with mechanical compression can lead to a considerable reduction of 
sludge moisture content (Mahmoud et al., 2018). 

3.3. Surface morphology of sludge 

SEM was used to study surface morphology on sludge samples before 
and after EDW at 15 and 25 V. In Fig. 3a and d, the morphology of TC 
samples from WWTP 1 and 2 is shown. Fig. 3b and e shows SEM images 
after EDW at 15 V. Similarly, Fig. 3c and f shows SEM images after EDW 

at 25 V: different sizes of pores and sludge particles were observed. It 
was evidenced that sludge morphology changed after EDW with respect 
to TC samples, generating smaller pores and a more compact structure, 
with particles isolated from each other (Feng et al., 2014). 

Since MD sludge from WWTP 1 had an initial DS content of about 
22%, the sludge structure was compact, with big particles and few pores 
(Fig. 3g). After EDW, as shown in Fig. 3h and i, particles remained 
compact but had smaller sizes, due to water separation. 

In raw sludge, SEM morphology showed the presence of larger par-
ticles with flaky surface. When EDW was applied with external pressure, 
sludge particles were broken (Yang and Lin, 2017). When subjected to 
an electric field, a transmembrane potential might have been induced by 
the presence of opposite charges on either side of the cell membrane of 
microorganisms. This may have caused a compression of the cell 
membrane itself due to the attraction between these opposite charges, 
causing irreversible electroporation and disrupting the cells. Moreover, 
the increase of temperature due to Joule effect may also have acceler-
ated the rupture of the cells, releasing the cytoplasm (Feng et al., 2014). 

Therefore, the electric potential allowed to remove free water and 
part of the interstitial water from the sludge. The breakdown of particles 
and the consequent water removal were essential to increase the final DS 
content in sludge. However, these phenomena may have involved not 
only the water, but also elements and ions in the sludge cake and dis-
solved in water. 

3.4. OUR tests 

Fig. 4a shows the OUR curves for sludge samples from WWTP 1 after 
conditioning (TC) and after EDW tests. Initial DO was around 7.2–8.0 
mg/L and, when aeration was stopped, the DO of TC sample decreased 
down to 6.8 mg/L. At this point, sodium acetate was added and DO 
values decreased at higher rate: the rate of exogenous phase was 
evidently higher than that achieved in the endogenous phase. On the 
other hand, considering the endogenous phase of samples after EDW, the 
slope of DO vs. time curves increased with applied electric potential. On 
the contrary, after the addition of sodium acetate, the slope of curves for 
samples after EDW at 15 and 25 V did not show any relevant variation 
with respect to the endogenous phase. The same behavior has been 
observed for TC samples from WWTP 2 and MD sludge from WWTP 1 
(Fig. 4b and c). 

Fig. 5 shows average endogenous and exogenous SOUR values of the 
sludge samples, collected before and after EDW tests. Regarding sludge 
from WWTP 1, endogenous SOUR increased from 2.3 mgO2/gVSS/h for 
TC sample to 3.8 mgO2/gVSS/h after EDW test at 25 V. On the other 
hand, exogenous SOUR decreased of 90%, as the value reduced from 
10.4 mgO2/gVSS/h to 1.7 mgO2/gVSS/h. As regards sludge from WWTP 
2, endogenous SOUR increased from 1.1 mgO2/gVSS/h up to 1.9 and 2.5 
mgO2/gVSS/h after EDW at 15 and 25 V, while the exogenous SOUR 
decreased from 1.6 mgO2/gVSS/h down to 0.6 mgO2/gVSS/h, meaning 
a 62.5% reduction with respect to raw sludge. Conversely, considering 
the MD sample from WWTP 1, endogenous SOUR gradually increased 
from 1.3 mgO2/gVSS/h up to 4.0 mgO2/gVSS/h after EDW at 25 V, 
while exogenous SOUR decreased of 63.2%, as the initial content 
dropped from 9.8 mgO2/gVSS/h to 3.6 mgO2/gVSS/h. 

For all sludge samples, endogenous SOUR increased with the electric 

Table 1 
Main characteristics of sludge samples (mean � st.dev.) collected from two WWTPs.  

WWTP No. ID Polymer dosage DS VS/DS CST Conductivity pH Zeta potential 

g/kgDS wt% wt% s mS/cm – mV 

1 TU 0.0 2.8 � 1.18 63.2 � 6.66 19.9 � 6.52 1.1 � 0.39 7.0 � 0.30 � 11.1 � 1.50 
TC 6.0 2.5 � 0.27 66.9 � 6.19 10.7 � 2.36 1.3 � 0.11 6.8 � 0.28 � 9.3 � 0.85 
MD 5.3 18.4 � 1.84 65.3 � 5.48 – 1.2 � 0.26 6.6 � 0.39 – 

2 TU 0.0 3.5 � 0.19 60.2 � 2.11 131.2 � 45.30 4.7 � 0.77 7.2 � 0.20 � 11.8 � 0.98 
TC 10.0 3.3 � 0.70 59.5 � 2.29 25.7 � 18.57 4.6 � 0.75 7.4 � 0.40 � 8.7 � 0.76  
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potential applied during EDW tests, while exogenous SOUR tended to 
decrease. It can be assumed that, by applying an electric potential of 15 
and 25 V, the active biomass was reduced due to a significant temper-
ature rise, resulting from ohmic heating (Ibeid et al., 2013), while 
substrates and enzymes were released in the sludge due to hydrolysis of 
dead cells. Indeed, higher is the electric potential applied, greater is the 

increase in the electrical resistance due to a faster removal of free water 
from the sludge cake. This enhances the ohmic effect, with higher 
temperatures at higher applied voltages, which in turn increases the 
extent of bacteria inactivation. Therefore, the increase in the endoge-
nous SOUR after the EDW was caused by the greater availability of 
biodegradable organic carbon, which became food for the viable 

Fig. 2. DS content of TC and MD sludge samples taken from WWTP 1 and WWTP 2 before and after EDW tests at various electric potentials (5, 15 and 25 V).  

Fig. 3. SEM images (2,500x) of sludge. Samples from WWTP 1: (a) Raw TC, (b) TC after EDW at 15 V and (c) TC after EDW at 25 V, (g) Raw MD, (h) MD after EDW at 
15 V and (i) MD after EDW at 25 V. Samples from WWTP 2: (d) Raw TC, (e) TC after EDW at 15 V and (f) TC after EDW at 25 V. 
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bacteria and increased their respiration rate. However, the overall viable 
biomass decreased. Exogenous SOUR was significantly reduced after 
EDW at 15 V and 25 V, meaning that OUR of bacteria was not affected by 
the addition of external carbon. A possible explanation might be that the 
remaining viable bacteria were already oversaturated by carbon source 
released from dead cells. Moreover, Sha et al. (2019) reported that EDW 
tests at high voltage (e.g. 40–60 V) can decrease SOUR by creating 
cracking in microorganism structure and releasing organic content. On 
the other hand, after EDW at 20 V, SOUR increased of 8.7% due to the 

relatively low current values that can boost up bacterial activity, as in 
Millanar-Marfa et al. (2018). Therefore, the application of an electric 
potential at 5 V (Fig. 5) did not significantly affect sludge biological 
stability. 

By comparing TC samples from two WWTPs, the anaerobically sta-
bilized sludge (WWTP 2) had lower initial biological activity with 
respect to aerobically stabilized one (WWTP 1), indicating a better sta-
bilization during the preliminary treatment phase. Indeed, TC sludge 
from WWTP 2 had a total SOUR of 2.6 mgO2/gVSS/h, much lower than 

Fig. 4. Results of OUR tests for different types of sludge: (a) TC from WWTP 1, (b) TC from WWTP 2, (c) MD from WWTP 1. X shows the time at which sodium 
acetate was added. 

Fig. 5. SOUR for different sludge samples (TC from WWTP 1, TC from WWTP 2, MD from WWTP 1) before and after EDW tests at various electric potentials (5, 15 
and 25 V). Endogenous and exogenous SOUR values are reported respectively as solid and patterned bars. 
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that of samples from WWTP 1, namely 12.7 mgO2/gVSS/h for TC and 
11.1 mgO2/gVSS/h for MD sludge. Their endogenous SOUR changed 
similarly after EDW tests, while the reduction in exogenous SOUR was 
more evident for WWTP 1, probably indicating a bigger stress caused by 
EDW to bacteria. TC and MD samples taken from WWTP 1 had similar 
endogenous and exogenous SOUR, meaning that mechanical stress was 
not sufficient to modify biological activity of bacteria. This was 
confirmed also by comparing raw samples and sludge after EDW at 5 V, 
which had similar SOUR values. Indeed, at 5 V the dewatering efficiency 
was mainly related to the compression phase due to the low current 
densities developed during the process and the ohmic effect was 
negligible. 

Besides, sludge can be considered stabilized if the total SOUR is as 
low as 1 mgO2/gDS/h (Kazimierczak, 2012), while aerobically stabi-
lized sludge can be categorized as ‘class A biosolids’ only if the SOUR 
value is lower than 1.5 mgO2/gDS/h (US EPA, 1992). In this work, 
SOUR values after EDW tests ranged from 1.4 to 7.2 mgO2/gDS/h, 
evidencing that the EDW process was not fully efficient in stabilizing 
sludge under applied conditions. However, to understand the effect of 
the electric field on the viability of microorganisms, a deeper insight on 
the presence of bacteria in the cake after EDW needs to be carried out. 

3.5. Presence of pathogens in the sludge before and after EDW 

The quantification of microorganisms in sludge samples before and 
after EDW can be used as a useful indicator to assess the reduction of 
pathogenic contamination due to EDW (Winfield and Groisman, 2003). 
As observed from OUR tests, the biological activity on samples taken 
after EDW at 5 V was similar to that measured on TC sludge. For this 
reason, the presence of E. coli was determined only after EDW at 15 and 
25 V, where the effect of EDW process was evident (Fig. 6). 

The highest values of E. coli were found in TC sludge from WWTP 1, 
about 1.61 � 103 CFU/gDS, whereas TC sludge from WWTP 2 and MD 
sludge from WWTP 1 had concentrations of 1.47 � 103 and 1.27 � 103 

CFU/gDS, respectively. The presence of E. coli in sewage sludge has been 
reported widely in literature. For example, the presence in an Austrian 
WWTP was reported as 8.5 � 105 CFU/gDS (Reinthaler et al., 2010). 
Cooper et al. (2010) reported that anaerobically stabilized sludge, on 
average, had E. coli concentrations around 1.0 � 104 CFU/gDS, much 
lower than raw sludge samples that had concentrations of 3.2 � 106 

CFU/gDS. Moreover, centrifuge dewatering of anaerobically digested 
sludge evidenced a significant increase in the E. coli content with respect 
to the same sample before dewatering. Therefore, the initial E. coli 
concentrations in the studied sludge samples were one or more orders of 

magnitude lower than the values commonly found in literature. 
After EDW tests at 15 and 25 V, E. coli concentration dropped by 1–2 

orders of magnitude. E. coli in TC sludge from WWTP 1 decreased of 1.0 
and 1.7 log units after EDW tests at 15 and 25 V, whereas for WWTP 2 
the E. coli concentration was reduced of 1.1 and 2.3 log units at 15 and 
25 V, respectively. Therefore, the decrease in E. coli concentration in the 
sludge after EDW tests at 15 and 25 V evidenced the effect of EDW 
process in reducing the pathogens in both aerobically and anaerobically 
treated sludge samples. As already discussed, the increase of the tem-
perature in sludge cake after EDW at 15 and 25 V might be a reason for 
the lower residual microbial presence in sludge (Yin et al., 2018). 
Indeed, Navab-Daneshmand et al. (2012) found that oxidants produced 
by electrochemical reactions and the extreme pH were secondary fac-
tors, while the high temperature arising from Joule heating was the 
main cause for inactivation of total coliforms and E. coli by EDW. 

Therefore, the application of an electric field not only increases the 
DS content of sludge, making it suitable for incineration without pre-
liminary thermal treatments (Visigalli et al., 2017b), but also has the 
side effect of reducing the concentration of E. coli in sludge. The 
reduction in the viable number of pathogens due to EDW may be helpful 
in reducing the biological hazard when the sludge is applied to agri-
cultural land. Moreover, also environmental conditions can have a 
considerable effect on microorganisms when the sludge is used in agri-
culture. For example, the pathogen concentration may be furtherly 
reduced when soil is hot and dry, its pH is low or with the influence of 
ultraviolet irradiation (Andreoli et al., 2007). 

3.6. Heavy metals 

As already introduced, in the EDW process the highly acidic pH 
developed in proximity of the anode leads to cations dissolution that 
may then migrate towards the cathode and be removed together with 
the filtrate (Feng et al., 2014). Among these cations, heavy metals 
should be considered in order to evaluate if the EDW process has an 
effect on their concentration in sludge. 

Table S1 in Supplementary material reports the concentrations of 
heavy metals in sludge before and after EDW tests at 15 and 25 V. Also in 
this case, only these electric potentials were investigated as a conse-
quence of results obtained for OUR tests, indicating that EDW did not 
influenced relevantly the sludge at 5 V. No significant results were 
observed in heavy metals transfer from sludge to the separated liquid 
phase. 

One of the hindering factors for metals removal may be ascribed to 
the development of a highly alkaline pH at the cathode, which makes the 

Fig. 6. E. coli quantification for different sludge samples (WWTP 1 - TC and WWTP 2 - TC) before and after EDW tests at various electric potentials (15 and 25 V).  
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cations to precipitate as hydroxides and slows down their electro-
migration. Virkutyte et al. (2002) reported that if pH is below 4.5 then 
the metal hydroxide precipitation was minimal. Wang et al. (2005) 
showed that metal removal could be enhanced by sludge acidification 
around pH 2 at the cathode: removal efficiencies of 68% for Cr, 95% for 
Zn, 96% for Cu, for 90% Ni and 19% for Pb were observed. 

However, in spite of scarce metal removal efficiency (Table S1), 
heavy metals in sludge samples were always lower than the maximum 
threshold allowed for agricultural use of sludge (Council of European 
Communities, 1986). Therefore, sludge taken after the EDW process was 
acceptable for use as biosolid in agricultural land, public contact sites 
and forest. 

3.7. Elemental and XPS analyses 

Sludge can be used as an organic supplement instead of compost 
thanks to the significant amount of substrates that allows soil enrich-
ment with nitrogen, phosphorus, calcium, magnesium, potassium and 
other nutrients (Zaman et al., 2002). It is worth to notice that the 
bioavailability of elements in soil can be affected by the source of the 
biological waste, its character, composition and processing (Hudcov�a 
et al., 2019). Therefore, it is important to investigate the influence of 
EDW, which may cause electromigration of nutrients outside the cakes, 
on the elemental content of sludge. The concentrations of carbon, ni-
trogen, sulfur and phosphorus in sludge samples before and after EDW 
are shown in Table 2. 

Carbon represents the energy source for composting. Here, the con-
centration of carbon in sludge samples ranged from 28.2% to 31.0% for 
sludge samples from WWTP 1 and from 33.7% to 34.5% for sludge 
samples from WWTP 2, without remarkable influence by the EDW. 

The concentration of nitrogen in TC and MD samples from the two 
WWTPs ranged from 3.5% to 4.6%, with lower values for sludge from 
WWTP 2. After EDW, the amount of nitrogen was similar to that of raw 
samples, evidencing that the application of the electric field did not 
affect its concentrations in sludge. Nitrogen is necessary for the protein 
synthesis and can be regarded as a top priority nutrient for soil and 
plants, which generally need concentrations of 3–4% (Andreoli et al., 
2007). 

In general, a C-range of 22–30% and a N-range of 1–4% are regarded 
as ideal contents for disposal of sludge in agriculture (Andreoli et al., 
2007; Van Oorschot et al., 2000). Therefore, the sludge samples studied 
in this work, even after the application of the electric field, resulted to be 
suitable to be used as a fertilizer for plants. 

EDW did not result in a noticeable effect on sulfur concentration in 
TC sludge samples but had a slight influence in the reduction of sulfur 
amount for MD sludge from WWTP 1. Sulfur belongs to the secondary 
nutrient category, but it is important in the formation of several proteins 
and activation of enzymes. However, an excessive concentration can be 
toxic for the crops, since it can reduce soil pH (J€arvensivu, 2015). 

Phosphorus, together with nitrogen, is one of the most important 
nutrients for plant growth. XPS analysis were performed to measure its 
concentration before and after EDW process (Supplementary Material, 
Fig. S1 and Fig. S2). The content of phosphorus in sludge samples from 
WWTP 1 ranged from 1.8% to 2.4%, without any significant correlation 

to EDW. These results evidenced that no significant reduction in phos-
phorus content was found after the application of the EDW. 

In conclusion, elemental analysis and XPS assessed that EDW does 
not affect the concentration of nutrients and that the studied sludge 
samples may be used as fertilizer in agriculture, similarly and with the 
same advantages of sludge not treated by EDW. 

3.8. Future developments 

The effect of EDW on pathogen viability, biological stability and 
concentration of heavy metals and nutrients should be further assessed 
by considering a larger number of WWTPs. In order to limit the release 
of organic carbon and enzymes during the EDW process, a further 
assessment of operating conditions, in terms of voltage and process 
duration, on sludge biological activity needs to be further studied. For 
example, the application of an additional stabilization treatment after 
EDW can be assessed. Moreover, in current experiments, heavy metals 
removal was probably hindered by their precipitation as hydroxides 
nearby the cathode. Electromigration of heavy metals and their removal 
may be encouraged by applying polarity reversal of the electrodes or by 
acidification of the sludge cake. 

4. Conclusion 

EDW treatment was studied on different types of sludge to assess the 
influence on relevant indicators for disposal in agriculture. The overall 
presence of bacteria in sludge decreased, as evidenced by the reduction 
in exogenous SOUR, while endogenous SOUR increase indicates that the 
overall biological activity is higher, although resulting from a smaller 
bacterial population. Indeed, E. coli concentration reduced by 1–2 log 
units after EDW at 15 and 25 V, respectively. Conversely, the concen-
tration of heavy metals in sludge was scarcely affected by EDW. More-
over, the EDW process did not affect the concentration of nutrients (e.g. 
carbon, nitrogen, phosphorus and sulfur) in sludge, which can be used as 
fertilizer for plant growth. 

In conclusion, the EDW process not only may lower the disposal costs 
of sludge, by increasing its DS content, but it also allows the reduction of 
viable pathogens before spreading sludge on agricultural land. However, 
as a side effect, the application of EDW may reduce sludge biological 
stability due to the release of organic carbon and enzymes from dead 
cells. 
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 9 

Abstract:  Wastewater treatment plants are increasingly interested in adopting inorganic coagu- 10 

lants and organic flocculants in their sludge treatment process since sludge disposal costs more than 11 

half of the overall operational costs. This study synthesized poly titanium sulfate (PTS) by different 12 

molar ratios and used the best one with cellulose-based flocculants for sludge conditioning. PTS 13 

synthesized with a 1:2 molar ratio showed the lowest capillary suction time (CST) of sludge and was 14 

selected for further studies with cellulose-based flocculants. As bio-based flocculants have gained 15 

popularity due to current environmental problems, cationized cellulose-based flocculants (Ce-CTA) 16 

were used in this work with or without PTS for sludge treatment. After coagulation-floccualtion, 17 

dewaterability of sludge enhanced and Lowry and Anthrone method was used to asses proteins 18 

and polysaccharides. Besides, metal content and nutrients such as total phosphorus, phosphate, and 19 

nitrate measured by ICP-OES and IC, and we found promising results of phosphate especially in 20 

pH 3. In addition, PTS treated sludge materials also showed catalytic behavior, suggesting a new 21 

research avenue for future development. Based on this study, the PTS+Ce-CTA combination is 22 

promising for sludge treatment and nutrient recovery, along with the possibility for the further 23 

valorization of the sludge materials. 24 

 25 

Keywords: Polytitanium sulfate; cellulose-based flocculants; coagulation; flocculation; dewaterabil- 26 

ity; phosphate; nitrate; heavy metals 27 

 28 

1. Introduction 29 

Traditional activated sludge process of municipal wastewater produces a substantial 30 

amount of waste activated sludge (WAS), which is regarded as a carbon- and nutrient- 31 

rich end product. Anaerobic digestion is now mostly utilized to stabilize the WAS, giving 32 

benefit such as biogas production, pathogen removal and odor reduction. However, sus- 33 

tainable management of anaerobically digested sludge (ADS) is one of the most pressing 34 

concerns in wastewater treatment facilities due to the complex physicochemical charac- 35 

teristics of ADS, the expenses involved with sludge dewatering and stringent environ- 36 

mental regulations for final disposal [1,2]. ADS is a water- and nutrient- rich sludge in 37 

which water is attached to the solid particles and cannot be effectively removed using 38 

conventional physical processes, such as press filtration or centrifugation leads to signifi- 39 

cant drying costs. In addition, extracellular polymeric substances (EPS), which consists of 40 

several high molecular weight biopolymers, allow water molecules to be entrapped and 41 

effect sludge dewaterability [3,4]. 42 
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It has been demonstrated that high-performance dewatering is an effective way for 43 

reducing sludge volume, hence reducing transportation and disposal costs. Precondition- 44 

ing using an inorganic coagulant (Fe or Al salt) or a synthetic polyelectrolyte such as pol- 45 

yacrylamide, followed by centrifugation or pressing, is the typical method for sludge de- 46 

watering [5]. Aside from sludge properties, the dewatering efficiency mostly depends on 47 

the type of solid-liquid separation equipment and sludge pre-conditioning techniques. 48 

The researchers have thus evaluated numerous preconditioning approaches, such as ul- 49 

trasonic conditioning [6], thermal treatment, freezing and thawing, addition of porous 50 

materials or the addition of chemicals including acids, bases, surfactants, oxidants and 51 

skeleton builders [7]. However, coagulant-flocculant based sludge preconditioning is one 52 

of the most extensively utilized approaches in terms of costs and efficiency in large scale 53 

application. In coagulation-flocculation process, small colloidal particles in the sludge 54 

form large flocs by neutralizing their charges and creating a path for smaller particles to 55 

cross from one side of the sludge to the other, increasing sedimentation and dewatering 56 

output and reducing the sludge settling time [8–10]. 57 

Due to their low cost, aluminum and iron salts are extensively utilized as coagulants. 58 

However, Al/Fe coagulants have several downsides, such as small floc size, long sedimen- 59 

tation duration, and creation of unpleasant color and odor in the effluent. Non-toxic and 60 

efficient alternative for Al/Fe coagulants is titanium salt-based coagulant,  which pro- 61 

vides coagulated effluents with lower metal concentrations [11]. However, a significant 62 

knowledge gap exists in the application of Ti-based coagulants for sludge dewatering [12]. 63 

In addition, by high temperature pyrolysis, residuals from titanium salt coagulation may 64 

be transformed into carbon-supported TiO₂ materials [13,14]. 65 

In addition to inorganic coagulants, organic polymeric flocculants are now being 66 

practiced as new sludge preconditioning techniques. Polysaccharide-based flocculants are 67 

favored because they are both affordable and environmentally friendly. Some physi- 68 

cal/chemical modifications, such as etherification and graft polymerization, can also im- 69 

prove flocculation performance [15,16]. Cellulose, a polymer made of long chains of pol- 70 

ysaccharides, shows potential as a flocculant due to its biodegradable properties and its 71 

repeated blocks of D-glucose. Cellulose is obtainable from various sources such as cotton 72 

fibers, wood fibers, bamboo, grass, algae, and bacteria. Furthermore, it has better water 73 

purification qualities due to the presence of free -OH groups on the chain, enabling it to 74 

remove organic matter and metal ions efficiently. Besides, cellulose reactivity can be in- 75 

creased for example by alkalization with NaOH or cationization with CHPTAC (3-chloor- 76 

2-hydroxypropyl trimethylammonium chloride) [17].  77 

In addition to dewatering performance, behavior of heavy metals and other resources 78 

(e.g., phosphorus) after coagulation/flocculation have become an important aspect. Ida 79 

and Eva [18] identified coagulation-flocculation as one of  the most promising methods 80 

for heavy metal recovery during or right after primary settling though it had less impact 81 

on Ni removal. Besides, both inorganic and organic forms of phosphorus can be found in 82 

water. Different treatment techniques (crystallization, precipitation, ion exchange, etc.) 83 

have been used for inorganic phosphorus removal [19–21] but traditional techniques are 84 

not well-suited for organic phosphates due to their unique structures. Natural polymers 85 

for phosphorus removal have not been extensively studied, but it was shown that adding 86 

a starch-based flocculant with FeCl3 may save one-third of the total cost of pre-treatment 87 

while 90% of total phosphorus was reduced [20].  88 

So far, no research has been reported on the treatment of ADS using polytitanium 89 

sulfate coagulants and cellulose-based polymeric flocculants. Therefore, in this study, 90 

poly titanium sulfate coagulants and cellulose-based flocculants were synthesized and 91 

used for the treatment of digested sludge. Efficiency of the treatment was verified by de- 92 

termining SVI and dewaterability and analyzing nutrient and metal concentrations in the 93 

supernatant. Finally, Ti-coagulated residual material was pyrolized and investigated for 94 

tetracycline removal under UV radiation to check the photocatalytic activity at different 95 

pH range. 96 
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Figure 1. Flow chart of coagulation-flocculation treatment of sludge materials. 98 

2. Materials and Methods 99 

2.1. Materials 100 

Cellulose (microcrystalline powder) was obtained from Merck (Sigma Aldrich), and 101 

3-chloro-2-hydroxypropyl trimethyl ammonium chloride (CTA, with 65 wt% in water, 102 

Sigma Aldrich), ethanol (ETAX AA, 99.5%, ALTIA Oyj), and acetone (Sigma Aldrich) were 103 

used for cellulose modification. Sodium hydroxide and hydrochloric acid were of analyt- 104 

ical grade and purchased from Sigma Aldrich and used to control pH. Titanium sulfate 105 

(Fisher Scientific) was used for polytitanium sulfate preparation. Oxytetracycline hydro- 106 

chloride (Merck, Sigma Aldrich) was used in degradation studies to assess photocatalytic 107 

activity of sludge.  108 

Anaerobically digested sludge was collected from the local WWTP, Mikkeli, Finland, 109 

and after collection, sludge samples were stored at 4⁰C for less than five days before pro- 110 

cessing to keep their properties unaltered. 111 

2.2. Cationic cellulose and Polytitanium sulfate preparation and characterization 112 

Cationic cellulose (Cat-Ce) was obtained by etherification through the same proce- 113 

dure described by Wei et al., 2018 for starch-based flocculant. CTA was considered as 114 

etherifying agent and cationic cellulose prepared by adding 1:1 mass ratio of cellulose: 115 

CTA . The molecular structures of the Cat-Ce sample were characterized using Fourier 116 

transform infrared spectroscopy (FTIR, Perkin Elmer Frontier ATR module) and the FTIR 117 

spectra are depicted in supporting information Figs. S1(a).  118 

Polytitanium sulfate (PTS) was made by slowly adding 200.0 g/L NaOH solution 119 

(pre-determined amount, flow rate of 0.5 mL/min) into titanium sulfate solution (15% so- 120 

lution, ρ = 1.36 g/mL, Fisher Scientific). A magnetic stirrer was used to maintain a mixing 121 

speed of 700–800 rpm. During the process, the following OH/Ti molar ratio values were 122 

chosen: 1:1, 1:2, 1:3, 1:4, and 1:5 and the resultant samples were designated as PTS01, 123 

PTS02, PTS03, PTS04 and PTS05.  124 

2.3. Sludge conditioning 125 
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Sludge samples (500 mL) were conditioned with coagulants/flocculants using a pro- 126 

gram-controlled paddle apparatus (Stuart, SW6, Cole-Parmer Ltd.) with six beakers. Con- 127 

ditioning was done by 1% dosage of coagulant/flocculant as follows: rapid mixing at 250 128 

rpm for 2 mins, followed by slow mixing at 50 rpm for 5 mins for each conditioner (this 129 

procedure would be conducted twice if two conditioners were used successively) and 30 130 

mins of standing time. Finally, the methods described below were used to measure the 131 

sludge volume index (SVI), heavy metals, nutrients, and EPS characteristics.  132 

2.4. Sludge volume index (SVI) 133 

Sludge Volume Index (SVI) was calculated to measure settleability after coagulation. 134 

This test followed the standard procedures [23]. An Imhoff 1L graduated cylinder was 135 

used for the SVI sludge settling test. The best treatment efficiencies were defined based 136 

on the SVI tests. A 30-minute settling time was used to measure the settled sludge volume 137 

after adding a coagulant to a jar test setup and the settled sludge volume was also moni- 138 

tored after 60 min.  139 

2.5. CST measurement of sludge after PTS treatment 140 

The capillary suction time (CST) test is a commonly used method to measure the fil- 141 

terability and the easiness of removing moisture from slurry and sludge in numerous en- 142 

vironmental and industrial applications. Here, the CST of sludge analyzed by CST 304M 143 

to check sludge filterability after coagulation-flocculation.  144 

2.6. EPS extraction 145 

Refined extraction methods were used to extract the two types of polymers (TB-EPS 146 

and LB-EPS) found in the sludge materials. Sludge samples were first centrifuged at 4°C 147 

and 4000g for 10 minutes and then vortexed with 0.5% NaCl and centrifuged again. Sam- 148 

ples were sonicated (3-4 minutes) and sonicated samples then centrifuged again at 4000g 149 

for 12 minutes. The supernatant was filtered through a 0.45 m polypropylene (PP) filter, 150 

and LB-EPS analyzed. 0.05% NaCl was added to the corresponding solution using vortex 151 

and held at 60⁰C for 30 minutes. In the final step, the supernatant was passed through the 152 

0.45 m PP filter and TB-EPS measured. Polysaccharides and proteins are present in every 153 

sample fraction [24,25]. We used the Lowry method to analyze proteins in bovine serum 154 

albumin. Polysaccharide levels were measured using glucose as a reference standard us- 155 

ing the Anthrone method [26]. For greater precision, each experiment was conducted 156 

three times.  157 

2.7. Heavy metal and phosphorus assessment 158 

Three different pH controlled here as it is proved by different researchers that, high 159 

phosphate release observed mainly in acidic and alkaline pH [27]. So, total ten samples 160 

were taken for the analysis and pH 3, 6, and 9 were maintained for PTS and Ce-CTA treat- 161 

ment. PTS, Ce-CTA, and PTS+Ce-CTA  treatments were conducted and samples re- 162 

garded as sample-1 (pH-3, PTS treatment), sample-2 (pH-3, Ce-CTA treatment), sample-3 163 

(pH 3, PTS+Ce-CTA), sample-4 (pH-6, PTS treatment), sample-5 (pH-6, Ce-CTA treat- 164 

ment), sample-6 (pH 6, PTS+Ce-CTA), sample-7 (pH-9, PTS treatment), sample-8 (pH-9, 165 

Ce-CTA treatment) and sample-9 (pH 9, PTS+Ce-CTA). The presence of Cu, Ni, Pb, Cr, Zn 166 

and P was analyzed by inductively coupled plasma optical emission spectrometer (Ag- 167 

ilent Technologies ICP-OES 5110). Phosphate concentration was also analyzed by ion 168 

chromatography (Schimadzu, Shodex IC SI-50 4E) from the supernatant. 169 

2.8. Sludge pyrolysis and photocatalytic activity assessment 170 

For photocatalytic activity testing, the sludge sample after PTS treatment was dried 171 

in an oven at 105°C for 12 h, and then the unmodified sludge samples were recorded as 172 

sludge raw. A tube furnace (Carbolite Gero 30–3000°C) with a N2 atmosphere was used 173 
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to pyrolyze the modified sludge samples for an hour at 300°C. By maintaining a heating 174 

rate of 5 °C/min, this pyrolyzed sludge sample was allowed to be cooled to room temper- 175 

ature naturally.  176 

A certain amount of dried sludge (after PTS treatment) and pyrolyzed sludge photo- 177 

catalyst was assessed by a certain concentration of tetracycline solution (1 g/L) and stirred 178 

under UV for 4h to ensure the tetracycline degradation fully. The clear liquid was ana- 179 

lyzed by a spectrophotometer with time interval to check the photocatalytic efficiency of 180 

dried and pyrolyzed sludge. In order to eliminate the effect of temperature on the exper- 181 

iment, the reaction temperature was maintained at 25 °C.  182 

2.9. XRD and FTIR analysis 183 

In order to recognize the materials available in sludge, XRD and FTIR were used. 184 

XRD analysis was conducted with Bruker D8 Advance diffractometer with Cu Kα irradi- 185 

ation and FTIR with Perkin Elmer Frontier with a universal ATR module (Diamond crys- 186 

tal). 187 

3. Results and discussion 188 

3.1. Sludge treatment with PTS and Ce-CTA 189 

Sludge was assessed by different molar ratios of PTS (PTS 01 to PTS 05) and the ca- 190 

pillary suction time (CST) of sludge investigated to check the best PTS coagulant for fur- 191 

ther treatment with synthesized Ce-CTA.  192 

1:2 molar ratio of PTS (as PTS 02) was proven to be the most effective coagulant for 193 

sludge treatment in neutral pH and selected for further treatment with Ce-CTA. PTS02 194 

treated sludge’s CST decreased maximum 30-35%, which is a promising result for filtera- 195 

bility and dewaterability enhancement of sludge. Zeta potential also scientifically proven 196 

to understand the floc formation as cationic coagulants are more promising for anionic 197 

sludge (zeta potential of sludge in range -8 to -12 mV) [28]. From the synthesized different 198 

molar ratios of PTS, only PTS02 showed cationic zeta potential (+1.48 mV). We can see 199 

PTS02 showed better performance (by considering CST) than PTS03 or PTS04. These re- 200 

sults agreed with Huang et al. [29] and zeta potential decreased here in accordance with a 201 

higher OH/Ti molar ratio. 202 

Further, PTS02 and Ce-CTA were evaluated in jar test and SVI were measured to 203 

analyze the settleability rate of sludge materials after jar tests. SVI is a critical variable in 204 

the sedimentation of particulate matter, and it denotes a volume (in milliliters) occupied 205 

by a gram of sludge after 30 minutes of settling. PTS, Ce-CTA, and PTS + Ce-CTA showed 206 

SVI values of 23.5, 55.5, and 20.7 ml/g for sludge samples with neutral pH. Sludge that has 207 

a high SVI indicates that it has a low tendency to settle under gravity. As a result, in the 208 

settleability test, the sludge compacts poorly and settles slowly at high SVI. Difficulty in 209 

faster settlement is usually indicated by SVI nearly 80 [30]. SVI is calculated based on be- 210 

low equation: 211 

𝑆𝑉𝐼
𝑚𝐿

𝑔
=

𝑆𝑒𝑡𝑡𝑙𝑒𝑑 𝑠𝑙𝑢𝑑𝑔𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑚𝑙/𝐿

𝑆𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑔/𝐿
∗

100𝑚𝑔

𝑔
   (1) 

Moreover, FTIR and XRD were used to characterize the sludge materials after treat- 212 

ment along with synthesized PTS and Ce-CTA. The synthesized PTS (from different ratio) 213 

did not show any significant changes according to Figure S 1 and Figure S 2, so capillary 214 

suction time from sludge materials measured and further PTS02 was considered with Ce- 215 

CTA as it showed best CST value. The peak at 3454.51 cm-1 related to stretching and ad- 216 

sorption band at 1631.78 cm-1 represents bending vibration of O-H, which defines the 217 

moisture. The intense peak at 690.52 cm-1 is assigned to the Ti-O stretching which is the 218 

characteristic peak of TiO. Also, the peak at 1085 cm-1 corresponding to anhydrous sulfate 219 

salt or sodium sulphate can be observed [31,32]. The cellulose-based material (Ce-CTA) 220 

also showed a broad band at 3448 cm-1 that attributes to the stretching of the hydroxyl 221 
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groups (Figure S 3). CH3 stretching could be observed at 2950 cm-1 and the vibrations of - 222 

CH2- group at 1062 cm-1. Moreover, the peak at 1414 cm-1 referring to C-N stretching vi- 223 

bration verified the introduction of the quaternary ammonium salt group on the cellulose 224 

backbone. In addition, the presence of absorbed cellulose water gave a signal of H–O–H 225 

bending group at 1674 cm-1 and C=C bonds created small peaks at 995-985 [33,34].  226 

Raw sludge, PTS treated and PTS + Ce-CTA treated sludge samples are shown in 227 

XRD data in Figure S 4 to Figure S 6. From the XRD data of sludge, we found whitlockite, 228 

SiO2, Al2O3, FeCO3 and vivianite. Later after treatment, silica, iron materials, and py- 229 

racmonite (NH4)3Fe (SO4)3 were also found.  230 

The SEM images of sludge materials before and after coagulation-flocculation are 231 

presented in Figure 2. Fig 2 (a, b, c) represents the digested sludge appearance as larger 232 

particles that are rough and have pores. The surface flatness could be noticed after coag- 233 

ulation-flocculation and Fig 2 (f, g) also shows visible surface area increasement. Fig 2 (k, 234 

l), on the other hand, illustrates block-like structure and pores after PTS+Ce-CTA treat- 235 

ment. A typical particle's physical shape is depicted in SEM pictures. Due to colloidal par- 236 

ticles contained in these flocs, the flocs formed following the coagulation-flocculation pro- 237 

cess were compact and had smooth surface morphology [35].  238 

 239 

 240 

Figure 2. SEM images of sludge materials before and after treatment. (a,b,c) for raw sludge, (d,e,f) 241 
for sludge after PTS treatment, (g,h,i) for sludge after Ce-CTA treatment, and (j,k,l) for sludge after 242 
PTS+Ce-CTA treatment. 243 

3.2. Sludge dewaterability check after coagulation-flocculation 244 

The most important factor in sludge dewatering at the micro level is EPS. An abun- 245 

dance of highly hydrophilic oxygen-containing functional groups such as -COO- and - 246 

CONH- in sludge EPS leads to the formation of a hydrated biofilm on the surface of the 247 

sludge, which has a higher affinity for water. This surface isolates the particles in a steady 248 

state, which plays a considerable role in sludge dewaterability [36]. As a result, the EPS 249 

distribution and various compositions of LB-EPS and TB-EPS conditioned by different 250 

coagulant-flocculant combinations were studied further.  251 
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Figure 3 shows the EPS fractions in sludge samples and higher EPS contents were found 252 

after treatment. Newly prepared PTS solution was used and its coagulation efficiency 253 

evaluated with or without Ce-CTA addition. As we can see, the dewaterability of sludge 254 

improved a lot by coagulation-flocculation. At pH 3 and 6 EPS fractions rapidly increased 255 

using PTS and a moderate increase was seen for addition of only Ce-CTA. However, the 256 

combined PTS/CE-CTA treatment showed the highest EPS concentration for pH 3. Most 257 

of the EPS increasement is caused by sludge’s structural destruction and releasing of 258 

trapped water from the sludge. It may also enhance the sludge floc strength, which im- 259 

proves the sludge dewaterability.  260 

 261 

Figure 3. TB-EPS and LB-EPS conc. in sludge after coagulation-flocculation (batch 1,2,3 conducted 262 
at pH 3 while batch 1 treated by PTS, batch 2 treated by Ce-CTA and batch 3 by both PTS+Ce- 263 
CTA; batch 4,5,6 conducted at pH 6 while batch 4 treated by PTS, batch 5 treated by Ce-CTA and 264 
batch 6 by both PTS+Ce-CTA; batch 7,8,9 conducted at pH 9 while batch 7 treated by PTS, batch 8 265 
treated by Ce-CTA and batch 9 by both PTS+Ce-CTA). 266 

In pH 3, the EPS content increased to 340mg/L when PTS was added for coagulation. 267 

EPS showed 390mg/L after PTS + Ce-CTA treatment, whereas 210 mg/L only for Ce-CTA. 268 

When the pH was 6, the EPS content was 270 mg/L for PTS treatment only and it decreased 269 

to 240 mg/L with combined treatment of PTS + Ce-CTA. For pH 9, the values of EPS con- 270 

tent were lower compared to other pHs but Ce-CTA showed the highest concentration of 271 

190 mg/L. Generally, the sludge flocs cracking significantly enhances the organic content 272 

and EPS at different pH levels, which might be considered a reason for sludge dewatera- 273 

bility. These results suggested that the sludge matrix was broken by coagulants-floccu- 274 

lants and organic content released mostly from LB-EPS. We also assume that PTS mainly 275 

reduced the interfacial tension of sludge and solubilized the EPS leading higher concen- 276 

tration of EPS after treatment [37]. 277 

Studies have shown that sludge filterability is strongly dependent on the properties 278 

of soluble EPS fraction, and the high protein content in this fraction has always been det- 279 

rimental to filtration (Zhang et al., 2017). Furthermore, the subsequent sludge treatment 280 

and disposal would be impacted by pH variations. Organic matter (e.g. protein-likes) has 281 

been shown to undergo significant structural changes when subjected to acid treatment, 282 

which has been linked to the dissolution of EPS and cations (e.g. Ca2+, Mg2+, Al3+ and Fe3+) 283 

[4].  284 

To increase sludge dewaterability, anaerobic digestion is used, which has high-per- 285 

formance and is energy efficient. Anaerobically digested sludge was evaluated in this 286 

study and sludge dewaterability can be improved by using a short-term digestion process 287 

at a suitable temperature as well. Dewaterability and combination with other treatment 288 

procedures with acidification may improve the dewaterability of sludge. As tyrosine and 289 
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tryptophan (protein-like compounds) in the EPS altered, the sludge's dewaterability im- 290 

proved initially but eventually deteriorated as a result. A combination of anaerobic diges- 291 

tion and acidification with organic content and flocculation was responsible for enhanced 292 

sludge dewaterability [38–40].  293 

3.3. Heavy metals concentration before and after treatment 294 

Figure 4 shows the heavy metal concentration in the sludge supernatant. Totally six 295 

heavy metals, Zn, Cr, Cu, Pb, Cd, Fe, were considered here, and the extracted amount 296 

checked after coagulation-flocculation at different pH. At pH 3 these metals were mas- 297 

sively released into supernatant after coagulation-flocculation. Some amount of Fe and Zn 298 

were found in sludge supernatant in neutral pH (6-7) after PTS treatment, but other metals 299 

were not extracted in this pH. Finally, in pH 9, no metals were found in supernatant. Gen- 300 

erally, because of their nonbiodegradability, heavy metals can be removed by changing 301 

their existence mode and transforming their speciation. pH affects the mobility of the 302 

heavy metals and generally, at lower pH, metals are released from sludge. In this study, 303 

releasing rate as follows  Pb(II) > Cd(II) > Ni(II) was obtained, which is consistent with 304 

the results by Król, Mizerna and Bożym [41]. Furthermore, inorganic materials as well 305 

organics may enhance the catalytic behavior, so after coagulation-flocculation, treated 306 

sludge materials could be used for catalyst preparation [42].   307 

Sam
ple

 1

Sam
ple

 2

Sam
ple

 3

Sam
ple

 4

Sam
ple

 5

Sam
ple

 6

Sam
ple

 7

Sam
ple

 8

Sam
ple

 9
-20

0

20

40

60

80

100

120  Cr (%)
 Pb (%)
 Cu (%)
 Zn (%)
 Fe (%)
 Ni (%)

-20

0

20

40

60

80

100

-20

0

20

40

60

80

100

-20

0

20

40

60

80

100

 308 

Figure 4. Metal concentration in sludge supernatant after coagulation-flocculation (sample 1,2,3 309 
run at pH 3 while sample 1 treated by PTS, sample 2 treated by Ce-CTA and sample 3 by both 310 
PTS+Ce-CTA; sample 4,5,6 run at pH 6 while sample 4 treated by PTS, sample 5 treated by Ce- 311 
CTA and sample 6 by both PTS+Ce-CTA; sample 7,8,9 run at pH 9 while sample 7 treated by PTS, 312 
sample 8 treated by Ce-CTA and sample 9 by both PTS+Ce-CTA). 313 

3.4. Nutrient content after PTS and Ce-CTA treatment 314 

This research also analyzed the phosphorus recovery from the sludge during PTS, 315 

Ce-CTA, and combined PTS+Ce-CTA treatment. Three different pH (3, 6 and 9) were con- 316 

sidered to determine the phosphorus content in liquid phase after coagulation-floccula- 317 

tion. Anaerobically digested sludge that contains lots of iron (Fe) and organic matter with 318 

other cations can interfere the P-dissolution [43]. In Fig.5, we can see that the highest rate 319 

of phosphorus recovery happened at pH 3 where only minor difference was seen between 320 

PTS, Ce-CTA, and PTS + Ce-CTA treatments. PTS, Ce-CTA, and PTS+Ce-CTA extracted 321 

more than 95% of the total phosphorus in pH 3 after coagulation-flocculation, while PTS 322 

and PTS+Ce-CTA extracted about 80% of the total phosphorus in pH 9. In sludge super- 323 

natant, Ce-CTA extraction of phosphorus at pH 6 (nearly 70%) was not promising, but 324 

PTS and PTS+Ce-CTA showed >80% extraction in sludge supernatant. If we only consider 325 
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how acidification or alkalization caused phosphorus leaching in sludge, we can see that 326 

various researchers have explained it in various ways. According to Vardanyan et al., [44], 327 

at pH 3, phosphorus leaching efficiency was 76% and P-dissolution efficiencies reached 328 

peak at pH 2 (60% to 92%) from dewatered digested sludges. Carliell-Marquet et al., 2010 329 

studied the precipitation of phosphorus with Fe (III)-salts but could not fully explain the 330 

mechanisms. According to that study, Fe (III)-hydroxide precipitates and Fe (III)-hydroxy 331 

phosphate complexes were found as the most common forms of phosphorus and iron in 332 

activated sludge. Besides that, P extraction as magnesium aluminum phosphate was 333 

found to be greater in alkaline supernatant compared to acidic conditions [46]. .  334 
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Figure 5. Total phosphorus conc. in sludge supernatant after coagulation-flocculation (sample 336 
1,2,3 run at pH 3 while sample 1 treated by PTS, sample 2 treated by Ce-CTA and sample 3 by 337 
both PTS+Ce-CTA; sample 4,5,6 run at pH 6 while sample 4 treated by PTS, sample 5 treated by 338 
Ce-CTA and sample 6 by both PTS+Ce-CTA; sample 7,8,9 run at pH 9 while sample 7 treated by 339 
PTS, sample 8 treated by Ce-CTA and sample 9 by both PTS+Ce-CTA). 340 

Orthophosphate and nitrate contents were also assessed from sludge supernatant by 341 

IC. Phosphorus exists as chemically bound, organically bound in sludge, and more than 342 

80% of the P is dissolved by changing pH or acidification. Inorganic ortho-phosphate was 343 

detected in the samples with lower pH (at 3) but at neutral pH and alkaline supernatant 344 

phosphates were not present. 345 

Although XRD clearly detected AlPO4, other P-containing phases may also be pre- 346 

sent, given that a concomitant release of Al always accompanies the extraction of P, Ca, 347 

and Fe in both sequential fractionation and independent extraction.  348 

Table 1. Phosphate and nitrate conc. in sludge supernatant after coagulation-flocculation (Sample 349 
1,2,3 conducted coagulation test at pH 3 by PTS, Ce-CTA and PTS+Ce-CTA; Sample 4,5,6 analysis 350 
at pH 6 by PTS, Ce-CTA and PTS+Ce-CTA; Sample 7,8,9 assessed at pH 9 by PTS, Ce-CTA and 351 
PTS+Ce-CTA). 352 

Sample No. Nitrate (ppm) Phosphate (ppm) 

Sample 1 (pH 3) 5.063±0.5 15±2.05 

Sample 2 (pH 3) 5.063±0.43 9±1.01 

Sample 3 (pH 3) 5.314±0.32 18±3.05 

Sample 4 (pH 6) 5.328±0.31 × 

Sample 5 (pH 6) × × 

Sample 6 (pH 6) × × 

Sample 7 (pH 9) 5.031±0.51 × 

Sample 8 (pH 9) × × 

Sample 9 (pH 9) × × 
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Nitrate concentration after sludge treatment was quite low in the supernatant most 354 

probably due to adsorption of nitrate on the sludge materials. It is also commonly known 355 

that the high binding of P in sewage sludge to iron or aluminum phosphate after chemical 356 

precipitation restricts recovery of phosphorus from the waste product. But at low pH, 357 

phosphorus reacts with Al, Fe, and as an initial step in P recovery, it is dispersed into the 358 

liquid phase from sewage or anaerobic sludge. Precipitation with Na2S or NaOH can be 359 

used to remove ions and heavy metals from the liquid phase. Finally, P can be recovered 360 

as struvite or calcium phosphate through crystallization and nitrate can be recovered and 361 

used as nutrient in fertilizer [44,47]. The concentrations of nutrients in the sludge super- 362 

natant varied when tested by PTS, Ce-CTA, and PTS+Ce-CTA at various pH ranges. After 363 

the coagulation-flocculation process, the nutrients (phosphorus and nitrate) recovered 364 

could be recycled and utilized as resources. 365 

3.5. Photocatalytic activity of sludge after coagulation-flocculation 366 

After PTS treatment, sludge materials before and after pyrolysis were tested as pho- 367 

tocatalyst to degrade tetracycline. The photocatalytic activity of sludge after coagulation- 368 

flocculation and after pyrolysis was tested and found to be more effective under UV light 369 

than visible light. 370 

  371 

Figure 6. Photocatalytic activity of sludge before and after pyrolysis (TeC conc. 20 ppm, dosage 372 
0.5g/L) (a) TeC degradation by dried and pyrolyzed sludge under UV at pH 6, (b) TeC degrada- 373 
tion by pyrolyzed sludge at different pH and (c) TeC degradation checking by pyrolyzed sludge 374 
with or without UV light at pH 4. 375 
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The photocatalytic activities of raw sludge and pyrolyzed sludge as modified one, 376 

were measured through tetracycline under visible and UV light as there was not any sig- 377 

nificant result under visible light. So, UV light was checked for TeC degradation for fur- 378 

ther studies in. As shown Figure 6a, the pyrolyzed sludge degraded 80% of tetracycline 379 

after 220 minutes whereas only 55% was degraded by dried sludge. Experiments with 380 

different pH showed highest degradation efficiency for pyrolyzed sludge at pH 4. Fur- 381 

thermore, Figure 6c shows that the concentration of tetracycline decreased significantly 382 

more efficiently under UV light compared to absence of light proving its potential as a 383 

low cost photocatalyst for further applications. 384 

4.Conclusion and future perspective 385 

Coagulation-flocculation process using organic coagulants and inorganic flocculants 386 

(natural and cellulose-based) was investigated in this study for anaerobically digested 387 

sludge treatment. Sludge dewaterability was assessed after the treatment and higher pro- 388 

tein and polysaccharide concentration found in pH 3 compared to neutral and alkaline 389 

samples. In pH 3, the EPS content increased to 340mg/L with PTS treatment and to 390 

390mg/L after PTS + Ce-CTA treatment. When the pH was 6, the EPS content was 270 391 

mg/L for PTS treatment only and it decreased to 240 mg/L with combined treatment of 392 

PTS + Ce-CTA. Phosphate showed higher concentration (15 ppm) in sludge supernatant 393 

at acidic pH after PTS treatment and it increased to 18 ppm after PTS+Ce-CTA treatment. 394 

Most promising of this investigation was to investigate the PTS treated sludge as photo- 395 

catalyst and create future application of sludge materials after coagulation/flocculation. 396 

Especially, Ti-containing pyrolyzed sludge effectively degraded tetracycline under UV- 397 

radiation. In summary, the coagulation-flocculation treatment of sludge improves SVI and 398 

develops the possibility to recover nutrients from sludge supernatant. Recovery of coag- 399 

ulants – flocculants should also be considered in order to enhance the circular economy 400 

of sludge materials. Moreover, Ti-coagulants have the most significant potential to replace 401 

traditional coagulants since sludge can be recycled as catalysts as well as in other areas, 402 

e.g., building materials, carbon-based materials, and biochar.  403 
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A B S T R A C T

The main purposes of this research work were to realize the potential of sludge valorization by converting the 
sludge into adsorbents and to investigate the performance of sludge-based adsorbents for rare earth elements 
(REEs) recovery from dilute aqueous solutions. Hydrochloric acid and Fenton reagents were employed as pre-
treatment procedures to enhance the surface area and adsorption yield. Following this, sludge-based alginate 
beads were prepared by using HCl treated (HT) and Fenton treated (FT) sludge materials. The chemical 
composition and surface chemistry of sludge-based adsorbent beads were thoroughly analyzed by state-of-the-art 
analytical techniques, such as Scanning Electron Microscope (SEM), Fourier Transform Infrared Spectroscopy 
(FTIR) and Brunauer-Emmett-Teller (BET) analysis. The prepared beads were then investigated for the recovery 
of REEs. The batch adsorption studies revealed that the FT sludge beads performed better in comparison to the 
HT sludge beads. Among REEs, the HT- and FT-sludge beads demonstrated higher affinity towards Sm3+ ions, 
displaying the maximum adsorption capacities of 2.83 mg/g and 4.16 mg/g, respectively, in a multi-component 
system (C o = 25 ppm of each REE; pH = 5, t = 24 h and dosage = 5 g/L). In conclusion, the results from this 
work showed that the prepared sludge-based alginate beads can be used for REEs recovery from diluted waste 
streams and the tested sludge treatment options were also found effective in converting the waste to resource i.e., 
sludge to adsorbent for REEs recovery.   

1. Introduction 

With growing urbanization and industrialization, there has been an 
upsurge in the number of biological wastewater treatment plants 
(BWWTPs) that generate enormous amount of sludge as a byproduct of 
the wastewater purification process. Waste sludge from BWWTPs com-
prises a variety of live and dead microorganisms and their metabolites, 
complex organic extracellular polymeric substances (EPS), as well as 
various inorganic materials such as calcium, silicon, aluminum, iron- 
containing compounds, colloidal soil particles, toxic heavy metals, and 
valuable resources such as nutrients (Zhang et al., 2018). The safer 
disposal of sludge is becoming an emerging concern for the BWWTPs. In 

many countries, traditional sludge disposal methods like landfilling, 
ocean dumping, and incineration have become restricted nowadays due 
to the growing environmental concerns (Bandosz and Block, 2006). Due 
to environmental pollution and higher disposal costs, novel sludge 
management strategies such as regeneration or recycling to minimize 
the sludge volume and increase its use by transforming to useful mate-
rials (e.g. fertilizers and soil conditioners) are highly recommended and 
being explored to address this issue. Currently, several research works 
are being conducted to find out alternative usage for sludge materials. In 
this line, sludge valorization in the form of sludge composting (Tang 
et al., 2022), sludge derived fertilizers (Thomsen et al., 2017; Frǐsták 
et al., 2018), sludge-based construction materials (Chang et al., 2020), 
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bioflocculants (Tan et al., 2021), thermal valorization (Kim et al., 2019) 
and sludge-based adsorbent materials are some of the most attractive 
option (Zhao, Yan-xia et al., 2020; Mahecha-Rivas et al., 2021; Taki 
et al., 2021; Wang et al., 2021). Various research works focusing on the 
transformation of biosolids or sludge to adsorbents can be found in the 
literature (Abo-El-Enein et al., 2017; Wang and Wang, 2019; Kumar 
et al., 2020). However, there are still some challenges such as low 
adsorption capacity, selectivity, and low surface area with specific sor-
bents limiting their usage in large scale industrial applications. To 
enhance sorption capacity and selectivity, several modification methods 
have been proposed by improving surface chemistry or binding sites. 
Further, the preparation of adsorbent materials from WWTP sludge also 
demands suitable pretreatment procedures for the successful surface 
functionalization. For instance, bio-char from sludge via simple pyrol-
ysis cannot function as a long-term adsorbent because of the presence of 
heavy metals (Bandosz and Block, 2006; Daorattanachai et al., 2018). In 
such cases, the acid digestion process is a widely used pretreatment 
option to solubilize available metals from the sludge by enhancing cell 
lysis and chemical breakdown of extracellular polymeric substances 
(Abo-El-Enein et al., 2017; Kumar et al., 2020). Different substances 
such as HCl (Ros et al., 2006), KOH (Hunsom and Autthanit, 2013), 
NaOH (de Andrés et al., 2013) and H3PO4 (Ros et al., 2006) can be used 
to change the surface characteristics while HCl (1M) has been shown to 
increase the surface area and porosity of the material (Cheng et al., 
2016; Aliakbari et al., 2018). This step can also work as a chemical 
activation process to enhance adsorptive properties by changing surface 
chemistry (M. W. A. Rahman et al., 2017; Bian et al., 2018). However, 
some factors such as cost-effectiveness, easiness to use, process repro-
ducibility, and sustainability should also be taken into account while 
developing strategies for the preparation of high-performance sludge--
based adsorbents (Chen et al., 2014; Nipa et al., 2019; Kumar et al., 
2020). Powder adsorbent, on the other hand, can obstruct the adsorp-
tion bed flow, demanding constant back-washing (Jeon et al., 2018). 
There will be post-treatment required, hence we propose using sludge 
beads to overcome powder-based materials’ limitation on REEs 
recovery. 

The development of adsorbents for the recovery of REEs from the 
diluted wastewater has attracted immense interests of the scientific 
community in recent years as REEs are considered as one of the critical 
raw materials by European Commission (Ramasamy and Repo, 2017; 
Cao et al., 2021; Pavón et al., 2021). REEs contain seventeen elements, 
including fifteen lanthanides, scandium Sc and yttrium Y. They are 
widely used in the development of green and high-tech products such as 
wind turbines, lasers, fluorescent lamps, high-performance NdFeB 
magnets and space vehicles. Due to the challenges typically associated 
with rare earth mining and dominance of China in REE markets, the 
recycling of critical REEs from secondary sources such as industrial 
processing residues (e.g., red mud), wastewater, acid mine drainage 
(AMD), and mine tailings is constantly researched to overcome their 
supply risks in the coming years (Iftekhar and Srivastava, 2018). 

Over the years, several adsorbents based on silica, chitosan, cellu-
lose, activated carbon and carbon nanotubes have been studied (Zhao, 
2020a; Artiushenko et al., 2021; Huang et al., 2021). Some of the lim-
itations in the REE adsorption process, which are evidenced in the 
previous works, are hydrolysis of REEs at higher pHs (usually at pH > 6) 
and separation of individual REE from REE mixtures and interferences of 
common competing ions (e.g., Fe3+, Al3+) with lower ionic or hydrated 
radii. Hence, the development of REE-selective adsorbents should focus 
on improving certain needs such as adsorption at lower pHs, rapid 
adsorption, higher adsorption capacity, selectivity and regeneration 
(Smith et al., 2016; Iftekhar and Srivastava, 2018). Further, it can be 
understood from Table 1 that sludge-based adsorbents from different 
sources such as sewage sludge, copper sludge, alum sludge or ferric 
activated sludge were studied extensively in the past for the removal of 
contaminants such as metal ions and dyes (A. M. W. Rahman et al., 2017; 
Tu and Johnston, 2018; S. S. Tang et al., 2019; Wei et al., 2019; Kumar 

et al., 2020). However, it should be noted here that the studies focusing 
on the utilization of sludge-derived adsorbents for the REE adsorption 
are very limited or scarce in the literature (Tu and Johnston, 2018). 
Besides, according to our knowledge, municipal sludge, predominantly 
anaerobic digested mechanically dewatered (ADMD), has never been 
studied to prepare beads or recover rare earth elements from wastewater 
until now. 

The main goal of this study is to valorize the sludge from municipal 
WWTP to an efficient adsorbent for REE adsorption. To realize this 
primary goal, the following key objectives must be realized: a) To 
characterize and test the feasibility of using raw solid sludge waste 
material for REE adsorption b) to assess the adsorptive properties of the 
raw sludge material by improving the surface properties of the sludge 
material via the pretreatment process involving hydrochloric acid and 
Fenton reagent c) to synthesize and test high performance bead adsor-
bents (from hydrochloric acid treated (HT) and Fenton reagent treated 
(FT) sludge powder materials) for REE adsorption d) to characterize the 
sludge materials (raw and HCl/Fenton treated) and sludge beads thor-
oughly by using state-of-the-art techniques such as SEM, FTIR, BET, 
elemental analyzer and zeta potential e) To study the effect of adsorp-
tion parameters such as pH, reaction time, adsorbent dosage and initial 
REE concentration to investigate the optimal uptake of REEs for the 
developed adsorbents and f) to investigate the intraseries REE behavior 
and separation of individual REE from the mixed REE stream using the 
developed adsorbents. By achieving these set objectives, the study out-
comes will deliver clear information about the feasibility of valorization 
of municipal sludge to efficient adsorbents that can recover REEs from 
wastewater. 

2. Materials and methods 

2.1. Chemicals and materials 

The sludge used in this study was collected from a local municipal 
WWTP in Mikkeli, Finland. Anaerobically digested sludge, which is later 
mechanically dewatered (ADMD), was chosen here. The sludge samples 
were taken during summer season (June–July) in Finland. After 
collection, sludge samples were stored at 4 ◦C (duration: < 5 days). The 
composition of the collected sludge was analyzed by using the elemental 
analyzer and inductively coupled plasma – optical emission 

Table 1 
Sludge-based adsorbents for pollutant removal from wastewater.  

Pollutant Operational mode Material used Authors 

Aqueous 
arsenate 

Adsorption Aluminum-based 
adsorbent and coal 
mine drainage sludge 
coated with 
polyurethane 

Kumar et al. 
(2020) 

Heavy metals 
(Pb (II), Cd 
(II) and Ni 
(II)) 

Adsorption Drinking water sludge 
(dried at 110 ◦C 
(48h), crushed, fired 
at 100, 400, 500, 600 
and 700 ◦C for 2h) 

Abo-El-Enein 
et al. (2017) 

Triclosan Triclosan degraded 
by sulfate radicals, 
hydroxyl radicals, 
and singlet oxygen 

Sludge-derived 
biochar 

Wang and 
Wang (2019) 

Tetracycline Adsorption Ferric activated 
sludge-based 
adsorbent 

Yang et al. 
(2016a) 

Volatile 
organic 
compounds 

Adsorption Sewage sludge Anfruns et al. 
(2011) 

REEs Adsorption CuFe2O4 synthesized 
from Cu sludge 

Tu and 
Johnston 
(2018) 

Pb (II) from 
water 

Adsorption Biochar from swine 
sludge 

Liu et al. 
(2020)  
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spectroscopy (ICP-OES). The reagents used in this research work were of 
analytical grade and were used without further purification. The indi-
vidual stock standard ICP solutions (1000 ppm, VWR) of REEs were used 
to prepare the desired concentrations of target REE required for the 
adsorption tests. Further, the pH of the solutions was adjusted using 
0.01 M HCl and NaOH. The target REEs include light rare earth elements 
- LREEs (Cerium (Ce3+), Lanthanum (La3+), Europium (Eu3+), Praseo-
dymium (Pr3+), Gadolinium (Gd3+) and Terbium (Tb3+)) and heavy rare 
earth elements - HREEs (Yttrium (Y3+), Dysprosium (Dy3+), Erbium 
(Er3+), Holmium (Ho3+), Ytterbium (Yb3+), and Thulium (Tm3+)). Hy-
drochloric acid (HCl 37%, Sigma-Aldrich) was used to treat sludge as the 
acid activator whereas alginic acid sodium salt (Fisher Scientific) and 
calcium chloride (CaCl2.2H2O, Merck) were used for the beads 
preparation. 

2.2. Sludge treatment and adsorbent preparation  

a) Pretreatment and activation procedures - HT and FT sludge: 

To enhance surface modification and metal leaching from sludge, 
acid activation (HCl) and Fenton reagents were used in this work. The 
collected sludge from municipal WWTPs was dried in the oven at 105 ◦C 
for 12 h to remove moisture. The dried sludge was then digested by 1M 

HCl (1:5 ratio, 80 ◦C and 1 h) to increase the porosity of the matrix and 
to yield maximum metal extraction (Ros et al., 2006; Bian et al., 2018). 
On the other hand, for Fenton treatment, an optimum dosage of 36 mM 
of Fe2+ and 320 mM of H2O2 was opted to improve pore development 
and metal removal based on our previous work (Rumky et al., 2018). 
After the pretreatment procedure, the treated sludge was washed thor-
oughly with deionized water, followed by drying at 105 ◦C. The dried 
material was then ground and sieved through a 500 μm sieve. It should 
be noted that these final products of pretreated sludge residues via HCl 
and Fenton treatment were labeled as HT and FT sludge, respectively. 
Initial dry solids (DS) amount and the ratio of volatile solids to dry solids 
(VS/DS) were measured according to Standard Methods (APHA/AW-
WA/WEF, 2012).  

b) Preparation of HT- and FT-sludge beads: 

Sludge-based alginate beads were then prepared by adopting the 
synthesis procedure of calcium alginate gel bead (CAG) from Rocher 
et al. (2008). The precursor solution of about 200 ml (1% w/v) was 
prepared by adding 2 g of sodium alginate powder in deionized water. 
The suspension was then vigorously stirred after adding the required 
amount (1% w/v) of sludge material. For the sludge-based CAG beads 
formation, the resulting mixture was then added dropwise at a constant 

Fig. 1. Flow chart for the experimental work of REE adsorption by sludge beads.  
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speed using a glass syringe (5 ml/min) to the bath containing 100 ml of 
an aqueous 0.5 M CaCl2 solution, continuously stirred at 250 rpm. The 
beads were kept in the bath overnight under continuous stirring to allow 
the stable formation of beads. The reaction between alginate and cal-
cium forms a protective membrane and prevents sludge particles from 
going out of the beads, and hence, the calcium bath remains colorless. 
After the formation of beads, they were washed several times and dried 
at 80 ◦C in the oven for 3–4 h before usage (Rocher et al., 2008). The 
final products of HT and FT sludge-based beads were labeled as 
HT-sludge beads and FT-sludge beads, respectively. 

2.3. Characterization studies 

The chemical composition and surface morphology of all the sludge 
and adsorbent materials were assessed by scanning electron microscopy 
(SEM, Hitachi S-4800) with energy dispersive X-Ray spectroscopy. To 
examine the surface groups on the sample matrix, Fourier Transform 
Infrared Spectroscopy (FTIR, Brucker) was used in the range of 
400–4000 cm− 1 whereas the organic elemental analysis of the materials 
was measured by CHNS Element Analyzer Flash 2000 (Thermo Fisher 
Scientific, Germany). The analysis of metal ion concentration was con-
ducted by ICP OES 6000 series (Thermo Scientific). Zetasizer (instru-
ment Malvern Zetameter ZS90) was used to analyze the surface zeta 
potential of the adsorbents at different pH values. 

2.4. Batch adsorption studies 

The REE adsorption experiments were carried out in batch mode by 
contacting 50 mg of adsorbent with 10 ml of target REE solutions 
(dosage of 5 g/L if otherwise mentioned) of desired concentrations for 
24 h at room temperature using a mechanical shaker, stirred continu-
ously at 250 rpm. Subsequent filtration was conducted by using a 0.45 
μm polypropylene filter to separate the solid from the solution. The 
liquid samples are then subjected to ICP analysis to determine the final 
concentration of REEs after the adsorption process. In addition to 
filtration, centrifugation was also employed to separate the liquid 
samples from solid adsorbents to confirm that there is no adsorption of 
residual REEs onto the filters while filtering the treated solution before 
subjecting them to ICP analysis. Blank, control and duplicate tests were 
conducted systematically to rule out any discrepancy in the obtained 
adsorption data. A flow chart of the experimental work performed in this 
study is shown in Fig. 1. 

Generally, the initial concentration of the solution was maintained at 
around 30–40 ppm while the initial solution pH was between 2 and 5. 
The adsorption tests were performed only in this pH range because the 
precipitation of REEs usually occurs from pH 6 according to the REE 
speciation data obtained from Visual MINTEQ software (Figure S 4) 
(Ramasamy and Repo, 2017). The initial and final REE concentrations 
before and after the adsorption process were quantified by using 
ICP-OES which were then used in the determination of the REE removal 
% and adsorption capacity of the adsorbents using the following equa-
tions (1) and (2): 

REE removal (%)=
Ci − Ce

Ci
× 100 (1)  

Adsorption capacity (qe, mg / g)=
Ci − Ce

m
× V (2)  

Where Ci and Ce (mg/L) are the initial and equilibrium concentrations of 
the solution, respectively, while V is the volume of the REE solution used 
and m is the mass of adsorbent. The experiments were executed in 
triplicates (consistency within ±2%) and the mean values are reported 
in this work. The blank and control experiments were also performed 
during the metal extraction and leaching studies. 

3. Results and discussion 

3.1. Material characterization 

Following the pretreatment, an increase in the carbon content from 
30% to 34% was observed after FT treatment and to 39% after HT 
treatment of the raw sludge, probably due to the disruption of extra-
cellular polymeric substances (EPS) and microbial cell (Li et al., 2018; 
He et al., 2019). The BET analysis disclosed the specific surface area of 
702 m2/kg and 721 m2/kg for HT- and FT-sludge beads, respectively, 
provided in Table 2. So, following the HCl or Fenton treatment, the 
reduction of surface area from 1040 m2/kg (raw sludge) to 702–721 
m2/kg (HT- and FT-sludge) was observed. The SEM results showed 
distinctly high pore development (Fig. 2) in the case of both materials. 
Sludge-derived adsorbent porous structure development may be affected 
by coagulants (e.g., ferric salts) and their by-product in the chemical 
waste (Yang et al., 2016b). Fenton treatment can also influence the 
performance of sludge material as it produces free radicals by the re-
action between Fe2+ and H2O2. This reaction can produce strong hy-
droxyl radicals (•OH) which can easily pass through the cell membrane 
leading to the destruction of the cell wall and the disruption of EPS, 
thereby releasing heavy metals from the sludge. Fenton process can also 
enhance sludge dewatering (Dewil et al., 2007; Rumky et al., 2018). 
From SEM analysis, it can be seen that the different sizes of sludge 
particles were observed after bead formation. It was obvious that the 
sludge morphology changed after HCl and Fenton treatment, resulting in 
a more compact and isolated structure according to Fig. 2e and i. The 
larger particles broke down and fewer pores were available as the HCl 
and Fenton treatment separated the bound water molecules (a part of 
EPS) from the sludge material. Metal leaching tested by ICP-OES showed 
higher concentrations of heavy metals (especially Zn) from the sludge. 

The point of zero charge (PZC) -values of HT and FT sludge beads 
were determined by zeta potential analysis (Figure S 1). Lower PZC was 
obtained for FT sludge beads, which indicates that the surface charge of 
this material turns to negative at lower pH range. This phenomenon 
effects on the pH dependent adsorption behavior and will be discussed 

Table 2 
BET, CHN, and zeta potential analysis results for HT and FT sludge beads.   

HT sludge 
beads 

FT sludge beads Raw sludge 

Dry weight 
percentage 

Nitrogen 
(N) 

5.87 3.61 3.92 

Carbon © 39.56 34.03 30.32 
Hydrogen 
(H) 

5.54 4.51 4.09 

BET Surface area (cm2/kg) 702 721 1040 
Pore volume (cm3/g) 0.005 0.006 0.008 
Point of zero charge (PZC) 5.5 4.8  
Metal (%) Si 3%, Fe 

1.6%, Cu 
0.6% 

Si 1.13%, Fe 
27.8%, Cu 0.9% 

Si 1.12%, Fe 
13.6% 

Total solid (%)   16%  

Table 3 
REE removal % for different dosages of HT treated and FT treated sludge beads 
(Co = 15 ppm of each REE; pH = 5 and t = 24 h).  

Adsorbent 
dosage 

Removal % by HT sludge 
beads 

Removal % by FT sludge 
beads 

3 g/L Sm3+ 85% 
Other REEs 71–76% 

Sm3+ 90% 
Other REEs 70–75% 

4 g/L Sm3+ 86% 
Other REEs 72–78% 

Sm3+ 90% 
Other REEs 75–80% 

5 g/L Sm3+ 92% 
Other REEs 81–86% 

Sm3+ 97% 
Other REE 86–90% 

6 g/L Sm3+ 97% 
Other REEs 82–87% 

Sm3+ 98% 
Other REEs 90–92%  
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later. 
The results of the FTIR data (Fig. S2 in Supplementary material) are 

shown in the supplementary material and FTIR spectroscopy revealed 
the surface functional groups of HT and FT-sludge. There was no 
discernible difference in the FTIR spectra of FT and HT sludge. The 
broad peak located at about 3350 cm− 1 can be attributed to the 
stretching vibration of –OH and –NH functional groups (Smidt and 
Parravicini, 2009; Xu et al., 2019). The peaks located at about 2919 and 
2850 cm− 1 can be ascribed to the stretching vibration of the aliphatic 
methylene group (Parravicini et al., 2006). The peaks located around 
1600 and 1420 cm− 1 implied the stretching vibration of –C––N of amide 
groups and carbonates, respectively (Smidt and Parravicini, 2009). 

Additionally, the peak at 1020 cm− 1 might be attributed to the vibration 
of Si–O stretching, which suggests the presence of SiO₂ in the HT and FT 
sludge (Smidt and Parravicini, 2009; Xu et al., 2019). 

3.2. Adsorption tests 

To determine the sludge’s adsorption rate, REEs were adsorbed using 
raw sludge with a pH range of 3–5. After 24 h of batch experimentation, 
the maximum recovery rate for Sc and Sm was 68% and 56% respec-
tively, at pH 5. Metals such as zinc and copper were leached from the 
sludge. We found 2.5 ppm of zinc, 0.6 ppm of copper, 0.045 ppm of 
cadmium, and 0.8 ppm of lead at pH 5 and even higher concentrations 
when pH < 5. As powdered materials showed scale-up limitations, we 
prefer to develop beads for further studies. Consequently, we consider 
HCl and Fenton treatment for sludge pretreatment and to prepare the 
beads for REEs adsorption studies as we found a lower adsorption rate 
for rare earth elements (REEs) and metal leaching from raw sludge. 

3.2.1. Effect of feed pH 
The feed pH plays an important role in governing the REEs adsorp-

tion process since the pH influences the speciation of REEs in the solu-
tion and the protonation/deprotonation of surface binding sites on the 
adsorbents. Since REEs precipitate at a higher pH range (usually ≥ 6), 
the current work analyzes the REE removal efficiency of the adsorbents 
in the adsorption pH range of 2–5. From pH 6, the REEs removal process 
is not ruled by the adsorption mechanism alone. The surface-mediated 
precipitation mechanism can also contribute in this regime (Ram-
asamy and Repo, 2017; Ramasamy et al., 2018; Swain and Mishra, 
2019). Fig. 3 depicts the intraseries REEs trend for HT- and FT-sludge 
beads at different pHs 2–5 when tested in the multi-component system 
(Co = 15 ppm of each REE; dosage = 5 g/L and t = 24 h). Among REEs, 
Sm3+ ions demonstrated the highest removal efficiencies by HT- and 
FT-sludge beads. It can be seen from the figure that the REEs removal 
efficiencies increase significantly with an increase in feed pH for both 
HT sludge as well as FT sludge beads. The reason for this is likely the fact 
that at lower pH values, the competition between H+ and REE3+ ions can 
prohibit REE3+ adsorption. At higher pH i.e. 5, both the adsorbents 
displayed overall REEs removal efficiencies of around 80–90% except 
for Sm3+ ions which recorded over 90%. Based on these results, pH 5 
was used as the optimal pH for REEs removal in further analysis. 
Further, on comparing the REEs removal by both the adsorbents, it is 
evident that the FT sludge beads delivered to some extent better per-
formance in comparison to the HT sludge beads at lower pHs. This result 
is consistent with the PZC of the materials: the surface charge of the HT 
sludge beads changes to negative at lower pH range (Figure S 1). Since 
the adsorbents are found to be negatively charged below pH 5 (tested pH 
range 2–5) according to the surface zeta potential measurements, the 
REE uptake mechanism is facilitated by the electrostatic attraction be-
tween the trivalent REE cations and negatively charged adsorbent. At 
the very acidic feed pH i.e. 2, the competition between H+ and REE3+

Fig. 2. SEM analysis of sludge and sludge beads: (a,b) is for raw sludge; (c,d) is 
for HCl treated sludge; (e,f) is for HCl treated sludge beads; (g,h) is for Fenton 
treated sludge; (i,j) is for Fenton treated sludge beads. (a, c, e, g,i) in low and (b, 
d, f, h,j) in high magnification. 

Fig. 3. Effect of pH on REEs removal efficiency for a) HT beads and b) FT beads (Co = 15 ppm of each REE; dosage = 5 g/L and t = 24 h).  
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ions for the binding sites might have influenced the REE3+ adsorption 
onto the adsorbents. 

3.2.2. Effect of adsorbent dosage 
Adsorbent dosage is another parameter that can influence the 

adsorption process in general. It is vital to optimize the adsorbent dosage 
as it can affect the REE uptake significantly if the amount is too low or 
too high (Iftekhar, Ramasamy et al., 2018). Hence, different dosages of 
HT- and FT-sludge beads were used to investigate their influence on REE 
removal efficiency (Co = 15 ppm of each REE; pH = 5 and t = 24 h) and 
the results are presented in Table 3. Overall, it can be seen that the FT 
sludge beads demonstrated better REE removal efficiencies in compar-
ison to the HT sludge beads. On the further assessment of the REE 
adsorption trend, it can be seen that both the adsorbents exhibited 
excellent removal efficiencies of Sm3+ ions in comparison to other REEs. 
In general, the REE removal efficiencies increased with an increase in 
adsorbent dosage due to the increase in the number of REE binding sites 
with the effective surface area resulting from the agglomeration of 
adsorbent particles at a higher dose (Das and Das, 2013; Xie et al., 2015). 
An apparent rise in REE uptake can be observed when the adsorbent 
dosage was shifted from 4 to 5 g/L for both the cases of HT- and 
FT-sludge beads. Further, when tested with the adsorbent dosage of 6 
g/L, only a slight increase in REE removal% was recorded in comparison 
to the dosage of 5 g/L owing to the saturation of binding sites or the 
interferences from the interaction of binding sites with an increased 
dosage. This resulted in the competition among the REE cations for the 
limited number of binding sites on the adsorbents for further REEs up-
take. Based on the results, the adsorbent dosage of 5 g/L was chosen as 
the optimum amount for further analysis. 

3.2.3. Effect of feed concentration 
Further investigations were performed to determine the effect of 

initial concentration on the REE removal efficiencies for the cases of 
both HT- and FT-sludge beads (dosage = 5 g/L; pH = 5 and t = 24 h). 
Fig. 4a and Fig. 4b show the REE removal % for different initial REE 

concentrations of 5,10, 15, 20 and 25 ppm in the cases of HT- and FT- 
sludge beads, respectively. At lower REE concentrations of 5–15 ppm, 
both HT- and FT-sludge beads depicted higher REE removal efficiencies 
of > 80%. However, at higher REE concentrations of > 15 ppm, the FT 
sludge beads showed a competitive edge over HT sludge beads when 
tested under the same experimental conditions. Overall, the REEs 
removal efficiencies decreased with an increase in the REEs concentra-
tion owing to the limited availability or saturation of REEs binding sites, 
as has been observed in other works in literature as well (Ramasamy 
et al., 2018). Another observation to be made here is that both the ad-
sorbents showed higher affinities towards Sm3+ ions in comparison to 
other REEs. The maximum adsorption capacities of HT sludge beads for 
the uptake of Sm3+ ions in a multi-component system (Co = 25 ppm of 
each REE) were estimated to be 2.83 mg/g, respectively. On the other 
hand, FT sludge beads exhibited maximum Sm3+ adsorption capacities 
of 4.16 mg/g, respectively. 

3.2.4. Adsorption kinetics and isotherm modelling 
The effect of contact time on Sm3+ adsorption onto HT and FT beads 

were investigated according to the experimental conditions described 
earlier. As shown in Fig. 5, the adsorption of studied Sm3+ was showed 
more than 50% within 120 min of the experiment. The adsorption 
equilibrium was attained within 240 min. Due to the REE uptake, an 8h 
experimental batch is sufficient to ensure the saturation. Moreover, to 
elucidate the sorption rate and rate-limiting steps, kinetics data were 
filled with Pseudo second (PS) order model. Generally, after the deter-
mination of optimal pH, kinetics was done to obtain the maximum 
adsorption capacities of adsorbents and equilibrium time. 

The PS order model presumes the chemical surface reaction as the 
rate limiting step: 

t
qt
=

1
kqe

2 +
1
qe

t (3)  

where qt and qe (mmol/g) are the uptake amounts of REE at time t (min) 

Fig. 4. Effect of feed concentration on REE removal efficiency for a) HT sludge beads and b) FT sludge beads (dosage = 5 g/L; pH = 5 and t = 24 h).  

Fig. 5. Adsorption kinetics of Sm3+ onto HT treated sludge and FT treated sludge in (a) and Pseudo first order modeling in (b).  
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and at equilibrium, respectively, while k (gmmol− 1 min− 1) is the 
adsorption rate constant of the PS order model. 

The fitting results showed that the PS order model is applicable for 
the adsorption kinetics of HT and FT treated sludge materials toward 
REEs. This was reflected in the excellent fit to the data with a high 
correlation coefficient of R2 > 0.984 in all the cases and excellent 
agreement between the experimental and estimated qe values. 

Besides, two typical isotherms (Langmuir and Sips) were used to fit 
the experimental equilibrium data to elucidate the adsorption charac-
teristics of REEs onto HT treated and FT treated sludge materials. The 
Langmuir isotherm model, which assumes that monolayer adsorption 
occurs on a homogeneous surface, is given as: 

qe =
qmKLCe

1 + KLCe
(4) 

The Sips model is a combination of Langmuir and Freundlich iso-
therms, namely, it takes both monolayer saturation and an energetically 
heterogeneous surface into account: 

qe =
qm(KsCe)

1/ns

1 + (KsCe)
1/ns

(5)  

where qe (mmol/g) is the amount of REE adsorbed on the adsorbent at 
adsorption equilibrium, Ce (mmo/L) is the equilibrium REE concentra-
tion in solution, while qm (mmol/g) expresses the maximum adsorption 
capacity of REE, KL and KS (L/mmol) are the Langmuir parameters 
related to the binding energy of adsorption, and nS presents the 
Freundlich heterogeneity factors. Adsorption becomes more heteroge-
neous as the nS value increases. The isotherm data were fitted to the two 
models as shown in Fig. 6 and the obtained isotherm constants are 
summarized in Table 4. This is a good agreement as we can see, 
maximum adsorption capacity qm of Sm3+ almost similar according to 
adsorption experimental work along with both models. 

Besides, it is also possible to compare the selectivity of ion separation 
by using a parameter called selective separation efficiency. Lower than 
zero efficiency in selective separation means there is no separation at all 
between the two components in question. Otherwise, if the selective 
separation efficiency is greater than zero, it indicates the selective sep-

aration of two ions. The selective separation efficiency between 
component A and B is calculated using below equation: 

S(t)=

(
CA,t
CA,0

)
−
(

CB,t
CB,0

)

(
1 −

(
CA,t
CA,0

))
+
(

1 −
(

CB,t
CB,0

))*100% (6)  

Where CA,0 and CB,0 are the initial concentrations of A and B at time 
0 and at t, concentrations of A and B considered as CA,t and CB,t. Sm3+

and Y3+ considered here as A and B. Based on the above calculation, the 
selective separation efficiency between Sm3+ and Y3+ estimated for HT 
treated sludge as − 0.3% at pH 4 and -0.09% at pH 5. The conditions are 
selected as optimum conditions as initial concentrations C0 as 15 ppm 
and 24h of batch experimental work with 5 g/L dose. We also found 
similar observations in case of FT treated sludge at pH 4, -0.1% and pH 5, 
-0.89% for an initial concentration of 15 ppm. As we found selective 
separations below zero, so there would not be any selective separation of 
these components (Zhao, 2020a). These observations also show that, 
selective separation of Sm3+ and Y3+ increases with increasing with 
solution pH. 

3.2.5. Intraseries REE adsorption trend 
A distinct intraseries REEs trend can be noted with the lowest 

removal efficiencies recorded for Y3+ ions and the highest removal ef-
ficiencies for Sm3+ ions. Although the ionic size of Y3+ ion (~0.9 Å only) 
is smaller in comparison to all the LREEs (La till Tb) and some of the 
HREEs, similar observations of poor Y3+ removal in comparison to most 
LREEs was found in the literature regarding multi-component REE 
adsorption studies (Ramasamy, Puhakka, et al., 2017; Ramasamy et al., 
2018). It has been suggested that the lowest affinity towards Y is due to 
its higher hydrated radius (2.28 Å) (Felipe et al., 2020). As you can see 
from Figs. 3 and 4, the adsorption efficiencies generally increased for 
LREEs from La3+ until Sm3+ after which the drop in adsorption effi-
ciency was witnessed for HREEs. Usually, HREEs depict higher adsorp-
tion efficiencies in comparison to LREEs because of their smaller ionic 
radii resulting from the Lanthanide contraction effect (Ramasamy, 
Puhakka, et al., 2017). However, in this work, selective affinity towards 
Sm3+ ions was noticed among the lanthanides. Especially, the selectivity 
of FT-sludge beads towards Sm3+ ions over other REEs was enhanced at 
lower pH (Fig. 3b) and higher concentration (Fig. 4b). Similar behavior 
has been observed earlier and stated to originate from the highest charge 
density of Sm3+ and therefore strongest electrostatic interaction be-
tween the surface and this ion (Laatikainen et al., 2019). Besides, upon 
further optimization, FT-sludge beads could also serve as a promising 
adsorbent for the selective separation of Y3+ from others in the case of 
fluorescent lamp wastes (Tunsu et al., 2016). 

4. State of the art and future perspective with final usage after 
REEs adsorption 

Further, the adsorption performance of our synthesized composites 

Fig. 6. Isotherm of HT treated sludge material for Sm3+ (a) and FT treated sludge material in (b); Langmuir modeling, Sips modeling compared with experi-
mental modeling. 

Table 4 
Langmuir and Sips constants for Sm3+ adsorption onto HT and FT sludge beads.  

Model Qm, exp, 
mmol/g 

Qm, cal, 
mmol/g 

KL/S (L/ 
mmol) 

nS R2 Sludge 

Langmuir 0.162 0.157 0.703  0.952 HT sludge 
beads 

0.159 0.158 0.704  0.972 FT sludge 
beads 

Sips 
model 

0.162 0.149 1.09 0.47 0.973 HT sludge 
beads 

0.159 0.151 0.85 0.86 0.974 FT sludge 
beads  
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was found comparable (in some cases not) to other several state-of the- 
art materials in literature, the comprehensive list of which is provided in 
Table 5. It is promising to note that the excellent Sm3+adsorption can be 
commonly observed for several cases (Gaete et al., 2021). However, it is 
of utmost importance to evaluate the adsorption capacities of equivalent 
systems (in terms of target REE, solution pH and process temperature) in 
order to attain a global picture. To improve adsorption capacities, py-
rolysis would be an option for sludge materials along with KOH acti-
vation in our future work (Y. Y. Tang et al., 2019). In addition, the 
typical lab experiments are based on synthetic solutions without any 
impurities. However, to mimic real wastewater conditions where REEs 
exist together, it is essential to perform experiments using 
multi-component systems. 

As we know, sludge disposal raises crucial concern from an envi-
ronmental perspective. Heavy metals and pathogens should be mini-
mized if they are directed through agricultural routes. This study 
showed that the heavy metals were removed from the sludge via sludge 
pretreatment, whereas other inorganic materials still present can work 
as nutrients for the soil (Singh and Agrawal, 2008). The sludge-based 
beads developed in this study demonstrated regeneration efficiency of 
>80% up to five cycles. Afterward, REEs loaded spent adsorbent can also 
be reutilized as catalysts for the degradation of pollutants such as 
phenol, bisphenol and tetracycline, reported in our previous works 
(Hammouda et al., 2017; Singh et al., 2020). Besides, the REEs loaded 
adsorbents had also demonstrated their efficacies in fluoride removal 
from the wastewater. Another alternative is that the final residues can 
also be incinerated, landfilled, directed for agricultural purposes 
(Rumky et al., 2020), or manufactured construction materials (Tay, 
1987). Hence, sludge-based adsorbents can be considered a promising 
option for developing low-cost adsorbents for REEs recovery. 

5. Conclusion 

Adsorption treatment to recover REEs from aqueous solution using 
sludge derived adsorbent beads was studied in this research work. The 
detailed observations from the results showed that FT sludge beads 
perform better than the HT sludge beads in terms of REE adsorption 
capacity. For example, adsorption capacities for Sm3+ ions were 4.16 
mg/g for FT sludge beads and 2.83 mg/g for HT sludge beads in a multi- 
component system. The main adsorption mechanism was suggested as 
electrostatic interactions between the REEs and the surface adsorption 
sites. Overall, the results demonstrated that the sludge can be a hopeful 
adsorbent and its conversion or reuse might be an attractive alternative 
to existing sludge disposal and reuse strategies. Further studies should 
be performed to assess and improve the adsorbent’s performance by 
pyrolysis or testing them with specific interferences and real water 
matrixes for target applications such as Sm–Co magnet, mining and 
processing wastes. 
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A B S T R A C T

The research was conducted to evaluate the sludge quality as fertilizer after heavy metal removal by using free 
nitrous acid (FNA, HNO2) solution. To meet up the Korean criteria of fertilizer, FNA treatment with the ultrasonic 
process was studied here. The sample was taken from a local wastewater and sewage treatment plants and FNA 
with FNA plus ultrasonic used to treat them. As and Cd concentrations were met the Korean criteria after FNA 
treatment. In contrast, Al of sludge from sewage treatment plant did not decrease down to the criteria, possibly 
suggesting that it may be related to the coagulants of the sludge during thickening and dewatering. FNA 
treatment showed satisfactory results in comparison with the other acidic treatment of citric acid, oxalic acid, 
HNO3 or HCl. Removal efficiency of the Fenton-like reaction was more effective than the FNA method. Despite 
this result, the FNA treatment may be better for sludge recycling as fertilizer because the Fenton-like process 
removed the necessary organic matter, nitrogen as well as metals. Moreover, the addition of ultrasound process 
has in conserving time and expenditure in metal removal and FNA with ultrasound became more effective in 
shorter reaction time. Therefore, FNA treated sludge could be a better option for sludge recycling as fertilizer. In 
conclusion, a proper plan of sludge management should be required for future work to use sludge as fertilizer.   

1. Introduction 

Wastewater treatment plants (WWTPs) produced a lots of sluge 
which has been treated and disposed of by various methods such as 
incineration, landfill, fertilizers, soil amendment, and ocean dumping 
(Pritchard et al., 2010; Lu et al., 2012). In Korea, ocean dumping was 
widely used because it was the most economical and easiest method of 
disposal. However, since 2014, the practice has been prohibited in order 
to protect the marine environment. Besides that, sludge recycling has 
become a more widespread alternative procedure in Korea due to the 
higher cost for sludge handling and transportation fee (Yu et al., 2016). 
Fertilizer and soil amendment are the most frequently used treatment for 
recycling sludge (Kirchmann et al., 2017). 

The presence of metals in sludge limits its opportunities for reuse due 
to non-biodegradability, toxicity, and consequent persistence of metals. 
Several chemical techniques attempted to remove metals from the 
sludge and then recycle it as fertilizer (Camargo et al., 2016). Chemical 
treatments include different inorganic and organic acid with the usage of 

chelating agents (Babel and del Mundo Dacera, 2006; Camargo et al., 
2016) can be used for metal extraction from sludge. Sulfuric, hydro-
chloric, and nitric acids are examples of inorganic acids for sludge 
treatment may extract heavy metals from the sludge to enhance its 
properties as fertilizer (Blais et al., 1992; Wu et al., 1998; Deng et al., 
2009). 

Recently, free nitrous acid (FNA, HNO2), has been introduced to 
eliminate metals (e.g., Du et al., 2015). It was reported that FNA was 
used to increase methane production, biodegradability, and sludge 
reduction (Pijuan et al., 2012; Wang et al., 2013). The increase in 
biodegradability and sludge reduction may have occurred by disruption 
of extracellular polymeric substances (EPS) (Du et al., 2015). Du et al. 
(2015) expected that FNA treatment could enhance metal removal ef-
ficiency because metals bound to the organic matter could be released 
due to the destruction of the EPS by FNA. According to the previous 
study, desorption of heavy metals (Zn and Cu) from sludge can also be 
increased due to the FNA treatment but the FNA treatment did not affect 
sludge quality such as the level of organic matter (OM) (Wang et al., 
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2013; Du et al., 2015). 
However, FNA treatment has not been tested extensively for metal 

removal to reuse sludge as fertilizer. Additional metals other than Cu 
and Zn should be tested for sludge reuse. To use as fertilizer, multiple 
metal concentrations must be under the maximum concentrations in 
sludge to minimize environmental problems. Korea regulates nine 
metals (e.g., Al, As, Cd, Cr, Cu, Hg, Ni, Pb, Zn) in fertilizer (Kim et al., 
2017). The U.S. Environmental Protection Agency also has listed a 
ceiling concentration of metals (e.g., As, Cd, Cr, Cu, Hg, Pb, Mo, Ni, Se, 
and Zn) for land application of sludge. Table 1 indicated the metals and 
their maximum concentrations regulated by the US and Korean gov-
ernments. In Australia, sludge is categorized by concentrations of metals 
to define different grades restricting the possibility of sludge reuse (Du 
et al., 2015). The previous study (Du et al., 2015) on metal removal by 
FNA did not cover a variety of heavy metals listed in Table 1, but focused 
only on the metals (e.g., Cu and Zn) bound to OM. That is, the previous 
study was not about the FNA application for recycling sludge as fertil-
izer. It is also difficult to find reports indicating the removal of Al and As 
listed in the regulation for sludge reuse. Also, there has been no com-
parison of FNA with the inorganic and organic acids for metal removal. 

In this paper, we have tested FNA and analyzed if it could eliminate 
metals to meet the Korean criteria to recycle sludge for fertilizer. The 
subsequent objective was to investigate the effect of an ultrasonic pro-
cess (Deng et al., 2009) to desorb metals from sludge to reduce removal 
processing time and improve removal efficiency. The final objective was 
to compare the removal efficiency of FNA with that of other inorganic 
and organic acids. This study was significant to provide knowledge and 
techniques to reduce metals from sludge as potential ingredients of 
fertilizer. 

2. Materials and methods 

2.1. Sludge sources 

Dewatered sludge samples were collected from two different types of 
treatment plants in Gangwon Province, Korea. Sludge 1 was collected 
from a wastewater treatment plant located within the fish industrial 
complex in J town and mainly treats wastewater from the processing of 
marine products. This plant utilizes membrane bio-reactor methods at a 
daily flow rate of 4500 tons. Sludge 2 was taken from a sewage treat-
ment plant which purifies domestic sewage of J town (population 
18,000), and uses an anaerobic-anoxic-oxic process at a daily flow rate 
of 12,000 tons. The collected sludge samples were moved to the lab and 
stored in a polypropylene bottle at 2 �C in refrigeration before analysis. 

2.2. Experimental procedures 

2.2.1. Removal of heavy metals by FNA 
The removal of heavy metals by FNA was similarly conducted as 

described in the study (Du et al., 2015). Twenty mg NO2-N/L was made 
by acidifying sodium nitrite (NaNO2) to pH 2 by adding 9M sulfuric acid. 
This process was carried out while the temperature was adjusted to 25 
�C because FNA is the more dominant species than NO2 at pH 2 (Du 
et al., 2015). It also reported that 96% of added nitrite is present in the 
form of FNA at pH 2, suggesting that pH 2 was the optimal condition to 
form FNA. In addition, it also mentioned that removal efficiencies for Zn 

and Cu were greater in acid treatment (pH 2) þ nitrite addition than in 
only acid treatment, implying FNA improved the removal efficiencies for 
the metals (Du et al., 2015). 

The removal test was conducted with a solid to liquid (sludge: FNA) 
ratio of 1:50. Eight grams of sludge and 400 mL of the FNA was put in 6 
beakers and was stirred for 1, 2, 4, 7, 12, and 24 h, respectively. After the 
extraction, the suspensions were centrifuged at 1643 g for 15 min, and 
the precipitated sludge was dried in an oven at 105 �C. This removal 
experiment was carried out twice for both sludge types. 

2.2.2. Impact of solid to liquid ratio on metal removal 
In order to investigate the appropriate solid to liquid ratio, various 

ratios (e.g., 1:5, 1:12.5, 1:25, and 1:50) were applied. The stirring time 
was fixed at 7 h and the experiment was conducted twice for only Sludge 
1. We assumed that the same will happen for appropriate solid to liquid 
ratio of Sludge 2. 

2.2.3. Ultrasound process 
In order to examine the impact of the ultrasonic process on the 

removal of heavy metals, ultrasound was used to assist FNA extraction 
by varying sonication time from 10 to 70 min. The same solid to liquid 
ratio (1:50) was applied here, and sludge samples were sonicated for 10, 
20, 40, and 70 min by ultrasound. The ultrasonic apparatus manufac-
tured by Sonictopia, Korea (STH-750S) was equipped with a titanium 
cylindrical probe with a diameter of 10 mm and a length of 125 mm. It 
operated at a frequency of 20 kHz. After the extraction, all suspensions 
were centrifuged at 1643 g for 15 min, and the precipitated sludge was 
dried in an oven at 105 �C. This experiment was conducted twice for 
both sludge types. 

2.2.4. Comparison with other methods 
In order to compare the removal efficiency of FNA with other acids, 

nitric acid (10%), hydrochloric acid (10%), citric acid (100 mM), and 
oxalic acid (100 mM), and Fenton were used. Fenton can remove metals 
from sludge (Zhu et al., 2013; Suanon et al., 2016) and here 8g of sludge 
with 400 mL each of the acids were put in beakers and stirred for 7 h. 

2.3. Analysis 

2.3.1. Metal analysis 
After the sludge drying, it was digested with sulfuric acid and 

perchloric acid to analyze metals. The dried sludge (0.5g) was placed in 
a triangular glass flask, and 2 mL of concentrated sulfuric acid and 10 mL 
perchloric acid were added and the mixing was prepared on a hot plate. 
Six hours of digestion may confirm that the sludge with the acid solution 
can be completely absorbed. Initially, hot plate temperature was 
maintained around 80 �C for approximately 30 min and then gradually 
increased by 20–30 �C. If the color started to turn red, the digestion was 
conducted at 200–250 �C until the color became white. The solution was 
cooled down to room temperature, and was filtered through GF/C filter 
papers. Finally, the solution was brought up to a total volume of 100 mL 
of deionized water for analysis. In order to check the accuracy of this 
experiment, a certified reference material (CRM), (Metals in Sewage 
Sludge, Sigma-Aldrich, product ID: SQC001S), was analyzed as the 
sludge samples were analyzed. 

The concentrations of metals (Al, As, Cd, Cr, Cu, Ni, Pb, Zn) in the 
sludge were analyzed using inductively coupled plasma-mass spec-
trometer (ICP-MS) (Elan DRC-e, PerkinElmer) which was calibrated 
with an ICP multi-element standard three solutions (PerkinElmer). The 
recovery and method detection limit was described in Table 2. 

2.3.2. Removal efficiency and chemical properties of sludge 
The removal efficiency was calculated by the following equation 

(Aljerf, 2018): 

Removal efficiencyð%Þ¼ ðCi � CoÞ=Ci � 100 (1) 

Table 1 
Metal concentrations listed in Korean criteria compared to sludge grading 
thresholds in the U.S. and Australia (units: mg/kg dry solids).   

Al As Cd Cr Cu Ni Pb Zn 

Korean criteria 15000 45 5 200 360 45 130 900 
NSW-EPAa   3 100 100 60 150 200 
EPA ceiling   85  4300 420 840 7500  

a New South Wales-Environment Protection Authority. 
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Where Ci and Co stand for metal concentrations pre and post removal. 
Chemical properties of sludge such as total nitrogen (TN) and total 

organic carbon (TOC) were analyzed after sample collection. For TOC 
analysis, after adding sulfurous acid into 100 mg of the sludge sample, it 
was placed in the oven at 60 �C for 16 h in order to remove inorganic 
carbon. Total organic carbon and TN were analyzed by MACRO cube 
(Elementary). 

2.3.3. X-ray diffraction (XRD) 
The XRD data were collected to examine the difference between 

Sludge 1 and Sludge 2 with regards to main mineral form using x-ray 
diffractometer (X’pert-PRO MPD, PANalytical B.V.) from Korea Basic 
Science Institute. The anode material was Cu, and the measurement 
temperature was 25 �C. The generator was set for 40 kV and 30 mA. Data 
was collected between 2θ 10� and 90� at 0.017� intervals. The count 
time was 45.7 s per point with total scan times of 1 h and K-Alpha 1 [Å] 
and K-Alpha 2 [Å] were 1.54060 and 1.54443, respectively. 

3. Results and discussion 

3.1. Effect of the FNA 

We tested the effect of FNA on removal efficiency of metals from the 
sludge. Instead of the FNA, we merely stirred Sludge 1 with deionized 
water (DIW), which was adjusted to pH 2. When Sludge 1 was stirred in a 
jar tester, the removal efficiencies of the metals without the FNA were 
much lower, suggesting that the FNA can play an important role in 
removing metals from sludge (Table 3). These results were similar to the 
previous study (Du et al., 2015). Du et al. (2015) reported that the 
removed Zn amount increased with FNA. Besides, when the FNA was 
absent, Al and Cd concentrations were higher than Korean criteria, 
meaning that Sludge 1 cannot be reused as fertilizer. It was reported that 
sludge floc was declined by FNA treatment (Wang et al., 2013) and FNA 
treatment can break EPS which is considered as the sink for metals (Du 
et al., 2015), suggesting that FNA presence can be caused of release of 
metals from sludge. Thus, when stirring was used, the FNA existence can 

enhance removal of the metals from sludge. 
On the other hand, we also tested the effect of the FNA when the 

ultrasonic process was used. For this test, we conducted removal process 
with the ultrasonic sound with DIW instead of the FNA. Unlike a stirring 
experiment, even without FNA, ultrasonic process eliminated Al, As, and 
Cd from Sludge 1 to meet Korean criteria (Table 3). That is, although 
only DIW was added to Sludge 1, the addition of ultrasonic process was 
very effective to remove Al, As, and Cd from Sludge 1. Our control ex-
periments indicated that the addition of the ultrasonic process could 
enhance the removal efficiency of metals from the sludge (Table 3). 

3.2. Impact of solid to liquid ratios on metal removal 

Table 4 displays removal efficiency with different solid to liquid 
ratios. The lowest ratio was 1:5, but the metals were not removed with 
this ratio, nor were they removed at 1:10. All metal concentrations were 
comparable with initial concentrations when the removal process was 
conducted with these ratios. These results may have resulted from 
incomplete mixing between metals and the liquid due to low solid to 

Table 2 
Recoveries and method detection limits (MDL) for CRM (Metals in Sewage Sludge) (Units: mg/kg dry solids) (n ¼ 2).   

Al As Cd Cr Cu Ni Pb Zn 

Accuracy test Average 15498 72 337 300 582 458 110 997 
SD 3.57 0.004 0.05 8.07 4.41 0.95 2.14 6.56 
CRM 15600 68 362 317 619 451 256 771 
Recovery (%) 99.4 106 93.1 94.5 94.0 102 43.1 129 

Detection limit Average 0.12 0.2 0.01 0.28 0.06 0.05 0.01 0.48 
SD 0.17 0.35 0.05 0.26 0.12 0.15 0.03 0.19 
MDL 0.45 0.91 0.12 0.69 0.32 0.39 0.07 0.59  

Table 3 
Effect of the FNA on metal removal for collected sludge (Concentrations given in mg/kg dry solids) (n ¼ 2).   

Al As Cd Cr Cu Ni Pb Zn 

Stirring (7 h) Without FNA (pH 2) concentrations 40593 43.0 6.41 22.2 57.0 10.2 8.17 139 
SD 6522 0.99 0.45 0.42 5.59 0.42 0.69 7.07 
RE (%) – 17.8 53.7 – – 41.4 – 26.3 
SD – 1.84 3.19 – – 2.49 – 3.84 

With FNAa (pH 2) RE (%) 82.7 67.6 100 44.5 50.6 84.4 71.8 83.7 
SD 1.32 0.46  1.61 5.15 0.40 5.11 5.86 

Ultrasound (40 min) Without FNA (pH 2) concentrations 4789 27.9 3.02 14.2 39.6 7.01 3.75 85.1 
SD 21.2 0.28 0.07 0.35 4.31 1.36 0.40 1.34 
RE (%) 81.8 46.7 78.2 34.7 22.0 59.8 50.1 54.9 
SD 0.08 0.50 0.51 1.53 8.53 7.83 5.27 0.70 

With FNAa (pH 2) RE (%) 87.4 56.3 98.7 37.7 16.3 86.9 73.7 62.3 
SD 1.84 0.84 1.64 3.36 1.36 0.09 0.21 17.9 

-: Negative removal efficiency. 
RE: Removal efficiency. 

a The concentrations are indicated in the supplementary materials (Table S1). 

Table 4 
Removal efficiency (%) with solid to liquid ratios.  

Solid to 
liquid 
ratio 

Al As Cd Cr Cu Ni Pb Zn 

1:5 - – - – – – – – 
1:10 - – - – – – – – 
1:12.5 

(n ¼
2) 

98.1 
�

0.75 

70.0 
�

1.45 

87.3 
�

0.35 

66.5 
�

0.03 

66.9 
�

3.26 

81.5 
�

1.54 

68.8 
�

3.19 

65.0 
�

1.37 
1:25 (n 
¼ 2) 

95.8 
�

0.01 

78.6 
�

4.50 

89.0 
�

0.85 

68.5 
�

0.98 

71.1 
�

0.41 

88.3 
�

0.43 

68.2 
�

0.29 

81.1 
�

0.64 
1:50 (n 
¼ 2) 

82.7 
�

1.32 

67.6 
�

0.46 

100 44.5 
�

1.61 

50.6 
�

5.15 

84.4 
�

0.40 

71.8 
�

5.11 

83.7 
�

5.86 

-: Negative removal efficiency. 
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liquid ratios which influenced the removal efficiency (e.g., Tang et al., 
2017). 

Our results indicated that metal removal occurred when the removal 
process was carried out with 1:12.5. Generally, the ratio showed the 
highest removal efficiencies was 1:25 even though several metals (e.g., 
Zn, Cd, and Pb) indicated the highest removal efficiencies with 1:50. 
Therefore, we did not raise the solid to liquid ratios any more, and 
finally chose 1:50 as an appropriate ratio for the removal process. 

3.3. Removal efficiency from sludge 1 of WWTP 

Table S1 (Supplementary materials) indicates removal efficiency and 
concentrations of metals of treated Sludge 1. Three metals (As, Cd, and 
Al) showed higher concentrations than the Korean criteria concentra-
tions. In contrast, only two metals (Cd and Al) of Sludge 2 violated 
Korean criteria. Al concentrations of both sludges were above the 
Korean criteria. This is a result of the coagulant (e.g., polyaluminum 
chloride (PAC)) which is introduced during the thickening process of 
sludge. PAC is one of the coagulants mostly used in wastewater and 
sewage treatment plants in Korea including the two plants where the 
sludges were tested in this study. This means the Al from sludges we 
collected should be removed in order to reuse the sludges as fertilizer. 

Removal efficiency and concentrations of metals of treated Sludge 1 
were shown in Fig. 1. As mentioned above, As, Cd, and Al concentrations 
were higher than the Korean criteria. After FNA treatment of sludge 1 for 
just 1 h, As and Cd concentrations reached the Korean criteria. Al did not 
meet the Korean criteria till after 4 h stirring during the FNA treatment, 

but, in contrast, FNA with ultrasound process acquired less time to 
remove the metals. It took only 10 min to lower the concentrations of As, 
Cd, and Al using the ultrasound process. Therefore, metal removal from 
the sludge from the wastewater treatment plant, located in a fishing 
industrial complex, was effective by utilizing the FNA and FNA with 
ultrasound process. 

Cd showed the highest removal efficiency in both methods (Fig. 1). 
Cd was almost 100% removed in just 4 h by FNA treatment, and FNA 
with ultrasound process showed comparable removal efficiency in just 
10 min. Removal efficiencies of Cr and Cu were lowest in both methods 
in Fig. 1. 

During FNA treatment, the removal efficiency of the metals generally 
reached maxima in 4 or 7 h, and the maximum efficiency was main-
tained until 24 h. In order to test statistical significance between 
removal efficiency and contact time, the regression analysis was used to 
get p value at 95% confidence level. If the p value is less than 0.05, there 
is statistical significance. In contrast, if the p value is greater than 0.05, 
there is no significance (Rumky et al., 2018). Based on the p value (p <
0.05), Al, Cd, and Zn removal was significantly correlated with reaction 
time. 

On the other hand, when FNA treated Sludge 1 with the ultrasound 
process, the removal efficiency was generally the highest in just the first 
interval (10 or 20 min), and the highest efficiency was kept for 70 min. 
This experiment suggests that FNA treatment assisted by ultrasound 
process is more efficient than the single FNA treatment for Sludge 1. 
There was significant correlation between reaction time and Al and Pb 
removal (p < 0.05). As mentioned above, removal efficiencies of the 
metals were constant after 10 or 20 min. Thus, the correlation between 
reaction time and removal of the other metals were weak. 

3.4. Removal efficiency from sludge 2 (sewage treatment plant) 

Table S2 (Supplementary materials) displayed removal efficiency 
and concentrations of metals of treated Sludge 2. As mentioned above, 
Cd and Al concentrations were higher than in Korean criteria. However, 
Cd concentrations met the Korean criteria in just 1 h with FNA treatment 
and 10 min with FNA with ultrasound process (Table S2). In contrast, Al 
did not meet the Korean criteria regardless of treatment time with both 
FNA and FNA with an ultrasound process (Table S2) and regarding this, 
Al removal from the sludge 2 showed a different result than sludge 1. 

Zn and Pb showed the highest removal efficiency in both methods 
(Fig. 2). The removal efficiency of Cr was the lowest in both methods 
(Fig. 2). This was also observed in the removal experiment of Sludge 1 
(Fig. 1). This may suggest that Cr is more strongly adsorbed on the 
sludge than the other metals. Gheju et al. (2011) also reported that Cr 
was not extracted when inorganic acids were used, suggesting Cr exist as 
the form of strongly adsorbed Cr(III) in sludge. During FNA treatment, 
the removal efficiency of the metals reached maxima in either 4 or 7 h, 
and the maximum efficiency was maintained until 24 h while stirring 
(Fig. 2). Based on the p value (p < 0.05), Al, Ni, and Zn removal was 
significantly correlated with reaction time. As mentioned previously, Al 
and Zn in Sludge 1 also showed significant correlation with contact time. 

Generally, the removal efficiency was the highest in just 40 min 
during FNA with ultrasound process, and the highest efficiency was 
maintained until 70 min. No metals showed significant correlation with 
reaction time. This may be because the removal efficiency of most of the 
metals decreased a liitle bit in the last interval (70 min). Usually, for all 
of the metals, the highest removal efficiencies between two treatments 
were generally similar. On average, it took only 40 min to reach 
maximum efficiency of the FNA treatment when FNA treated Sludge 2 
with ultrasound. This implies that FNA treatment assisted by ultrasound 
process is more efficient than single FNA treatment for Sludge 2. 

3.5. Difference between sludge 1 and sludge 2 

Fig. 3 shows the range of removal efficiencies of Sludge 1 and Sludge 
Fig. 1. Removal efficiencies of metals from sludge from wastewater treatment 
plant with time. 
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2 from each time interval, which showed two distinct differences (data is 
shown in Table S2, supplementary materials). First, the removal effi-
ciencies of some metals (Al, Cd, and Ni) of Sludge 2 were lower than 
those of Sludge 1 (Fig. 3). Aluminum from Sludge 2 was not removed by 
both FNA and FNA with ultrasound process to meet Korean criteria. In 
contrast, we needed only 10 min or 4 h to remove Al from sludge 1 to 
meet Korean criteria using both methods (Table S1). Second, it took 
more time to reach maximum removal efficiencies of the metals from 
Sludge 2 during FNA with the ultrasound process. As discussed above, 
we needed 40 min to obtain maximum efficiencies for Sludge 2 whereas 
it took only 10 min to reach maxima efficiencies for Sludge 1 (Figs. 1 and 
2). 

There may be several possible reasons for the difference between Al, 
Cd, and Ni removal efficiencies between Sludge 1 and Sludge 2. The 
most important reason could be the process of sludge thickening and 
dewatering which may influence the removal efficiency of these three 
metals. Organic and inorganic polymers have been used to improve the 
dewaterability of sludge (Lee and Liu, 2001; Agarwal et al., 2005; Ning 
et al., 2013). As mentioned above, Sludge 1 and Sludge 2 were from 
different types of treatment plants, in which the method of water 
treatment and process of sludge thickening and dewatering are different. 
Furthermore, different adsorbents and coagulants could be used. Table 5 
described the materials and methods used to treat water and sludge from 
the plants. 

Both plants use organic cationic polymer and alum as a coagulant. 
Sludge 1 was from the wastewater treatment plant which has purified 

wastewater from a seafood industrial complex. The plant uses an organic 
cationic polymer to thicken sludge and a rotary disc to dewater the 
sludge. Sludge 2 was from the sewage treatment plant which has also 
added organic cationic polymer to thicken the sludge, but uses a 
centrifuge to extract water from the sludge. Both plants used the same 
type of polymer, but ingredients of the polymers may be different 
because the polymers were produced by different manufacturers. 
Different dewaterability and thickening process could result in different 
incorporation strength for the heavy metals in the sludges. There are 
several indicators for dewaterability of sludge such as capillary suction 
time (CST) and specific resistance to filtration (SRF) (Lee and Liu, 2001). 
Unfortunately, we could not analyze CST and SRF this time; therefore, to 
study the correlation between dewaterability and removal efficiency, 
CST and SRF should be determined in our future works. 

X-ray diffraction results have been analyzed to examine the mineral 
form of the sludge. According to the results, the major mineral of Sludge 
1 and 2 was Al phosphate and zeolite, respectively, which are from the 
coagulants used. Zeolite is a hydrous alumino-silicate crystal with a 
cage-like structure, where ion exchange occurs due to isomorphous 
replacement of Al3þwith Si4þ (Cheng et al., 2011). It has been used as an 
adsorbent for sewage treatment because it has a strong adsorptive ca-
pacity (Aljerf, 2018). Furthermore, Cheng et al. (2011) reported that 
viscosity and shear stress increased after the addition of zeolite to 
sludge. We could guess that the addition of zeolite in the process of 
sewage treatment could result in increased viscosity of sludge. This 
might result in distinctly low removal efficiencies of Al, Cd, and Ni and 
delay the timing of the maximum removal efficiencies from Sludge 2 
during FNA with the ultrasound process. The investigation of the reason 
for disparities in the removal of these three metals was out of the scope 
of this study, but there may be a relationship between the extraction of 
these metals with the process of sludge and water treatment. Further 
study in removing metals (e.g., Al, Cd, and Ni) from the sludge of the 
sewage treatment plant is recommended. 

3.6. Change in OM and TN concentrations 

Although it was reported that FNA treatment did not affect levels of 
OM and TN (Wang et al., 2013; Du et al., 2015), we tested the impact of 
FNA treatment on OM as TOC and TN levels of the sludge. As mentioned 
above, the maximum removal efficiency was reached in 4 or 7 h for 
Sludge 1 and Sludge 2 during FNA treatment. On the other hand, when 
FNA treated Sludge 1 and Sludge 2 with the ultrasound process, the 
removal efficiency was generally the highest in 10 and 40 min, respec-
tively. Therefore, for the test of the influence of FNA treatment on OM 
and TN concentrations, we stirred the sludge samples for 7 h and soni-
cated for 40 min by ultrasound. These conditions allowed us to under-
stand the OM and TN removal while the sludge was treated with the 
highest removal efficiency. 

Table 6 shows concentrations of TOC and TN before and after FNA 
treatment. TOC and TN concentrations in both sludge samples were not 
modified after FNA and FNA with the ultrasonic process. This suggests 
that the sludge can still be used as ingredients in fertilizer. In contrast, 
the Fenton-like reaction influenced levels of TOC and TN from Sludge 1 
(Table 6), reducing the levels by nearly half. For this test, Fenton-like 
reagents were made as described (Zhu et al., 2013). TOC and TN from 
Sludge 1 were removed by 43% and 48%, respectively, when Sludge 1 
was treated with the Fenton-like reaction. The same solid to liquid ratio 
was applied and the sample was agitated for 7 h. 

3.7. Comparison with other methods 

As an additional experiment, the metals were removed by using 
other acids, and the removal efficiencies were listed and compared in 
Table 7. Generally, removal efficiencies from the FNA treatment were 
higher than ones from the other acidic processes except for the Fenton- 
like reaction. Removal efficiencies of Cu were very low when citric and 

Fig. 2. Removal efficiencies of metals from sludge from sewage treatment plant 
with time. 
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oxalic acid were used (Table 7). It was reported that Cu removal effi-
ciency was 13.1% after sludge was mixed with citric acid (Wang et al., 
2015). Insoluble form of Cu in sludge and strong bind of Cu to sludge 
biomass may have been causative of the low removal efficiency of Cu 
when citric acid was used (Gheju et al., 2011). In contrast, the effect of 

the Fenton-like reaction was very distinct for Cu removal (Table 7). This 
may be because Cu is strongly associated with OM which can be solu-
bilized by Fenton including H2O2 which can remove OM from the 
sludge. Thus, Fenton is more effective for Cu removal from sludge. As 
indicated in Table 7, the Fenton-like reaction was more effective than 
FNA treatment. Even though the Fenton-like treatment was more apt to 
remove the metals, the FNA process results in a better product as fer-
tilizer because the Fenton-like treatment removes OM and TN (Table 6). 

4. Conclusion 

Our results indicated that FNA and FNA with ultrasound process 

Fig. 3. Removal efficiencies of two sludge types and two removal methods from every time interval. Enclosed circle represents average.  

Table 5 
Descriptions of the two plants where the sludge samples were collected.   

Wastewater treatment plant Sewage treatment 
plant 

Capacity 4500 m3/day 12000 m3/day 
Treated water Wastewater from seafood industrial 

complex 
Sewage 

Coagulant Organic polymer/alum Organic polymer/ 
alum 

Dewaterability Rotary disc Centrifuge 
Main mineral Al phosphate Zeolite  

Table 6 
Changes in OM and TN concentrations of sludge after removal processes (n ¼ 1).  

Sludge Method TOC (%) TN (mg/kg) 

Sludge 1 Initial 46.9 47458 
FNA 49.2 44346 
FNA with ultrasound 48.8 43446 
Fenton-like reaction 26.6 24307 

Sludge 2 Initial 31.0 57187 
FNA 33.7 56837 
FNA with ultrasound 31.6 55816  

Table 7 
Removal efficiencies with different methods (n ¼ 2).  

Method Al As Cd Cr Cu Ni Pb Zn 

FNA 82.7 
� 1.3 

67.6 
� 0.5 

100 
� 0.0 

44.5 
� 1.6 

50.6 
� 5.2 

84.4 
� 0.4 

71.8 
� 5.1 

83.7 
� 5.9 

Citric 
acid 

87.5 
� 0.1 

54.7 
� 1.6 

83.7 
� 2.2 

39.1 
� 1.0 

12.0 
� 6.6 

63.6 
� 6.9 

69.6 
� 2.0 

52.5 
� 3.0 

Oxalic 
acid 

87.4 
� 0.0 

47.8 
� 4.2 

89.1 
� 1.6 

34.5 
� 0.7 

19.2 
� 0.1 

58.6 
�

16.7 

58.3 
� 3.8 

71.9 
� 1.1 

HNO3 

(n ¼
1) 

87.5 55.9 93.7 25.8 66.6 69.3 88.3 80.7 

HCl (n 
¼ 1) 

65.2 70.5 78.1 36.8 35.9 56.8 70.2 69.8 

Fenton 95.6 
� 0.3 

61.1 
� 2.7 

100 
� 0.0 

52.9 
� 9.3 

92.0 
� 0.9 

92.2 
� 0.8 

64.3 
� 8.7 

92.9 
� 0.6  
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generally showed similar removal efficiencies for both sludge types. 
However, FNA with ultrasound process treatment was more effective 
since similar efficiencies were reached in shorter reaction time. Thus, 
the addition of ultrasound process may save time and expenditure for 
metal removal in the field. Compared to the other acidic processes (citric 
and oxalic acids, nitric acid, and hydrochloric acid), the FNA treatment 
was more effective. 

On the other hand, the removal efficiency of the Fenton-like reaction 
was higher than those of the FNA removal. Despite this result, the 
Fenton-like removal may not be good for sludge recycling as fertilizer 
because OM and TN were also removed. In contrast, FNA treatment did 
not affect sludge quality (e.g., OM and TN), suggesting that sludge can 
be still reused as fertilizer after FNA treatment. 

Metal removal showed different results for two different sludge from 
different treatment plants and As and Cd was successfully removed by 
FNA and FNA with the ultrasound process treatments to meet Korean 
criteria, but Al from sewage treatment plant was not removed to stan-
dards. This suggests that the sludge from the sewage treatment plant is 
not available for recycling as fertilizer if the sludge is treated by either 
FNA or FNA with the ultrasound process. These results suggest that FNA 
and FNA with the ultrasound process cannot be applied for all kinds of 
sludge to recycle as fertilizer. Different methods should be tested to 
remove Al from the sewage treatment plant sludge for fertilizer appli-
cation. In addition, more studies should be conducted to figure out the 
reason, which includes the process of sludge dewatering, thickness, and 
ingredients of coagulants, for the low removal efficiency of Al from the 
sludge from the sewage treatment plant. 
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