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Sludge dewaterability is pointed out as a major expensive part of water treatment systems. 

In this study, Fenton reaction is applied for treating the anaerobically digested sludge. In the 

first section, we studied the impact of oxidation process on sludge dewaterability. Here, raw 

sludge dewaterability has improved by using different concentrations of H2O2 and Fe2+ (1:1, 

1:10 and 1:100 ratio). Batch experiments were adjusted to 1% and 5% of total suspended 

solids (TSS). The result of this thesis indicated that about 88% CST was reduced by using 

1:1 and 1:100 ratios of H2O2 and Fe2+. Significant results were observed after one-hour 

oxidation period for heavy metal extraction like Cd, Cu, Pb and Zn that were taken out from 

the raw sludge. So, it can be proposed that adding Fenton’s reagents may improve the sludge 

dewaterability quality. 
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1. INTRODUCTION 

Wastewater from municipalities and manufacturing industries became a concern from the 

last two decades for different types of sludge production. Sewage sludge amount is increased 

from these wastewater purification activities. The Higher amount of water content is the key 

features for this sludge. Activated sludge now-a-days became a very successful process. 

Activated sludge is used for treating wastewater all over the world. All of them produce a 

significant amount of primary and secondary sewage sludge. They contain a major amount 

of moisture about (95%-99%) with colloidal and (Saveyn, et al., 2005) compressible 

characteristics.  

 

Figure 1: Sources and types of sludge generated in a typical WWTP  (Tuan & Sillanpää, 

2010) 

Gravitational thickening is widely used for sludge dewatering. However, after this process, 

sludge still have water on a weight basis about 1–5% (wt %) (George, et al., 2003). Though, 

sludge has an enormous amount of water, so it is prohibited to transport this sludge from one 

place to another. Moreover, sludge sample often needs the bulking agent as supplementary 

for making the composting process easier. Other than that, higher water content reduces the 

energy content of the sludge (Glendinning, et al., 2007). So, it should be more economically 

feasible if the moisture content of sludge is reduced. As we already knew that, sludge 

dewatering is one of the toughest and challenging work for wastewater treatment field 

(Axelaire, et al., 1999).  
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A large number of wastewater treatment plants are growing up around the world, and they 

mainly work on the wastewater treatment system. Regarding this higher content of water in 

the sludge, it took more cost of transportation. This sludge can be fitted with the buckets or 

blades and possible to transport by conveyors. Therefore, dewatering enhanced the disposal 

process also. 

Moreover, if we consider the mechanical dewatering with thermal or evaporation processes, 

mechanical dewatering is often preferred because it needs low amount of energy (Vaxelaire 

& Olivier, 2006). Generally, in dewatered sludge plant nutrients are available as nutrients: 

such as phosphorous (approximately 3%) and nitrogen (about 1.5%). Due to this high 

concentration, it is very easy to reuse it as fertilizer (Tuan & Sillanpää, 2010). However, if 

it has heavy metal and other organic contaminants, we have to remove it before using as a 

substance. Table 1 presents total amount of sludge disposal paths in the EU member states. 

Here, we found that sludge landfilling is decreasing, but incineration is increasing. 
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Table 1: Sewage sludge production annually in 25 EU countries (Tuan, et al., 2012)  

No. EU member state Sewage sludge 

production (tonnes DS) 

Percentage of total 

production in the 

EU (%) 

Year of 

publication 

1.  Austria 196,000 1,9 2000 

2.  Belgium 160,000 1,5 2000 

3.  Cyprus 12,000 0,1 2001 

4.  Czech Republic 200,000 1,9 2006 

5.  Denmark 200,000 1,9 2000 

6.  Estonia 53,000 0,5 2001 

7.  Finland 160,000 1,5 2000 

8.  France 1,172,000 11,3 2000 

9.  Germany 2,786,000 26,8 2000 

10.  Greece 99,000 1,0 2000 

11.  Hungary 230,000 2,2 2004 

12.  Ireland 113,000 1,1 2000 

13.  Italy 800,000 7,7 2000 

14.  Latvia 23,000 0,2 2001 

15.  Lithuania 48,000 0,5 2001 

16.  Luxembourg 14,000 0,1 2000 

17.  Malta 400 0,0 2001 

18.  Netherlands 401,000 3,9 2000 

19.  Poland 360,000 3,5 2000 

20.  Portugal 359,000 3,4 2000 

21.  Slovakia 86,000 0,8 2001 

22.  Slovenia 90,000 0,9 2001 

23.  Spain 1,088,000 10,4 2000 

24.  Sweden 180,000 1,7 2000 

25.  UK 1,583,000 15,2 2000 

 EU total 10,413,400 100  
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In general, untreated sewage sludge contains a large amount of organic matter, and its range 

is about 60 to 80% of total content. Then, biological treatment is used to reduce the total 

organic content: for example, after aerobic digestion, organic content of DS became 40-50% 

from 60-70%. 

Sewage sludge enriched with organic contaminants, pathogens and large quantities of heavy 

metal. Therefore, it is difficult to treat these sludge using traditional methods. In China, more 

than 9.18 billion m3 sludge were produced in 2009 by the water treatment plants (Wessuc, 

2016). 

In Table 1, about 25 member states of European Union produce around a millions tonne of 

dry solids (DS). Among all of the countries, Germany, Spain, French and Italy positioned 

highest amongst all of them and produced 70% of the annual European sludge production.  

Million tonne of dry solids (DS) in 25 member states of the European Union (Table 1). Total 

European countries’ (excluding Italy and Germany) sludge production rate increased from 

5.5 to 9 million tonne in 2006 than 1992. Around 7 million tonne produced in the USA in 

1990 and Japan produced 4.6 million in 1991. The rapid amount of sludge expected by Japan 

by increasing the sewer connections (Vesilind, 1994). Not only Japan, in the whole world, 

sludge amount is going to increase as the household wastes.   

By dewatering, we can understand that it is mainly a water removal process. This process is 

used in different construction industries where water and solids are separated from solids 

through a variety of different pumping or filtering process. Therefore, if we construct 

dewatering, it is referred as water control (Wessuc, 2016). In various WWTP, dewatering 

regarded as a part of a process but sludge is converted from the semi-liquid solution to a 

solid product. Extracellular polymeric substances (EPS) considered as the most important 

part for sludge dewatering and it is mainly produced by the biological activity. Several 

methods are available for sludge dewatering and, among them the Fenton-like reaction is the 

most efficient way for degrading EPS and removing hazardous pollutants from the water. 

The main benefits of this reaction is the complete damage of the contaminants and, release 

non-toxic elements like CO2, water and inorganic salts (Neyens & Baeyens, 2003).   

Usually, before using sludge for composting, landfill or fertilizers, one must have to dewater 

it first. Incineration is another use of dried sludge. As we already knew that, primary sludge 
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has very less dewaterability. So, in order to improve the dewatering of sludge, conditioning 

with polymer substances is gradually increasing the dewaterability of sludge (Saveyn, et al., 

2006). The main reason behind this sludge conditioning is to enhance the effectiveness of 

solid-liquid separation.  

Moreover, depending on the polymer dosage and characteristics, sludge characteristics 

became changed. In general, sludge treatment and disposal required over 50% of the 

operation budget in the waste water treatment plant (Vijh, 1995).  
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1.1. Background 

An overall conceptual water distribution is shown in Figure 2 for wastewater sludge. This 

categorization mainly proposed by Vesilind et al. (Vesilind, 1994). Here different parts of 

existing water are represented as (a). Free water is the first part, and it is not attached to the 

particle, (b). The second part is interstitial water, and it is trapped inside the flocs. Then in 

(c) surface or vicinal water is attached to the surface of the solid particle by adsorption as 

well as adhesion and (d) chemical bounded available water (Lee & Lee, 1995). 

 

Figure 2: a. Water distribution in wastewater sludge, b. Dewatering methods in relation 

to water distribution in the materials (Sharma & Sanghi, 2012)  

The above description of sludge explained the simple and general behaviour of wastewater 

sludge. It is enough to consider this one for dewatering of sewage sludge. Mechanical 

dewatering is quite useful for sludge dewatering. The free and interstitial water part is 
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included here also (Sharma & Sanghi, 2012) for dewatering. Moreover, water’s spatial 

location in the sludge determines the amount of energy required for water removal. 

There are several types of sludge dewatering processes are available. These are mainly 

divided into  

 Natural methods of sludge dewatering 

 Artificial methods of sludge dewatering (Stump, 2013) and  

 Chemical addition to primary and secondary sludge (McGrouther, April 2013) 

 

Natural methods of sludge dewatering are given below: (Stump, 2013) 

 
Table 2: Natural methods of sludge dewatering  

Steps Treatment Effective by Individual processes 

1. Step Thickening Gravitation Continuous or discontinuous operated 

thickener 

2. Step Dewatering Gravitation 

Evaporation 

Sludge basin 

Sludge drying bed 

Sludge lagoon 

3. Step Drying Thermic forces Sludge drying bed 

(only in warm regions) 

 

For natural methods of sludge dewatering, sludge basin or reed bed construction is very 

popular. As wastewater have various concentrated pollutants, dyes, pigments along with 

odours; so, these natural and artificial methods are not much efficient than the advanced 

processes. Moreover, the elements could not be able to reuse after completion of this 

treatment system (Sharma & Sanghi, 2012). Sludge basin and dry reed bed construction are 

shown in the above table.  
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Artificial processes are given below: (Stump, 2013) 

Table 3: Artificial methods of sludge dewatering  

Steps Treatment Effective by Individual processes 

1. Step 

 

Thickening Gravitation Continuous or discontinuous operated 

thickener 

2. Step Dewatering Static methods or using 

pressure difference 

Static methods like Vacuum filtration, 

Belt filter press and  

pressure filtration 

3. Step Drying Thermic forces Dryers / dehydrators 

 

Besides these traditional processes, chemical treatment and advanced oxidation process are 

available for sludge conditioning. Flocculation agents, acid and alkaline are used for 

chemical treatment. In addition, the advanced oxidation conditioning process such as the 

Fenton process and ozonation processes have been applied recently (Zhou, et al., 2011).  

 

In Fenton process, organic compounds are mainly destroyed by oxidising them; so heavy 

metals are removed from the sludge clots. After oxidation, it may improve the filterability 

rate of sewage sludge. (Lu, et al., 2003). Lower response time, utilisation of non-toxic 

compounds and the possibility of using it on a different scale make Fenton process more 

feasible for dewatering (Azhdarpoor, et al., 2015).  

 

a. b. 

Figure 3: Natural methods of sludge dewatering, a. Sludge lagoon, b. Construction of a 

dry reed bed  
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In this process, ferrous ions react with hydrogen peroxide and produce hydroxyl radical with 

powerful oxidising ability. It may degrade all types of toxic contaminants (Lu, et al., 2003) 

from sludge. The reaction of hydrogen peroxide to ferric ion is regarded as a Fenton-like 

process. Pignatello, et al., (2006) investigated that, effects of Fenton reaction largely depends 

on the concentrations of H2O2, Fe2+ and pH value (Pignatello, et al., 2006). 

According to Wessuc, (2016), different types of sludge are used for this treatment system.  

 Primary or raw sludge from primary settling tank,  

 Waste activated sludge (WAS) from activated sludge process.  

 Other than that, secondary sludge from secondary settler and digested sludge from 

sludge coming out after biological oxidation (Wessuc, 2016).  

Moreover, dewatered sludge, where most of the water already removed from sludge. Most 

widely used sludge treatment is anaerobic digestion (AD). AD stabilises the sludge by 

reducing pathogen. Digestate is a worthy nutrient which is worked as a soil improver.   
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1.2. Objectives of the study 

1. To study the effects of the different molar ratio of Fenton reagent on the extracellular 

polymeric substances. 

2. To assess the extraction of certain heavy metal from sewage sludge after one hour of 

Fenton reaction. 

3. To analyse the results of EPS content reduction and heavy metal removal by adjusting the 

total solids’ content in the sludge to 1% and 5% with deionized water. 

2. LITERATURE REVIEW 

For a few decades, different efforts have been developed to improve sludge dewaterability. 

About 95% moisture is available in the sewage sludge. Moreover, the extracellular 

polymeric substances occupy a large amount of water mainly bound water, and it contains 

the significant fraction of sludge mass. Among all of the processes, sludge dewatering is one 

of the most important ways for sludge treatment.  

Hong, et al., (2015) reported that, the available moisture is usually divided into the bound 

and free water. The mechanical dewatering can separate free water, but bound water is tightly 

restrained in sludge. So, bound water is not simply removed by mechanical force. The 

presence of bound water has a close relationship with extracellular polymers substances 

(EPS) in sludge (Hong, et al., 2015).  

Extracellular polymeric substance or EPS is mainly weakly attached with the cell. It may 

move freely among the flocs. Bound EPS is primarily sludge portion what is firmly bound 

to the cell of microbes. This bond can eliminate by using physicochemical methods. 

EPS are the products of cell lysis, sorption from the environment or active secretion 

(Mikkelsen & Keiding, 2002). Sometimes, EPS create a protective layer against of the 

adverse external environment. Microbial cells are available inside the flocs were generally 

cross-linked by extracellular polymeric substances. There are particular pores and channels 

available inside the polymeric material. Different materials like pollutants, minerals or 

nutrients are absorbing by them. 
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Protein and carbohydrate are the two main constituents of EPS. In earlier timing, the focus 

was on the carbohydrate only, and that is the major component of EPS pure culture. But in 

recent studies, it is found that protein is the main part of EPS, not carbohydrate. From studies, 

we found that human-like substances, uronic acid, and some other components also available 

in EPS (Li & Yang, 2007). 

Therefore, the EPS degradation and microorganism lysis are the most significant part to 

enhance the water release from sludge flocs. Different conditional techniques like ultrasonic 

pretreatment, microwave, thermo-chemical and advanced oxidation processes (ozone and 

Fenton) are used for sludge dewatering and sludge treatment for EPS destruction (Bruus, et 

al., 1992; Liu & Fang, 2003; Neyens, et al., 2004). 

2.1.  Principles of the dewatering process  

2.1.1. Dewatering process mechanism 

Different types of dewatering processes are used for sludge dewatering. Mechanical methods 

(belt filter press, chamber filter press) are mainly utilized in the large wastewater treatment 

plant. There are one or more moving belts made of woven synthetic fibre available for sludge 

dewatering in belt filters. The belt passes over the sludge by increasing pressure (Garg, 

2009). Here, sludge only divided into the solid and liquid part. After this process, both 

dewatered and effluents need further treatment before using in some other field, and a 

constant power supply increases its operational cost (SSWM, 2011). 

Various physical treatment is also used for sludge treatment. Heat treatment, thawing, 

freezing are some of them.  

In freezing treatment, microbial cells along with the floc structure are break down, and the 

bound water is released from the sludge. Density and morphology are substantially changed 

with low freezing speed. By using this method, dewaterability increased about 82% in 

comparison with untreated sludge. Moreover, the slow frozen process achieved a better 

dewaterability result (Comninellis, et al., 2008). The reason behind that is if we increase 

freezing rate, sludge particles are entrapped in the ice layer, and sludge dewaterability is 

impaired. 
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Other than that, thermal hydrolysis is another conditioning method for sludge. Here, 

temperature ranges from 40 to 180°C where sludge is heated from 130 to 180°C (Li, et al., 

2013). Experiment performed at 120°C for about one hour which reduces the sludge 

dewaterability.   

Flocculation agent, alkali and acid are used as chemical treatment for sludge dewatering. At 

first, digested sludge is conditioned in order to form flocs and, then chemical conditioners 

are used to improve the sludge quality such as polyelectrolytes, Fe (III), Fe (II), lime or Al 

(III) (Chen, et al., 2002). 

Flocculation process is mostly used for chemical conditioning in the wastewater treatment 

plant. To explain the mechanism, two models are used. One of them is charge neutralisation, 

and another one is bridging model.  

Charge neutralisation model is described as colloidal classical theory, and it represents the 

charged particle having a double layer of counter-ions neighbouring the sludge particle. The 

first layer is often referred as a fixed layer. This layer is a tightly associated layer of counter-

ions. The second layer is a diffuse layer made up of less closely counter-ions. 

In the diffuse layer, the total concentration is reduced with the distance from the surface of 

fixed layer. Zeta potential (ζ) is available between fixed layer and the bulk phase. Originally, 

sludge sample has negative zeta potential. So, sludge particles are negatively charged, and 

aggregation is prevented by electrostatic repulsion. Moreover, the appropriate amount of 

organic cationic polymers will add to eliminate electrostatic repulsion.  

Other than that, the optimum level of flocculent dosage also very close to dose giving zero 

value of ζ and if we condition the sludge with a high molecular weight polymer results in an 

enhanced dewaterability of sludge. Ferric and aluminium salts and lime are commonly used 

as inorganic flocculants. However, dewatering by mechanical dewatering methods mainly 

centrifuging, but could not perform well by using sludge samples conditioned with inorganic 

flocculants. For that reason, organic polymers are generally used for sludge conditioning. 

We can differentiate the polymers by their ionic nature into groups with a positive charge 

(cationic polymers), negative charge (anionic polymers) and neutral charge (non-ionic 

polymers) (Tuan & Sillanpää, 2010). 



  

13 

 

Ozone, wet oxidation (O2) and hydrogen peroxide can be used for pre-treatment of sludge 

mainly as chemical oxidation techniques. If we use H2O2 alone, then that’s not effective. The 

reason behind this, is the slow reaction and transition salt metal such as (CuII, FeII, CoII, RuIII, 

Ni I), UV light and ozone can enhance the H2O2 for hydrogen radicals’ formation (Sanin, et 

al., 1992). 

Among all types of sludge dewatering processes, Fenton process is so much promising, and 

this system achieves high reaction yield also. This process is regarded as a cost-effective 

source for hydroxyl radical production. Fenton process is an oxidation process, which is used 

for ferrous ions with hydrogen peroxide. So, the overall equation is:  

𝑭𝒆𝟐+ + 𝑯𝟐𝑶𝟐 =  𝑭𝒆𝟑+ + 𝑶𝑯− + 𝑶𝑯•. ... …. … (1) 

This oxidative process is very useful for wastewater treatment. There are various reason 

behind that. First of all is the iron, because iron is very nontoxic and abundant. Then 

hydrogen peroxide is very easy to handle and it is environmentally safe. The reason behind 

for using this oxidation process is the simplicity. Chemicals what are used available in 

moderate cost and no special equipment needed for this method. 

The effect of pH on Fenton reaction was examined in the previous studies and shown that 

acidic pH 3 are optimum for Fenton oxidations (Neyens & Baeyens, 2003; Arnold, et al., 

1995).  

 

 

Figure 4: Fenton reaction setup 
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So, Fenton system was adjusted to fix pH 3 by using HCl. In the Fenton-like reaction with 

H2O2, the lifetime of this H2O2 is a vital factor. Therefore, an acidic condition is highly 

preferred and pH buffering used to stabilize the H2O2. In the presence of H2O2, ferric iron 

was the dominant species what was dissolved in the solution. The higher concentration of 

metal in the solution contributed to the effective production of hydroxyl radical (Malik & 

Saha, 2003). Finally, this hydroxyl radical is the major reactive species for contaminant’s 

oxidation. 

In Fenton reaction, there are two stages. The first stage is Fe2+/ H2O2  and, it's faster than the 

second one Fe3+/ H2O2   and, subsequently here also ferrous ions react with hydrogen 

peroxide (Aygun, et al., 2012). This behaviour is very well-known where ferrous ions react 

very quickly with hydrogen peroxide. After the reaction, huge amounts of hydroxyl radicals 

are formed. The oxidation process is slower in the second stage than the first stage because 

of the slow production of Fe2+ from Fe3+ (Ramirez, et al., 2005). Fenton was also found 

helpful for metal leaching, micro-pollutant removal and pathogen destruction from the 

sludge (Zhou, et al., 2011).  

Ozonation is also used for sludge dewatering. The flocs are broken down because ozone is 

very powerful oxidant and available water come out from the flocs. Though ozone 

production is costly for sludge treatment and this is the major limitation for full-scale plant 

usage (Chu, et al., 2009).  

2.1.2. Indicators of the efficiency of the dewatering process 

For evaluating sludge dewatering  (Zhou, et al., 2011), some common tests are used, like as 

capillary suction time (CST), time to filter (TTF) and specific resistance to filtration (SRF). 

Time to filter (TTF) is regarded as the similar to specific resistance to filtration (SRF). By 

using both systems, filtrate’s viscosity does not change much. The assessment contains a 

placing where the sludge samples available in a büchner funnel with filter paper. In the 

graduated cylinder, a funnel is attached and the amount of filtrate determined as a function 

of time by using a vacuum system. For reducing 50% volume, required time is regarded as 

TTF. But in SRF, the parameter is regarded as m/kg and the equation is: 

𝑺𝑹𝑭 =  
𝟐×∆𝑷×𝒃×𝑨𝟐

𝑫𝑺 ×𝜼
 …. ….. …. (2) 
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Where  

ΔP (N/m²) is the pressure drop across the filter cake,  

A (m²) is filtration area,  

η (kg/m/s) is dynamic viscosity,  

DS (kg/m³) is the solid content of sludge sample.  

 

The coefficient b (s/cm6) is measured as the slope of the curve obtained by plotting the time 

of filtration to the volume of filtrate ration (t/V) versus V itself (Tuan & Sillanpää, 2010). 

In this experimental work, CST is mostly used. CST machine is mathematically analysed 

and suggested for sludge variables. CST test is a real empirical test and not based on the 

theoretical part of sludge dewaterability. Besides, the capillary suction time (CST) system is 

used for measuring the whole filterability. It is used for removing moisture from sludge and 

slurry in industrial parts (Chen, et al., 1996; Sawalha & Scholz, 2007). 

  

Figure 5: Triton Capillary suction timer  (Type 304M CST) (Electronics,  2016) 

In general, in comparison to SRF, CST is a rapid and simple measurement. Other than this, 

CST is a little bit far from realistic because there is no pressure option in this machine (Pan, 

et al., 2003). For SRF, at times it’s difficult to calculate the coefficients of the equation. Not 

only that, sometimes it creates larger errors. Moreover, in several studies, CST and SRF’s 

relationship and correlation are encountered (Hwa & Jeyaseelan, 1997). 
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2.1.3. Factors affecting dewaterability 

Previous studies have shown that different factors like sludge pH value, bound water content, 

EPS content, particle size distribution and viscosity mainly controlled the sludge 

dewaterability. Liao et al. (2002) found that within pH 2.5-9.5 sludge flocs were stable and 

filtration dewatering efficiency improved with reducing the sludge pH. Whenever pH is 2.5, 

sludge water content reached the minimum level (Liao, et al., 2002; Song, et al., 2014).  

Ye, et al. (2011) reported that surface charge, flocculation capability with relative 

hydrophobicity are the physical properties of sludge flocs. These properties also affect the 

sludge dewaterability. It is stated that physical properties of sludge flocs’ was influenced by 

the EPS. EPS is a protein content of sludge and particle size distribution of sludge have 

changed by the rise of extracellular polymeric content in floc. So, this changing deteriorated 

the sludge dewaterability. Dry matter content of filtered cake decreased whenever the EPS 

amount is increased. Kang et al. (1989) also investigated the EPS effect on sludge and stated 

that negative effect might also be created by EPS on the dewatering process (Ye, et al., 2011; 

Mikkelsen & Keiding, 2002; Chen, et al., 2001; Kang, et al., 1989).   

Different cations are linked inside of the biopolymers of waste sludge and excess cations are 

available there. In general, monovalent cations like as sodium attributed for low sludge 

dewaterability ability. Calcium, magnesium, iron and aluminium regarded as multi-valent 

ion and these are beneficial for the better sludge dewaterability. Calcium and magnesium 

can link with proteins and polysaccharides. Most important part is iron and aluminium (tri-

valent cation) can bind humic acid, polysaccharides and proteins. Therefore, cations can be 

effected for sludge conditioning because these are the main factors for maintaining floc 

structure (Ye, et al., 2011; Neyens & Baeyens, 2003).  

Concentration is one of the key factors for affecting dewaterability. It is regarded as g/l and 

the level mainly influences the flocculation characteristics. Moreover, flocculent 

consumption will be lower because of the higher concentration of sludge.   

Organic matter is another characteristic of the sludge and dewatering will be difficult 

whenever the VS amount is high. Hence, it is suggested to add a thickening agent in the 

process to achieve a better dewatering.  Nature of the sludge has a substantial effect on the 
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dewatering performance. Different forms of sludge are produced in a WWTP, and they vary 

depending on the treatment process. Primary, secondary and digested sludge are various 

natures of sludge, and they have numerous types of features. Physical, chemical and 

biological characteristics influenced the sludge dewaterability.  

2.2. Anaerobically digested sludge and it’s dewaterability 

Mainly anaerobic digestion is a bacterial decomposition process. It stabilises organic wastes 

and turns them into methane and carbon dioxide gas (biogas). The specially built digester is 

used to run anaerobic digestion at 35ºC. Different types of digester are used for anaerobic 

digestion and, most of them are commercially available based on various waste streams. 

Manure, municipal and industrial wastewater treatment system are available as waste. In 

order to reduce odour, methane emission: livestock manure is operated in anaerobic 

digestion systems (Tay, et al., 2001). 

Sludge stabilization is the main part of aerobic or anaerobic condition in biological digestion.  

Moreover, an anaerobic digestion can be described as the sludge reduction without the use 

of any air or elemental oxygen. Organic pollutants are covered up by the anaerobic 

microorganisms and turn into a gaseous product. Methane gas is used because it has potential 

to reuse. It's also a very low energy process and recommended for high BOD and COD 

soluble wastewater (Ovivowater, 2016).  

About 75% to 50% organic content is reduced from the sludge through this setting. 

Anaerobic digestion is the most modern process and, the dewaterability of the sludge is 

reduced in both processes due to increasing the content of fine particles. The residual organic 

matter in sludge is chemically stable, almost odorless and contains significantly reduced 

levels of pathogens. Sludge dewaterability is decreased profoundly in an aerobic process 

because of higher bacterial growth (Tuan, et al., 2012). However, if we consider supplying 

the oxygen, power consumption is higher in aerobic condition along with operational cost. 

Here, two stages are available for simultaneously digesting the sludge. In the first stage, 

hydrolysis occurred, and organic acid converted to acid forming bacteria. Then in the second 

stage, organic acid turned into methane and carbon-di-oxide.  
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Whenever water is removed from the sludge flocs, dewatering occurs. It decreases the sludge 

volume and the disposal cost as well. As we already knew that, sludge contains both bound 

and free water. We can remove free water by mechanical forces but not the bound water. 

Bound water is integrated by chemical bonds with sludge structure. So, sludge conditioning 

is necessary to remove this bonding (Song, et al., 2016; Abedeen, 2010). Anaerobically 

digested sludge dewatering is critical for waste management. According to Lau, et al. (2013), 

metal cations (magnesium, sodium, ferric, calcium salts) and chitosan are used as a dual 

conditioner. These are more useful for improving anaerobically digested sludge 

dewaterability (Lau, et al., 2013).  

On the other hand, after 10 days of anaerobic digestion sludge dewaterability is measured 

by capillary suction time. During this timing, the digested sludge is deteriorated fully. LB-

EPS (loosely bound polymeric substances) increased almost three-fold after 18-20 days of 

anaerobic digestion. But TB-EPS (tightly bound EPS) reduced slightly after 20 days. But 

they are stabilized after 30 days of digestion. Moreover, polysaccharides and proteins 

amount are increased in LB-EPS and decreased in TB-EPS (Ye, et al., 2014). 

2.3. Extracellular polymeric substances in anaerobically digested sludge 

and its impact on the water content 

Different types of sludge water are available with different properties. Some of them have 

chemical properties along with vapor pressure, viscosity, enthalpy and density (Katsiris & 

Kouzeli-Katsiri, 1987). Bound and free, these two types of water are main kinds of water 

inside the sludge. Generally, it is said that largest part of the sludge is free water. If we 

consider the bound water, it represents a small amount of water content but generally greater 

in term of mass in comparison with the solid phase (Vaxelaire & Cézac, 2004). We can 

distinguish bound water as physically bound, chemically bound and mechanically bound 

water and the amount of free and bound water depends on the various systems used to 

measure the amount of free water (Colin & Gazbar, 1995).  

Some authors proposed 80°C is considerable for free water while the others use 40°C. 

Moreover, a pressure higher than 28MPa is required to remove water from sludge. More 

important point is open water is being frozen at this temperature, but when we consider the 
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bound water, it became unfrozen at that point. Usually, bound water is only frozen 20°C or 

-8°C (Wu, et al., 1998; Vesilind & Hsu, 1997). 

It is much difficult to get a clear picture of the total distribution of water inside the sludge. 

The best process for this sludge water is not easy at all. However, there is an extensive 

discussion about this method, but that is not an easy at all. 

 

Figure 6: Extracellular polymeric substance (Sheng, et al., 2010)  

Extracellular Polymeric Substances (EPSs) usually accumulated on the bacterial cell’ 

surface and defined as a bacterial chamber. Various kinds of organic substances are available 

here: carbohydrate, exo-proteins, DNA etc. (Liu & Fang, 2002; Li & Yang, 2007). 

Moreover, proteins are the pre-dominant in the EPS composition.  

Some EPS is working as a protective layer for cells. In the critical environment like as 

toxicity, sudden pH difference, nutrients or organic molecule absorption, etc. is suitable for 

them. It also serves as energy and carbon reservoir during the starvation time. 

EPS can also make a polymeric network, and it is negatively charged (Higgins & Novak, 

1997; Mikkelsen & Keiding, 2002). Moreover, in flocculation and settling, EPS play a 

valuable role. By using pores and channels, EPS create a large surface area and have the 

ability to absorb pollutants, minerals, and nutrients. 

 Increasing EPS in sludge also creates sludge dewaterability and various researchers already 

found this. There was one study, where eight municipal waste water treatment plants found 

the optimum sludge dewatering level was 35 mg EPS/GDS (Higgins & Novak, 1997; 

Higgins & Novak, 1997). According to the upper and lower level of this optimum point, 

sludge is very tough to dewater.  
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Some researchers work on the amount of carbohydrate and protein in the sludge, and others 

work on the effect of EPS - some are positive, and some are negative (Houghton, et al., 

2000). 

There are some other factors what should we consider at the time of dewatering. If we take 

biological treatment under aerobic and the anaerobic condition, then it will reduce the sludge 

dewaterability. Sometimes, EPS composition became changed during thickening process 

(Bura, et al., 1998). It reduced the sludge dewaterability too.  

Several researchers documented the sludge using in different ways. If we keep the sludge 

solution in the anaerobic situation at 4°C, then the EPS percentage in sludge significantly 

decreased. EPSp and EPSc amount of sludge significantly decreases within the first two days 

of storage under anaerobic condition.  

We can notice that there are some conflicting results are also available about sludge effect 

on the dewaterability. The reason behind that, for characterization, there is no particular 

method for sludge. On the other hand, EPS type and other properties depend on the 

wastewater type, nutrient level and sludge retention time (Li & Yang, 2007). 

2.4.  Fenton reagents’ for conditioning sludge 

2.4.1. Role in the reduction of EPS content  

Extracellular polymeric substances (EPS) mainly contains polysaccharides and protein. 

They represent almost 70-80% of the total organic carbon. The rest of them are uronic acid 

and deoxyribonucleic (DNA) acid. Both TB-EPS and LB-EPS are correlated with the 

dewaterability characteristics (Zhou, et al., 2011). 

It is well acknowledged that the loosely bound EPS has more significant effect for the sludge 

dewaterability. According to (Wei, et al., 2011), LB-EPS mainly linked with the EPS 

concentration. Because of its high hydrophilicity, LB-EPS contains a significant amount of 

bound water. The proteins and carbohydrates in sludge bound with water leading to different 

impacts of sludge dewaterability. If soluble protein and polysaccharides amount are 

increased, then the dewaterability rate is decreased as well. Protein increased the sludge 

dewaterability while carbohydrate decreases the dewaterability.  
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Figure 7: EPS destruction by Fenton reagents (Fontmorin & Sillanpää, 2017)  

In the above figure, we found that EPS from sludge was oxidised and degraded by the 

Fenton's reagent. LB-EPS is mainly decomposed during the peroxidation and improved 

dewaterability. Protein and carbohydrate bind with water thus leading to different impacts 

on sludge dewaterability. The increase of carbohydrate increases the dewaterability, but it 

will be opposite if the protein content is being high. So, primarily protein influenced sludge 

dewaterability and polysaccharide, and carbohydrate played a secondary role.  

Proteins, control the dewaterability by turning into slime form tightly bound EPS (TB-EPS) 

and pellets after the treatment. Moreover, the amount of loosely bound EPS (LB-EPS) in 

sludge sometimes had negative effects. However, on sludge dewaterability, the content of 

TB-EPS had no apparent effects and, excessive EPS reduces the floc strength (Zhou, et al., 

2011). 

2.4.2. Role in the removal of heavy metal 

The presence of heavy metals in the sludge create lots of problems whenever we used that 

in the agricultural field. These heavy metals significantly affect the ecosystem and human 

health. So, we need to develop safe disposal systems for heavy metal. Still now, several 

systems are used for heavy metal removal from the sludge. 
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For destroying toxic along with biologically organic contaminants in aqueous solutions 

advanced oxidation processes are used mainly in the environmental engineering field. This 

area significantly developed from the last decades (Puzyn & Mostrag-Szlichtyng, 2012). 

Among all advanced oxidation processes, the Fenton’s reagent is an interesting solution for 

this problem. In below Figure 8, heavy metals are identified in the periodic table.  

Amongst all advanced process treatment, Fenton reagent is a very fascinating solution. The 

reason behind this is the temperature and pressure condition for using this solution and it is 

very easy to handle. This Fenton mixture is applicable for various types of wastewater. Here, 

we used this solution to remove heavy metal from the digested sludge. The reaction involved 

mainly in the Fenton process is already well established. Nevertheless, as we already knew, 

the efficiency of the system depends on the formation of hydroxyl radical (•OH) and 

oxidation of ferrous to ferric ions (Badawy, et al., 2009). In order to get the higher efficiency 

of degradation, operating condition should be established correctly.  

In present timing, the heavy metal problem is one of the main pollutions in several 

developing countries like Bangladesh. Due to unplanned industrialisation, quality of the 

water badly contaminated as well as sediment too. In a recent study, water is collected from 

one of the famous and largest river Karnaphuli from the sea port city Chittagong, 

Bangladesh. Samples are collected from the different point of the river and results are 

shocking due to untreated effluents from arsenic, chromium, cadmium and lead (Ali, et al., 

2016). Moreover, heavy metal available in sewage sludge also. Due to higher range of dyeing 

and textile industries, heavy metal is available at an alarming rate.  

Figure 8: Heavy metal in the periodic table  
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Table 4: Heavy metal concentration in sludge, Bangladesh  (Islam, et al., 2006)  

Sludge 

sample 

Pb Cd Cr Zn Cu Fe Mn 

mg/kg g/kg 

1.  86,02 6,24 4,68 8,32 1,20 187,6 4,19 

2.  75,13 5,91 4,12 7,16 1,70 201,4 4,31 

3.  70,73 7,11 3,65 8,12 1,51 173,1 3,28 

4.  85,20 6,51 4,93 7,91 1,12 221,2 4,68 

5.  79,15 4,38 3,52 7,72 1,23 157,2 3,96 

6.  82,27 6,21 5,11 8,51 1,58 168,5 3,72 

7.  73,61 8,27 3,93 8,11 1,06 256,7 3,05 

8.  80,93 5,51 4,85 7,07 1,34 195,7 4,57 

Mean 79,13 6,27 4,35 7,90 1,34 195,2 3,97 

SD 5,53 1,13 0,61 0,55 0,23 32,0 0,58 

 

Chemical precipitation, ion-exchange, filtration by membrane and ion-exchange are the most 

used methods for heavy metal removal from sludge.  Generally, organic and inorganic acids 

are used to dissolve the heavy metal as chemical methods.  

In recent years, Fenton process is the most recommended method because of its low leaching 

time and non-toxic materials production (Azhdarpoor, et al., 2015). Pretreatment by Fenton 

system reduced the sludge, biodegradability along with volatile matters.  

Hydroxyl radical reacts with the organics starting a chain reaction, and this is the central part 

of heavy metal degradation. 

• 𝐎𝐇 +  𝐑𝐇 ⟶ 𝑯𝟐𝐎 + 𝐑 • … … … (3)          RH = Organic Substrate  

𝐑 • +𝑶𝟐 ⟶ 𝐑𝐎𝐎 •          …. … … (4)  

 
 

However, the useful function is still limited mainly to chemical processes due to lots of 

chemicals along with operational difficulties and higher operating cost. There are secondary 

pollution problems associated with these also. Ferrous oxide and hydrogen peroxide are 

commonly known as Fenton's reagent. Fenton's reaction has several advantages like short 

reaction time with non-toxic iron and H2O2. Therefore, this process is easy to run and control. 
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Fenton reagents are widely used for highly polluted water treatment. Moreover, hydrogen 

peroxide shows its stability in a strong acid solution (Ren, et al., 2014). 

 

 

Figure 9: Fenton reaction system for heavy metal of digested sludge  

In the above figure, heavy metal is removed from the sewage sludge. In the beginning, 

digested sludge solution is mixed with Fenton reagent. Heavy metals are available in the 

sludge solution. Different ratio of Fenton reagent is used for this mixture. At time t=0, the 

CST was measured, and samples were collected for experimental measurement. Then, after 

a certain time of the experiment, samples were collected for ultimate heavy metal analysis. 

There are certain effects of heavy metal in the environment. Heavy metal as for example 

chromium tried to enter into the environment through different matrices like air, water or 

soil. This metal is available from a variety of natural and anthropogenic sources. Mainly 

tannery industries are the main responsible for chromium with metal processing, steel 

welding. Moreover, chromate production, pigment, and ferrochrome are another sources for 

chromium. In the environment, heavy metal concentration became increased from the 

metallurgical, refractory and chemical industries (Well, 2015). Not only that, chromium 

mainly released into our surrounding as hexavalent form. 

If anyone breathes higher levels of Cr (VI), then various health problem will arise. Irritation 

to the lining of the nose with nose ulcer is very common. Irritation and ulcer in the stomach 

and small intestine, sperm damage which destructs male reproductive arrangement. In 

Sludge solution after 

Fenton experiment (t=60)

Fenton Solution
Digested sludge 

solution
Sludge + Fenton 

solution (t=0)

Sludge 

Heavy Metal

Fenton Reagent
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comparison with Cr (VI), Cr (III) is less toxic, but sometimes it may create severe redness 

and skin swelling (Patlolla, et al., 2009; Well, 2015). 

For lead, child became the main victims. Adult people are also affected by blood level 

poisoning. Lower IQ or intelligence quotation, hearing acuity reduced are some other 

impacts of lead. Growth retardation decreased hearing acuity; poor attention span is a 

behavioral problem due to this heavy metal problem (Compounds, 2007; Kaul, et al., 1999). 

Mercury is mainly utilised in the production of electrical instruments like switches, 

thermostats, and batteries. Different process industry as caustic soda, antifungal products of 

wood plant and pharmaceutical products preservatives are mainly used, Mercury. 

Through an accident, dental care, agricultural process, environmental, humans are exposed 

to all types of mercury effects (Tchounwou, et al., 2003; Tchounwou, et al., 2012). Hereafter, 

ROS developed by mercury, and it can damage DNA in cells, a procedure which can lead to 

carcinogenic processes.   

3. MATERIALS AND METHODS 

In this chapter, all materials, different types of experimental setup along with various 

analytical techniques what are used for experimental works are described.  

3.1. Sludge sample collection 

Sludge sample for the experimental work was taken from the wastewater treatment plant of 

Mikkeli. After sampling, the sewage sludge sample kept in airtight polyethylene bottle in 

the laboratory and stored at 4 °C before its usage. 
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Figure 10: Sludge sample 

Before using for the experiment, the sludge solution was kept at the room temperature to 

stabilise the solution temperature from 4°C.  

Key features and available heavy metals in anaerobically treated digested sludge are given 

below: 

Table 5: Characteristics of digested sludge 

Parameter Sludge (Anaerobically digested sludge) 

Temperature 30-35ºC 

pH 7-8 

Heavy Metals (Total Suspended solid 1%) 

Chromium – Cr 0.080 

Copper – Cu 0.000 

Lead – Pb 0.003 

Zinc – Zn 0.0957 

 

Iron (II) sulphite heptahydrate and hydrogen peroxide were purchased from Sigma-Aldrich. 

Concentrated sulfuric acid and sodium hydroxide were used to control the pH of the sludge 

solution.  For protein determination, Lowry’s method was used. For this determination, 

protein sample, NaOH, Na2CO3. CuSO4, Na-tartrate and Folin reagent were used. Same as 
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for carbohydrates, anthrone method was used. Anthrone should be dissolved in H2SO4 for 

sample preparation.  

3.2.  Experimental setups and procedures 

For protein determination, folin reagent was used. For using Lowry’s method, NaOH, 

Na2CO3. CuSO4, Na-tartrate were needed. BSA or bovine serum albumin used as a standard 

here for Lowry’s method. For calibration curve preparation, absorbance must be read at 750 

nm after 45 minutes of the mixture preparation.  

For total protein determination, Lowry's method is one of the commonly used methods. The 

procedure is very sensitive because there are two reactions for colour form in this method. 

Generally, it uses the biuret reaction where copper ion Cu2+ is reacted with a protein’s 

peptide bond in presence of alkaline condition. So, in this reaction, cupric ions to cuprous 

ion mainly Cu2+ to Cu+. Lowry’s reaction: the folin ciocaltaeu reagent which contains 

phospho-molybdic complex and it is a mixture of sodium tungstate, sodium molybdate, and 

phosphate. Not only these chemicals, copper sulfate solution and the protein, a blue-purple 

colour is formed and absorbance length is about 650 to 700 nm for measurement (Lowry, et 

al., 1951). 

Here blue or purple is formed due to a reduction reaction. At this time phospho-

molybdotungstate reduced to hetero-poly molybdenum blue by the copper catalysed system 

and, the oxidation of aromatic amino acids tryptophan and tyrosine. Therefore, aromatic 

compound’s amount is the main reason for this colour formation. This value is different for 

different types of protein.  

There are some benefits of using the folin’s reagent for protein determination. First of all, 

no digestion is needed for this reaction because of its sensitive assay. Then, it is more than 

10 to 20 times sensitive than absorption by ultraviolet at 280 nm. After that, this process is 

much more specific, and turbidity could not disturb it at all. Moreover, this is a very simple 

process and due to several folds more sensitive than the ninhydrin reaction. Not only that, it 

is 100 times more sensitive that the known reaction – biuret reaction.  

There are some disadvantages also for this reaction. For different protein, colour shows the 

difference. Other than that, it is less constant than biuret. Moreover, more absorption 
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constant at 280 nm (Rao & Deshpande, 2006). The colour does not always depend on the 

concentration. But beside these disadvantages,  folin method is widely used for protein 

determination. Along with that, tissue protein, enzyme fractionation, and highly diluted 

protein samples are analysed through this process.  

Another calibration curve was prepared for carbohydrate and, anthrone method was used for 

this calibration. 0.125% w/v of anthrone was dissolved in the H2SO4.and, this reaction 

regarded as a dangerous reaction due to higher acid concentration and exothermic effect. So, 

it has to be carried out under a fume hood, and after mixing, absorbance must be read at 625 

nm.  

3.2.1. Fenton batch system 

Before starting the experimental work of Fenton batch system, we adjusted total solids’ 

amount to 1% using deionized water. 250 ml of Erlenmeyer beaker was used for Fenton 

system and placed 250 ml raw sludge solution into it. We kept them under agitation 300 rpm 

at the room temperature. Conc. sulfuric acid was used to control pH 3±0.2 and, total solids’ 

content in the sludge was adjusted to 1% with de-ionized water before experiments. About 

250 mL of raw sludge was placed in 500 mL Erlenmeyer flasks and kept under agitation at 

150 rpm and at 30°C. Every single sample was duplicated for confirming the consistency of 

the method as well as results. Without Fenton reagents, one batch was prepared as a control 

sample.  We studied Fenton reaction’s effect about one hour under different ratio and 

concentration of Fe2+ and H2O2. All of these conditions are summed-up in Table 6. 

Table 6: Fe2+ and H2O2 ratio for Fenton system 

Batch 

Name 

Batch 

A 

Batch 

B 

Batch 

C 

Batch 

D 

Batch 

E 

Batch 

F 

Batch 

G 

Batch 

H 

Batch 

I 

Batch 

J 

Fe2+ 1 3.6 10 36 3.6 10 36 0.1 1 3.6 

H202 10 36 100 360 3.6 10 36 10 100 360 

Ratio  1:10 1:10 1:10 1:10 1:1 1:1 1:1 1:100 1:100 1:100 
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3.3. EPS extraction and analysis 

For extracting, LB-EPS (loosely bound extracellular polymeric substances) and TB-EPS 

(tightly bound-extracellular polymeric substances) from sludge sample, we followed the 

procedure from literature (Liu, et al., 2016). In shortly, 10 ml sample was centrifuged at 

4000g at 4°C for 25 min. Then suspended the solution using vortex with 0.05% NaCl. Before 

being centrifuged at 4000g for 15min, the sample sonicated for 3 min and 2 min before and 

after 10 min horizontal oscillation for further agitation. The supernatant was filtered through 

0.45 µm, and LB-EPS was analysed. Corresponding suspension was mixed with NaCl 

(0.05%) using vortex and heated the solution at 60ºC for 30 min. Finally, TB-EPS was 

determined after filtering the supernatant through 0.45 µm filter. We know that, in each 

fraction of the sample, proteins (sum of LB-EPS and TB-EPS) and polysaccharides are 

available. We determined proteins using Lowry method using bovine serum albumin. The 

polysaccharide was analysed using the anthrone method (Frølund, et al., 1996) with glucose 

as a standard. Moreover, each and every experiment was performed in replicate.  

 

Figure 11: Fenton experimental setup  
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3.4. Heavy Metal Determination 

From the sample, heavy metal concentrations of Cd, Cr, Cu, Pb, and Zn were measured. 

Here an inductively coupled plasma-optical emission spectrometer (ICP-OES, model iCAP 

6300, Thermo Electron Corporation, USA) was used. 5 ml of each sample were centrifuged 

at 4000 rpm for 15min. Then the supernatant was filtered using 0.20 µm cellulosic syringe 

filter and dewatered using a Büchner pump. We kept the sample at +4ºC. Samples were taken 

for heavy metal, and experimental method was carried out according to the Community 

Bureau of Reference (Mossop & Davidson, 2003). 

 

Figure 12: ICP-OES, model iCAP 6300, Thermo Electron Corporation, USA  

4. RESULTS AND DISCUSSION 

4.1. Effect of Fenton reaction on sludge dewaterability 

To improve sewage sludge's dewatering, extracellular polymeric substance (EPS) is working 

as most influential part. Here, different results are obtained whenever various ratios of 

Fenton reagent are used, but dewaterability of EPS remained ambiguous. Hydroxyl radical 

formation is the central part of Fenton reaction between ferrous ions with hydrogen peroxide. 

From Fenton reaction, hydroxyl radicals •OH is generated from this way of reaction: 

𝑭𝒆𝟐+ + 𝑯𝟐𝑶𝟐 =  𝑭𝒆𝟑+ + 𝑶𝑯− + 𝑶𝑯. … … … (5) 
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Here, ferrous ion reacted with H2O2 and generated ferric ion with hydroxyl radical. In this 

process, ferrous ions act as a catalyst, and it can be regenerated from the disputation reaction 

of hydrogen peroxide: 

𝑭𝒆𝟑+ + 𝑯𝟐𝑶𝟐 =  𝑭𝒆𝟐+ + 𝑯+ + 𝑶𝑯. … … … (6) 

As we, all know that, just after fluorine: hydroxyl radical is one of the most powerful 

oxidising agents among all oxidising agent (Lide & Haynes, 2009). This radical is capable 

of reacting with other materials. Moreover, in wastewater treatment, they are mainly working 

with the organic material. 

To confirm this assumption and the results of dewaterability, Fenton process’s impact on the 

EPS distribution was analysed. More precisely, after one hour of Fenton treatment, the 

fractions of LB-EPS and TB-EPS were measured. Fenton treatment used all different 

condition and compared the result with raw sludge’s EPS content.  

In EPS, there are different types of organic macromolecules like polysaccharides, proteins, 

nucleic acids, lipids and other polymeric compounds (Sheng, et al., 2010) are available. 

Moreover, as like wastewater’s organic compounds, heavy metal or mainly inorganic 

compounds can absorb by the EPS.  

However, hydroxyl radical can improve the sludge dewaterability by demolishing EPS and 

releasing bound water through the formation of hydroxyl radical (Beveridge, 1978; 

Flemming & Wingender, 2001). Hydroxyl ion formation is a complicated process and 

several conditions depend on that like pH, Fe2+ and H2O2 concentrations (Zhen, et al., 2013) 

and [Fe2+]: [H2O2] ratio. Different ratios are used for proposing the best ratio of [Fe2+]: 

[H2O2] for dewatering the sludge.  

4.1.1. Consequences of pH and CST during Fenton reaction 

CST is also used for sludge dewaterability rate because it improves the speed of dewatering. 

CST for different ratio of batches is summarised in  Table 7. CST was measured by 

using Triton Electronics Ltd. (Model 304M), and pH was also measured after one hour of 

Fenton reaction. 
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Figure 13: CST sample from after Fenton reaction 

 Table 7: CST value for 1% TSS  

Batch Name Ratio (Fe2+: H2O2) CST(s) pH 

Raw Sludge None 1466.5 6.8±0.4 

Batch Name Ratio (Fe2+: H2O2) CST(s) (after 1hour) pH after 

1hour 

Batch A 1:10 20.8 2.54 

Batch B 1:10 12 2.56 

Batch C 1:10 20 2.64 

Batch D 1:10 9.2 2.56 

Batch E 1:1 26.5 2.34 

Batch F 1:1 19.6 2.46 

Batch G 1:1 10.5 2.58 

Batch H 1:100 23.5 2.43 

Batch I 1:100 22.3 2.55 

Batch J 1:100 13.9 2.64 
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Figure 14: CST for different batch (1% TSS)  

Raw sludge CST was 1066.5 and, it is comparatively high for reported digested sludge. pH 

of the sludge adjusted to 3± 0.2 for all batch.  

To improve the dewaterability characteristics, Fenton reagent is added. In the beginning, raw 

sludge’s CST was 1466.5s. Then we add different ratios of Fe2+ and H2O2 for evaluating the 

changes of CST. As we have seen, there are ten batches are available with dissimilar molar 

ratios of reagent. Three ratios are maintained like 1:10, 1:1 and 1:100 for Fenton reagent. 

All batches are oxidised about one hour and measured the final CST value. Here, Fenton 

reaction performed with 1% and 5% total suspended solids (TSS) and raw sludge CST 

reduced about 85% by dropping the value of CST.   

For 1% TSS, CST of raw sludge decreased more than 80% when it fell to 9.2s under 

condition D. Batch D was the ratio of 1:10 for Fenton reagent and final pH was also 

computed for each batch. Raw sludge’s CST was decreased to 10.5s, 12s and 13.1s under 

conditions of batch G, batch B, and batch J. Here, corresponding CST reduction is 77.7%, 

73.33%, and 70% respectively for Batch G, B and J. Increasing treatment time from 1 hour 

to 2 hours had no remarkable impact on CST rate and from literature it showed 1hour 

oxidation is the best for sludge dewatering (Fontmorin & Sillanpää, 2017). 

From the above experiments, 1:10 ratio showed better results than 1:1 and 1:100. So, 

oxidation with batch D where ratio 1:10 is considered as best among all ten batches. For this 

ratio, Fenton reagent was 36mM of Fe2+ and 360 mM of H2O2. After this one, second best is 
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batch G with ratio 1:1, so it contained 36mM of Fe2+ and 360 mM of H2O2.  But it is observed 

that ratio 1:100 could not show better results like others. 

Table 8: CST value for TSS 5% 

Batch Name Ratio (Fe2+: H202) CST(s) pH 

Raw Sludge None 1466.5 6.8±0.4 

Batch Name Ratio (Fe2+: H202) CST(s) (after 1hour) pH after 1hour 

Batch A 1:10 19.9 2.54 

Batch B 1:10 13.1 2.56 

Batch C 1:10 20.5 2.64 

Batch D 1:10 11.3 2.56 

Batch E 1:1 24.9 2.34 

Batch F 1:1 20.7 2.46 

Batch G 1:1 10.96 2.58 

Batch H 1:100 25.6 2.43 

Batch I 1:100 23.95 2.55 

Batch J 1:100 12.82 2.64 
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Figure 15: CST value for different batch (5% TSS)  
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For 1% TSS, 1:10 ratio of Batch D showed the best CST removal rate. Afterwards, Fenton 

reagents were applied on the 5% TSS. The batch ratio was kept as same as TSS 1%. Like as 

before, maintained the pH of sludge solution at 3±0.2 using conc. H2SO4 and NaOH.  

Raw sludge CST was reduced highly by using Batch G Fenton ratio. Batch G was 1:1 ratio 

of Fenton reagent where 36mM of Fe2+ and 36 mM of H2O2 were available. CST decreased 

here more than 88%. Then Batch D showed CST removal rate about 87%. 

As like before, raw sludge CST was 1466.5s. Then using different ratios of Fenton reagent 

with the 5% TSS, results were observed. Here, 1:1 and 1:10 showed the better result than 

1:100. Here, all batches were performed for one hour and, batch G, D and J showed highest 

results. At this time, results were 88%, 87% and 84% for corresponding bath G, D, and J. 

As we saw that, 1:1 ratio showed the better result than 1:10 and 1:100 for 5% TSS. Therefore, 

oxidation with batch G where ratio 1:1 was best among all ten batches. For this ratio both 

Fenton reagent was 36mM of Fe2+ and 36 mM of H2O2. After this one, second best was batch 

D with ratio 1:10, so it contained 36mM of Fe2+ and 360 mM of H2O2.  However, it was 

observed that ratio 1:100 could not show much better result like others. 

4.1.2. Effect of Fe2+ and H2O2 concentration for EPS reduction 

Different macromolecules are available in EPS component. Protein, humic-like substances, 

polysaccharides, nucleic acids, and lipids contribute about 40-60% of the total EPS, and it 

contains a significant amount of water (Christensen, et al., 2015). 

As observed in raw sludge, loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) 

was composed about 62.99% and 37.01%. Then, different ratios of Fenton reagent were used 

in the system to calculate the dewaterability rate for each batch of the Fenton system. 
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Figure 16: LB-EPS and TB-EPS proportion in 1% raw sludge after using Fenton 

treatment 

 

 

Figure 17: Experimental set-up (1% TSS) 
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All of the Fenton processes applied on the different batch of 1% TSS for one hour, and it is 

observed, the entire LB/TB-EPS in the raw sludge decreased a lot for various ratios of Fenton 

reagent. Here, 1:10, 1:100 and 1:1 ratio of Fenton reagent was used to decrease the total EPS 

amount.  

From the above, in Figure 16  it is observed that batch-D was the best among all ten batches. 

Here, the LB-EPS, TB-EPS percentage was reduced to 17.5% and 6.4% from raw sludge's 

LB/TB percentage 65.7% and 34.2%. In batch D, the ratio was 1:10 and EPS reduction rate 

was about more than 75%. 1:1 ratio of Fenton reagent denoted as Batch G showed the second 

best result by decreasing EPS about 70%. The corresponding decreasing fractions of LB-

EPS was 20.53%, 19.71% under one hour Fenton conditions G, J from raw material LB-EPS 

65.7%. Among all three ratios of Fenton, 1:10 ratio displayed the best result among all ratios 

of Fenton. So, this batch regarded as ‘best dewatering batch’. 
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Figure 18: LB-EPS and TB-EPS proportions in 5% raw sludge and after using Fenton 

treatment 

In the above figure, results are collected from the Fenton reaction for 5% TSS (total 

suspended solids) of raw sludge. Here the sludge properties are changed due to microbial 
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growth inside the sludge solution. Therefore, new samples were taken for experimental 

works all the time. For this experimental works, batch G considered as ‘good dewaterability’ 

batch by decreasing LB/TB from 64.17% and 34.13% to 11.84% and 5.24%.  

 

Figure 19: Experimental set-up for 5% TSS 

In previous studies of this topic, it is suggested that, only the LB-EPS were related to sludge 

dewaterability. Moreover, TB-EPS degradation of EPS is less significant than LB-EPS 

(Ramesh, et al., 2006). 

From the above graph, it is also cleared that, 1:100 ratio of Fenton could not show the much 

better result. Fenton reaction with batch H and E revealed that less efficient for sludge 

dewatering by reducing only 26% from the total EPS. 

So, therefore, assuming that 1:1 ratio is driven by coagulation but ratio 1:10 is by oxidation. 

CST data also confirms the same analysis and can establish that 1:10 is the more efficient 

for improving the sludge dewatering. 
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4.2.  Effect of Fe2+ and H2O2 concentration on heavy metal removal  

To remove heavy metals from the suspended solids (1% and 5%) under the same conditions 

called A-J and, all reactions were applied for 1hour, and after that, samples were taken for 

determining metal solubilization.  

1% and 5% of TSS were made for Fenton reaction and heavy metal Cd, Cu, Pb, and Zn from 

sludge were measured. Heavy metals’ removal from the sludge is presented in the figure 

below. For pH stabilisation, H2SO4 was added into the solution and it may hamper the heavy 

metal solubility generally in the controlled sample other than Zn (Fontmorin & Sillanpää, 

2017). 
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Figure 20: Solubilization of heavy metal for 1% TSS using Fenton reaction  

From Figure 20, removal efficiencies of Cd, Cu, Pb, and Zn were obtained for all batches of 

Fenton reactions but Batch A, G and J showed the highest rate of metal extraction. The final 

concentration of batch – J were 0.05, 0.03, 0.02 and 3.34 for Cd, Cu, Pb, and Zn from the 

raw sludge concentration 0.080, 0, 0.003 and 0.957 for heavy metals. In batch J, the ratio of 
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the Fenton reagent was 1:100. Other than that, batch A and batch G showed better result but 

batch H, I and C did not suit for metal extraction process of digested sludge. 

The efficiency of heavy metal mainly depends on the pH and heavy metals’ chemical 

specification (Fontmorin & Sillanpää, 2017). So, pH of the solution kept as 3±0.2 from the 

beginning of the Fenton reaction. For Zn, it was suggested that it has threshold point of PH 

ranging from 6-6.5, where without Fenton reaction, it is not possible to get higher removal 

efficiency. On the other hand, for Cr and Cu, pH threshold point is nearly 2-3, and this one is 

totally opposite of Zn. For Cu, pH  is consistent for low solubilized controlled sample (Villar 

& Garcia, 2002). 
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Figure 21: Solubilization of heavy metal for 5% TSS using Fenton reaction 

By adding Fenton reagents in the solution, it made a positive impact for the metals 

solubilization.  In the above figure, for different ratios of Fenton reagents, results are 

different. As we have seen that, batch A, D, G, I and J heavy metals’ solubilization rate was 

higher than other batches. Fenton ratio was 1:10 for batch A and 1:1 for batch G. But for 

batch G, the ratio was 1:1 along the amount of [Fe2+]: [H2O2] was 36mM for both of them 

which was the highest amount for that ratio. However, for 1:10 ratio, Fenton reagents’ ratio 
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[Fe2+]: [H2O2] were only and 10 mM. So, after 1 hour of Fenton system, it is established that 

1:10 ratio is the best among all batches for metal removal.  

After comparison between all types of metal element, Cr, Cu and Pb regarded as the most 

stable metal along lower solubilized efficiency of the control sample. Other than that, Zn 

was the most unstable element, and its amount is 37.5%. But Cd denoted as the most stable 

element with percentage 69.8%.    

Heavy metal fractions are highly related to the sludge nature and other surrounding 

conditions. From above two figures of heavy metal extraction, it is clear that Fenton 

reactions have good metal extraction capability. 
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5. CONCLUSION 

Fenton process is an efficient process for sludge dewatering, and this can address as the 

solution for the different environmental issue like sludge treatment and waste disposal. The 

field of Fenton process is continually developing for sludge dewatering. Scientists are 

preparing new dewatering methods for sludge. Not only have that, heavy metal also had the 

adverse impact on the environment. A lots amount of heavy metal available in different types 

of sludge. This work was devoted to dewater the digested sludge along with heavy metal 

extraction from the sludge.  

First of all, EPS (Extracellular polymeric substances) is most important part of sludge. 

Before using as a fertiliser or for different purposes, sludge needs to dewater at first. For this 

work, different dewatering methods are used. Advanced water treatment is widely used for 

this dewatering. Among all of these process, Fenton process is studied here. Free water, 

interstitial water, and vicinal water are the different parts of water inside sludge. Free water 

can be removed by weak mechanical means. But for bound water, what is firmly attached 

inside the sludge particle or kept inside the floc matrix: mechanical method cannot become 

fruitful (Raszka, et al., 2006). 

In sludge, there are two types of bound EPS are available. One of them is tightly bound EPS, 

and another one is loosely bound EPS. Moreover, in EPS: protein and carbohydrate are the 

main constituents. Some other substances like uronic acid also available in sludge.  

At this time, Fenton reagents are used to dewater the digested sludge. There are main two 

components of Fenton reaction: they are Fe2+ and H2O2. From the literature review, we got 

that; pH 3 is the most favourable for Fenton reaction. So, pH 3 was fixed for all experiments. 

Moreover, room temperature used for Fenton reaction. Now, the leading term is to produce 

•OH radical through Fenton reaction. This hydroxyl radical is one of the powerful oxidative 

reagents after fluorine (Lide & Haynes, 2009) and work for sludge dewatering.  

Here, ten different ratios of concentration for Fe2+ and H2O2 are used. The ratios are 1:1, 

1:10, 1:100 for Fenton reagent.  Before starting the work, total solids’ content was adjusted 

to 1% and 5% for Fenton batch system. All solution was kept under agitation 300 rpm and 

room temperature. Before starting Fenton reaction, EPS was extracted from the sludge 
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sample and measured the amount of protein and carbohydrate. The quantity of protein and 

carbohydrate are calculated after Fenton reaction, and the sample experimented through 0.45 

µm of the filter. 

Raw sludge's CST was 1466.5s and, it reduced a lot after using the different ratio of Fenton 

reagent. Batch B (Fe²+:H2O2=3.6:36), Batch D (Fe²+:H2O2=36:360) and Batch G 

(Fe²+:H2O2=36:36) show better results for 1% TSS. As EPS is broken down, after Fenton 

reaction CST time will be reduced. So, for 1% TSS, batch G, and batch D showed the best 

result. 

Then 5% TSS were also examined. From this experiment, 1:10 ratio worked very well other 

than the ratio of Fenton reagent. Batch B, batch D from 1:10 ratio and Batch G from 1:1 ratio 

showed best results. Here pH did not change so much before and after the Fenton reaction.  

For EPS, we found 62% LB and rest of them are TB in raw digested sludge. After Fenton 

treatment, Batch D (Fe²+:H2O2=36:360) showed the best result for 1% sludge sample. But 

for 5% TSS, batch G presented such promising results along with Batch D and B.  

Heavy metal, another important part of this research paper. Cd, Cu, Pb, and Zn were 

measured from the raw sludge. When Fenton reaction was used for heavy metal, the results 

were amazing. An enormous amount of heavy metal extracted from the sludge to the water. 

For 1% TSS, batch J presented the best result. As Zn already available a lot of amount of the 

raw sludge, so after treatment, batch J extract lots of heavy metal.  

Same as for 5% TSS, batch A (Fe²+:H2O2=1:10) and batch G (Fe²+:H2O2=36:36) showed 

promising results than the batch I (Fe²+:H2O2=1:100). All experiments were carried out for 

1 hour. After these Fenton reactions, digested sludge and water both can be used. As sludge 

is already dewatered and, heavy metals are removed so that this sludge can be used as 

fertiliser. The only important point is before using; pH should be neutralised. So, after using 

Fenton, water can also be re-used. But it contains lots of heavy metal. Due to this heavy 

metal percentage, adsorption and membrane filtration (Baraka, 2011) are the most frequently 

used treatment methods. Not only that but photocatalytic processes are also promising. Most 

of the process degrade the organic pollutants. So, water will be re-used after dewatering 

processes.  



  

44 

 

6. FUTURE RESEARCH 

Sludge dewatering process still now under research stage and, this research work mainly 

focused on the application of Fenton process for sludge dewatering. Fenton reaction shows 

its excellent degradation in acidic media; however, neutralisation of water and sludge is 

necessary for further use. If we can re-use both sludge and water after dewatering, then this 

research work will be more worthwhile. In further research, we can use ultra-sonication (US) 

in order to enhance sludge dewatering during Fenton reaction. Fenton + US promote more 

•OH radical formation than single Fenton reaction (Jiang, et al., 2017) and, this process could 

be an alternative for sludge dewatering. Otherwise, ozonation could be another advanced 

oxidation process for sludge dewatering, but this one is the most cost-effective methods. 

Ozonation can remove trace organic contaminants (TrOC) from wastewater and sludge. 

Reducing biomass yield is another advantage of this process (Semblante, et al., 2017). 

Therefore, we should think about the development of full plant design of most suitable 

sludge dewatering system and bring it out worldwide.  
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APPENDIX 

Appendix 1: Heavy metal extraction (1% TSS) 

TSS Ratio 
Time, 

min 
Sample Cd Cr Cu Pb Zn 

1 % 

36:360 (1:10) 
t=0 1 0 0,0745 0 0,0036 1,176 

t=60 2 0 0,9608 0,01235 0,0378 1,027 

36:360 (1:10) 
t=0 3 0 0,1024 0 0,0047 1,035 

t=60 4 0 1,105 0,01543 0,0381 1,043 

3.6:36 (1:10) 
t=0 5 0 0,1143 0 0,006 1,022 

t=60 6 0 0,165 0,0332 0,011 0,8973 

3.6:36 (1:10) 
t=0 7 0 0,07210 0,00000 0,00430 0,98400 

t=60 8 0 0,15360 0,02320 0,00720 0,84640 

1:10 (1:10) 
t=0 9 0 0,07554 0,00000 0,00475 0,94456 

t=60 10 0 0,06154 0,02495 0,00444 0,84435 

1:10 (1:10) 
t=0 11 0 0,08478 0,00000 0,00156 0,96385 

t=60 12 0 0,07239 0,03113 0,00286 0,84503 

10:100 (1:10) 
t=0 13 0 0,06813 0,00000 0,00182 0,86767 

t=60 14 0 0,28237 0,00567 0,01050 0,76391 

10:100 (1:10) 
t=0 15 0 0,08374 0,00000 0,00316 0,94465 

t=60 16 0 0,30817 0,01603 0,01106 0,84888 

3.6:3.6 (1:1) 
t=0 17 0 0,08718 0,00000 0,00273 0,99155 

t=60 18 0 0,14885 0,01211 0,00652 0,87384 

3.6:3.6 (1:1) 
t=0 19 0 0,07265 0,00000 0,00155 0,91414 

t=60 20 0 0,16545 0,00570 0,00652 0,76974 

36:36 (1:1) 
t=0 25 0 0,06573 0,00000 0,00167 0,93951 

t=60 26 0 0,92838 0,00000 0,02840 0,90719 

36:36 (1:1) 
t=0 27 0 0,06704 0,00000 0,00080 0,97357 

t=60 28 0 0,98420 0,00000 0,03120 0,95103 

10:10 (1:1) 
t=0 21 0 0,08675 0,00000 0,00051 1,02428 

t=60 22 0 0,31113 0,00000 0,01083 0,90987 

10:10 (1:1) 
t=0 23 0 0,08581 0,00000 0,00198 0,95494 

t=60 24 0 0,33349 0,00000 0,01053 0,85388 

0.1:10 (1:100) 
t=0 29 0 0,15309 0,00000 0,00455 0,84422 

t=60 30 0 0,04278 0,04471 0,00093 0,83587 

0.1:10 (1:100) 
t=0 31 0 0,07088 0,00000 0,00305 0,95039 

t=60 32 0 0,05104 0,04132 0,00190 0,84135 

1:100 (1:100) 
t=0 33 0 0,06522 0,00000 0,00209 0,94695 

t=60 34 0 0,06552 0,04536 0,00300 0,82872 

1:100 (1:100) 
t=0 35 0 0,05866 0,00000 0,00238 0,83785 

t=60 36 0 0,06760 0,04098 0,00386 0,71393 

3.6:360 (1:100) 
t=0 37 0 0,05671 0,00000 0,00112 0,89325 

t=60 38 0 0,18600 0,02619 0,00707 0,81381 

3.6:360 (1:100) 
t=0 39 0 0,05544 0,00000 0,00220 0,92643 

t=60 40 0 0,16463 0,02847 0,00720 0,82224 

 



  

 

 

Appendix 2: Heavy metal extraction (5% TSS) 

TSS Ratio 
Time, 

min 
Sample Cd Cr Cu Pb Zn 

5 % 

36:360 (1:10) 
t=0 1 0 0,4256 0 0,0179 2,849 

t=60 2 0 1,311 0,2092 0,0552 4,254 

36:360 (1:10) 
t=0 3 0 0,3835 0 0,015 1,855 

t=60 4 0 1,381 0,2109 0,0535 4,334 

3.6:36 (1:10) 
t=0 5 0 0,4279 0 0,0174 4,021 

t=60 6 0 0,357 0,2765 0,0193 4,139 

3.6:36 (1:10) 
t=0 7 0 0,4716 0 0,0179 4,168 

t=60 8 0 0,3597 0,3073 0,0233 4,506 

1:10 (1:10) 
t=0 9 0 0,3631 0,0000 0,0106 1,7526 

t=60 10 0 0,2569 0,2130 0,0142 3,2462 

1:10 (1:10) 
t=0 11 0 0,3090 0,0000 0,0103 1,7326 

t=60 12 0 0,2669 0,2299 0,0172 3,5462 

10:100 (1:10) 
t=0 13 0 0,3265 0,0000 0,0053 1,3766 

t=60 14 0 0,5049 0,2873 0,0282 3,7214 

10:100 (1:10) 
t=0 15 0 0,3175 0,0000 0,0063 1,2737 

t=60 16 0 0,5949 0,2934 0,0198 3,4261 

3.6:3.6 (1:1) 
t=0 17 0 0,2023 0,0000 0,0062 1,2414 

t=60 18 0 0,3595 0,2114 0,0242 3,5373 

3.6:3.6 (1:1) 
t=0 19 0 0,2794 0,0000 0,0039 0,9946 

t=60 20 0 0,3294 0,2198 0,0139 3,4808 

10:10 (1:1) 
t=0 25 0 0,2502 0,0000 0,0097 1,4949 

t=60 26 0 0,5925 0,1682 0,0244 3,5144 

10:10 (1:1) 
t=0 27 0 0,3230 0,0000 0,0108 1,6843 

t=60 28 0 0,6030 0,1503 0,0319 3,2993 

36:36 (1:1) 
t=0 21 0 0,4652 0,0000 0,0156 2,4835 

t=60 22 0 1,6976 0,1165 0,0562 3,3389 

36:36 (1:1) 
t=0 23 0 0,2793 0,0000 0,0088 1,3675 

t=60 24 0 1,6318 0,1697 0,0594 3,6928 

0.1:10 (1:100) 
t=0 29 0 0,4516 0,0000 0,0138 2,5726 

t=60 30 0 0,3379 0,2667 0,0225 3,6372 

0.1:10 (1:100) 
t=0 31 0 0,4616 0,0000 0,0089 2,6300 

t=60 32 0 0,4188 0,2808 0,0301 3,7217 

1:100 (1:100) 
t=0 33 0 0,2165 0,0000 0,0062 1,2398 

t=60 34 0 0,3482 0,3565 0,0245 4,2010 

1:100 (1:100) 
t=0 35 0 0,2134 0,0000 0,0064 1,2065 

t=60 36 0 0,3445 0,3935 0,0185 4,1361 

3.6:360 (1:100) 
t=0 37 0 0,3755 0,0000 0,0088 1,4492 

t=60 38 0 0,4028 0,3786 0,0190 3,0292 

3.6:360 (1:100) 
t=0 39 0 0,2099 0,0000 0,0021 1,4803 

t=60 40 0 0,4929 0,3389 0,0289 3,6515 

 

  



 

 

 

Appendix 3: EPS determination after Fenton reaction (1%   TSS) 

 

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8 Batch 9 Batch 10 

Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf 

Total 

LB 38,42 15,62 37,93 12,83 35,32 19,66 40,43 10,77 38,16 22,55 35,76 18,76 40,05 12,96 27,1 21,42 28,54 14,74 38,46 12,57 

Total 

TB 22,57 13,37 22,62 6,62 25,59 7,59 21,04 3,96 21,96 21,6 21,78 17,21 23,08 6,31 24,27 16,94 23,54 11,91 25,28 9,77 

%LB 
62,99 25,61 62,64 21,18 57,98 32,27 65,77 17,52 63,47 37,50 62,14 32,60 63,44 20,52 52,75 41,69 54,80 28,30 60,33 19,72 

%TB 
37,01 21,92 37,36 10,93 42,01 12,46 34,22 6,44 36,52 35,92 37,85 29,91 36,55 9,99 47,24 32,97 45,19 22,86 39,66 15,32 

 

  



  

 

 

Appendix 4: EPS determination after Fenton reaction (5%   TSS) 

 

Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 Batch 8 Batch 9 Batch 10 

Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf Ci Cf 

Total 

LB 

329,48 116,39 343,97 74,55 340,84 95,45 340,71 64,7 342,79 201,67 340,99 189,99 346,73 63,99 348 236,42 345,5 122,11 347,33 63,13 

Total 

TB 

187,06 75,42 186,28 36,29 176,82 49,22 177,5 33,6 179,44 116,42 171,9 107,13 193,63 28,31 195,42 143,94 194,45 66,26 196,04 36,32 

%LB 
63,79 22,53 64,87 14,06 65,84 18,44 65,75 12,49 65,64 38,62 66,48 37,04 64,17 11,84 64,04 43,51 63,99 22,62 63,92 11,62 

%TB 
36,21 14,60 35,13 6,84 34,16 9,51 34,25 6,48 34,36 22,29 33,52 20,89 35,83 5,24 35,96 26,49 36,01 12,27 36,08 6,68 

 


