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ABSTRACT 

 

This study investigated the performance of sequencing batch reactors (SBR) for 

nitrification and denitrification. Bench scale Salsnes Filter (SF) was used as a primary 

treatment to provide wastewater with different organic fractions to assess its impact on 

denitrification. Tests were performed using activated sludge seed and municipal primary 

wastewater from two different municipal wastewater treatment plants located around 

Oslo-Norway. Three batch reactors were used; the first one used unfiltered wastewater, 

the second one used wastewater filtered through 1.2µm, and the third one used 

wastewater filtered through 18µm SF fine mesh sieve without filter mat formation. 

Characterization of the influent and effluent was performed. The results showed that the 

performance of the three reactors were similar, with 94.84% TSS removed for Reactor 

1, 92.73% for Reactor 2 and 81.95% for Reactor 3. The percentage of NH4-N removed 

was also similar: 98.78% for Reactor 1, 96.09% and 98.22% for Reactor 2 and 3 

respectively. The denitrification rate was found to be higher for Reactor 1, however 

there was no significant difference between the three reactors. 
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I. INTRODUCTION AND OBJECTIVES 
 

1.1 INTRODUCTION 

The use of fine mesh sieves for primary treatment in biological wastewater (ww) 

treatment is becoming increasingly common. In Norway, fine mesh sieves are 

undergoing  intensive development, decreasing space requirements and investment 

costs in comparison with other primary treatment processes (Rusten,Lundar,2006). 

Salsnes Filter AS, is one of the companies which has a patented technology for filtration 

using fine mesh sieves, and that has been widely used as a primary treatment before 

the downstream process (Rusten,Ødegaard,2006). 

 

Biological wastewater treatment is one of the methods that remove nutrients (nitrogen 

and phosphorus). Untreated wastewater rich in nitrogen (N) and other nutrients such as 

phosphorous (P), if discharged into water bodies, causes eutrophication resulting in 

undesired consequences on water quality and human health.  

 

Biological N removal from ww is usually accomplished by aerobic nitrification and 

anoxic denitrification (Bassin et al.,2012). These two processes can be done in one 

single reactor, the sequencing batch reactor (SBR). The use of SBR for nutrient 

removal has been reported in literature since the mid-1980s (Chang,Hao,1996). The 

SBR is a fill and draw activated sludge (AS) treatment system that includes five stages: 

feed, react, settle, draw and idle. 

 

In biological N removal, the quantity of electron donors determines the success of the 

process. For this reason, the chemical oxygen demand (COD) plays an important role 

in the process (Gerardi,2002). Large amounts of organic COD in the influent are found 

in particulate forms, which must be broken down into smaller compounds prior to 

uptake by microorganisms (Henze et al.,2008). Due to this requirement, excess 

removal of particulate COD (pCOD) with Salsnes filters (SF) might affect the biological 

process with regards to N removal, as this needs sufficient biodegradable material to be 

available in order to proceed (Razafimanantsoa  et al.,2013). 

 

Determining the correct mesh size of SF sieve for nutrient removal without removing 

excess pCOD, the energy supply in the biological reactor for aerobic degradation of the 

organic material can be minimized, the overall operating costs can be reduced and the 
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amount production of biogas produced from the matter collected during the process can 

be increased. 

 

1.2 OBJECTIVES 

This study investigated nitrogen removal of municipal wastewater, using sequencing 

batch reactors (SBR). Municipal wastewater prior to primary treatment with and without 

filtration through SF was used as a feed. The overall objective is to determine how 

denitrification is affected by solids removal using two different mesh sizes (1.2 µm and 

18µm) using bench scale SF. The specific objectives of this study were to: 

1. Set up an experimental method with three different conditions (unfiltered ww, 

filter after 18 µm and ww filter after 1.2 µm) and evaluate the performance of 

SBRs for long term denitrification process. 

2. Investigate the effect of removal of organic material prior to biological nutrient 

removal process. 

3. Compare nitrification rates for different size of SF mesh sieves. 
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II. LITERATURE REVIEW 
 

This chapter reviews the state of the art and previous research done in nitrogen 

removal using sequencing batch reactors and Salsnes Filters. The first part gives a 

review of the parameters of interest for this study; the second and third part reviews 

literature regarding wastewater characteristics and biological nitrogen removal 

respectively, and the final part gives an overview about Salsnes filters and biological 

treatment systems for nitrogen removal including the sequencing batch reactor used in 

this study. 

2.1 PARAMETERS OF INTEREST 

The parameters of interest in this study were: 

2.1.1 Chemical Oxygen Demand  

The chemical oxygen demand (COD) test is extensively used in the analysis of 

industrial and domestic wastewaters. It allows measurement of a wastewater in terms of 

the total quantity of oxygen required for oxidation to carbon dioxide and water. It is 

helpful to indicate toxic conditions and the presence of biologically resistant organic 

substances and it is based on the fact that most organic compounds can be oxidized by 

the action of strong oxidizing agents under acidic conditions (Sawyer,MCarty,1987).  

 

Dold et al. (1980) and Ekama et al. (1986) COD has been adopted as the main 

parameter to quantify organic carbon. Particle size is an integral component of COD 

fractionation. In wastewater characterization, one particle size (0.45 µm membrane or 

1.2 µm glass fiber filter size) is commonly used to roughly differentiate soluble and 

particulate ranges (Tas et al.,2009). Dulekgurgen et al. (2006) reported that for 

domestic sewage most of the COD appears at the size ranges above 0.45µm and only 

a small portion is at the soluble range. Nieuwenhuijzen (2000) showed that only 21% 

COD in wastewater was above the 63 µm size, calling it settleable; and 27% COD was 

in the 5-63% µm range, calling it suspended. 

2.1.2 Nitrogen (N) 

Nitrogen is of interest because of its presence in the atmosphere and in the life 

processes of all plants and animals which can be summarized with the nitrogen cycle 

shown in Figure 1.  
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Figure 1. Nitrogen cycle.  (Adapted from  Sawyer,MCarty (1987)) 

 

N is an essential building block for protein synthesis; and its presence is necessary to 

make ww treatable (Tchobanoglous et al.,2003). N has several oxidation states, forms 

of N in ww with their corresponding oxidation state are ammonia (NH3-,-III), ammonium 

(NH4
+, -III), nitrogen gas (N2, 0), nitrite ion (NO2

-, +III) and nitrate ion (NO3
-, +V) 

(Tchobanoglous et al.,2003). 

 

The forms of N of interest in this study are: 

 Ammonium nitrogen (NH4-N)  

 Nitrite nitrogen (NO2-N) 

 Nitrate nitrogen (NO3-N)  

 

N control is necessary for reasons related to human health and the environment. In 

1940 it was found that high NO3
--N content in drinking waters can cause 

methemoglobinemia in infants. Another possible harm with high N content is 

eutrophication in water bodies, since it stimulates algae growth and the discharge of 

NH4-N and its subsequent oxidation can reduce the dissolved oxygen levels in rivers 

and estuaries (Sawyer,MCarty,1987).  
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2.1.3 Phosphorus 

Phosphorus (P) is essential for algae and microorganism growth. Domestic water 

contains relatively high amounts of P compounds, however, many industrial wastes do 

not contain enough quantities of P for optimum growth of the organisms used in 

treatment, therefore addition of inorganic phosphates (PO4
-3) may be needed to supply 

the deficiency (Sawyer,MCarty,1987).  

 

The P compound of interest in this study is the orthophosphate as PO4-P .  

 

2.2 WASTEWATER CHARACTERISTICS 

Wastewater can have different origins such as industrial, municipal, institutional, 

infiltration into sewers, storm water, leachate and septic tank ww. This study used 

municipal ww from a wastewater treatment plant (wwtp) outside Oslo-Norway. 

 

The composition of typical municipal ww is shown in Table 1.  

Table 1. Typical composition of municipal wastewater with minor contributions of 

industrial wastewater. (Adapted from Henze et al. (2008)) 

Parameter (g/m
3
) High* Medium Low** 

COD total 1200 750 500 

COD soluble 480 300 200 

COD suspended 720 450 300 

BOD 560 350 230 

VFA (as acetate) 80 30 10 

N total 100 60 30 

NH4-N 75 45 20 

TP 25 15 6 

PO4-P 15 10 4 

TSS 600 400 250 

VSS 480 320 200 

*Concentrated ww represent cases with low water consumption and/or infiltration 

**Diluted ww, represents high water consumption and/or infiltration 

 

The typical nutrient content for municipal ww is shown in Table 2. 
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Table 2. Typical nutrient content in municipal wastewater with minor contributions of 

industrial wastewater. (Adapted from Henze et al. (2008)) 

Parameter (g/m
3
) High Medium Low 

N Total 100 60 30 

NH4-N 75 45 20 

NO3 + NO2-N 0.5 0.2 0.1 

Organic N 25 10 15 

Total Kjeldahl N 100 60 30 

TP 25 15 6 

PO4-P 15 10 4 

Organic P 10 5 2 

 

2.3  BIOLOGICAL NITROGEN REMOVAL 

Biological Nitrogen (N) removal is achieved in two step process that requires nitrification 

and denitrification, and it is restricted to pathways using organic compounds as an 

energy source, these are the assimilatory and dissimilatory pathway. 

2.3.1 Nitrification 

Nitrification is the biological oxidation of ammonium (NH4
+ ) to nitrate (NO3

- ) with nitrite 

(NO2
- ) formation as an intermediate and takes place in two steps. The microorganisms 

that carry out the first reaction are the autotrophic species Nitrosomonas; however 

Nitrosocossus, Nitrospira, Nitrosolobus and Nitrosovibrio are also involved in the 

process. The second part of the process where the oxidation of NO2
- to NO3

- takes 

place is carried out by the bacteria Nitrobacter (Rodríguez et al.,2011a). The first step 

(oxidation of NH4
+) is usually the rate-limiting reaction, because of this, nitrification is 

consider as a single step process mediated by one group of substitute  nitrifying 

autotrophic bacteria (Melcer,2003). 

 

Nitrification is dependent of the presence of nitrifying organisms, which can be inhibited 

by certain non-ionized forms of N such as free ammonia and nitrous acid which are 

influenced by pH (Rodríguez et al.,2011a). The optimum pH range has been found to 

be 7.0 to 8.0, most municipal wastewaters are in this range and if not, lime or 

bicarbonate can be added to maintain the pH at an optimum level (Sedlak,1991).  

 

The growth of nitrifying organisms is dependent on the concentrations of NH4-N, 

dissolved oxygen (DO) and pH (Sedlak,1991). 
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The reactions involved in this process are shown below: 

   
       

                                
→                                

          

   
       

                                
→                             

  

 

2.3.2 Denitrification 

Biological denitrification reduces NO3-N to nitrogen gas and is the process that is most 

reliable and effective in terms of operational cost for nitrate removal from ww. (Groffman 

et al.,2006).   

 

The reaction occurred during heterotrophic denitrification is shown below: 

   
              

                      
→                                 

 

Denitrification reactions are carried out with the energy that comes from the oxidation of 

an organic source and is affected by parameters such as temperature (T), pH, Solids 

Residence Time (SRT), toxic materials, NO3
- and carbon concentration. This process is 

carried out by heterotrophic facultative bacteria under anoxic conditions 

(Abufayed,Schroeder,1986b).  

 

Heterotrophic facultative bacteria utilize NO3
- instead of oxygen as the final electron 

acceptor. It has also been shown that this process can occur in the presence of oxygen 

at anoxic conditions, however fixed film reactors and suspended growth systems 

consist of aerobic biomass layers and anoxic sub layers so that denitrification and 

aerobic processes may occur simultaneously (Sedlak,1991). 

 

When primary sludge is used as a carbon source, the rate of denitrification is 

determined by the release of organic and nitrogenous matter from sludge particles. 

(Abufayed,Schroeder,1986a). The rate of denitrification is also dependent on the 

temperature, DO concentration, concentration and biodegradability of the carbon 

source (Sedlak,1991). 

 

Typical municipal wastewater nitrogenous material content is shown in Table 3. 
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Table 3. Typical municipal nitrogenous material. (Adapted from Melcer (2003)) 

Nitrogenous material 
Concentrations  

(g N m
-3

) 
Fractions Fraction Units 

Total Kjeldahl nitrogen (TKN) 25-70 - - 

Free and saline ammonia 20-30 
0.50 - 

0.75 
gN/gTKN 

Soluble unbiodegradable TKN 0-5 0 – 0.07 gN/gTKN 

Biodegradable organically 

bound TKN 
0-10 0 – 0.25 gN/gTKN 

Particulate unbiodegradable 

TKN 
2-8 0.03 0.07 

gN/g particulate 

unbiodegradable COD 

 

WW originated from domestic locations usually contains N in the organic form 

(approximately 60% in fresh sewage) and ammonium form (approximately 40% in fresh 

sewage), these are produced from protein metabolism in the human body. N can also 

be added by industrial and commercial activities, ground garbage and storm water, and 

can be introduced from recycle streams in the treatment process. Typically the soluble 

organic N remaining in the effluent after the biological treatment is 1 mg N/L 

(Sedlak,1991). 

 

Two main factors that control the denitrification rate in activated sludge systems are: 

 The rate of utilization of readily biodegradable chemical oxygen demand  

(RBCOD) derived from the influent wastewater  

 Once the RBCOD has been consumed , the denitrification rate is controlled by 

the rate of hydrolysis of slowly biodegradable chemical oxygen demand 

(SBCOD), this process controls the availability of substrate (Melcer,2003). 

 

If the NO2-N concentration is less than 0.5 mg/L, the NO2-N can be neglected and use 

only the NO3-N data to calculate denitrification rate. Consequently if NO2-N 

accumulation occurs during the denitrification test, the electron equivalents for the 

oxidation of carbon can be best represented by the following equation (Gu,2010). 

 

                     

The coefficient 0.6 takes into consideration the stoichiometry of the denitrification 

reaction. 
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Both assimilatory and dissimilatory enzyme systems are involved in NO3
- reduction. 

 

2.3.3 Assimilatory pathway 

Assimilatory NO3
- reduction transforms NO3-N into NH4-N, which can be used for 

biosynthesis. This process will depend on the carbonaceous organic content and the 

operation conditions of the system; it will occur only when a more reduced N form is 

unavailable.  The N content of the waste activated sludge (AS) will decrease due to 

endogenous metabolism and it has a significant effect in high-level ammonia removal 

systems. Depending on the operating conditions, N removal is limited to approximately 

2 -5 % of the raw ww biological oxygen demand (BOD). In this process the net growth 

should be maximized in order to maximize assimilative N removal  (Terry L. Krause et 

al.,2010) (Sedlak,1991). 

 

2.3.4 Dissimilatory pathway 

Dissimilatory NO3
- reduction transforms NO3-N to soluble N gas (N2), which 

subsequently may be liberated from solution. It can result in a decrease of total nitrogen 

(TN) in the system rather than just a transformation in state as in nitrification (Terry L. 

Krause et al.,2010).  

 

2.4 SALSNES FILTER AS 

Salsnes Filters (SF) are developed by the company Salsnes Filters AS, a Norwegian 

company that started in the market in 1998-1999; with its head office located in 

Namsos, Norway.  

 

Salsnes has a patented filter technology for primary ww treatment and effluent 

treatment for different industries. It is also an alternative for the primary settling stage 

for traditional chemical/biological treatment and prevents membrane bioreactor (MBR) 

fouling (Salsnes Filter,2013). 

 

Newcombe et al. (2011) studied the effect of particle size separation implications on 

COD removal before biological nutrient removal (BNR) using SF. A rotating belt screen 

(RBS) from SF was installed at the Heyburn WWTP in Idaho after grit removal. A 350 

micron mesh sieve was used in the RBS resulting in a 32% removal rate for BOD and 

45% removal rate for total suspended solids (TSS). Approximately 4mg/L TKN was 
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removed by the RBS, which contributed to 17% TN removal. The influent samples were 

filtered with both 0.45µm and 29µm filters prior to COD analysis. The 0.45µm filter  was 

selected as the typical criteria for sCOD  and the 29 micron filter was selected as an 

approximation of the particle size limit removed by the RBS (Newcombe et al.,2011).   

 

Rusten,Lundar (2006), found that at least 20% of the total suspended solids (TSS) in 

the wastewater should consist of particles larger than 350 microns and the ratio 

between flocculated COD (FCOD) and total COD (TCOD) should be below 0.4 to be 

considered suitable for primary treatment with fine mesh sieves. It was found at a full-

scale primary treatment plant (Breivika WWTP in Tromsø-Norway) that the SF RBS 

with 350 microns mesh size fulfilled the European Union (EU) primary treatment 

requirements for removal of SS and BOD5, with an average removal efficiency of 90% 

and 80%, respectively (Rusten,Lundar,2006).  

 

Previous studies using SF in primary treatment has been made, testing the effect of 

denitrification providing ww with different organic fractions; it showed a removal of 

pCOD up to 20 to 50% using SF of different mesh sieve sizes, two different influents 

were used (Test 1 and Test 2); separation of influent SS with 33 µm reduced the first 

denitrification rate (Test 1) to 20% and 10% for the second rate (Test 2) and using 1.2 

µm reduced 6% and 16% for the first and second denitrification respectively. 

(Razafimanantsoa  et al.,2013)  

 

2.5 BIOLOGICAL TREATMENT SYSTEMS FOR NITROGEN REMOVAL 

There are different process configurations for N removal that can be classified in three 

categories: single, dual and triple sludge (Terry L. Krause et al.,2010). 

 

Some of these configurations are described below. This study will use a SBR which will 

be explained in more detail. 

 

Wuhrmann and Ludzach-Ettinger approach is typically referred to as post-denitrification. 

N removals of 29 to 89% have been achieved in bench and pilot scale studies. A 

diagram of this process can be seen in Figure 2 (Terry L. Krause et al.,2010). 
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Figure 2. Wuhrmann process for N removal (RAS= return activated sludge) and 

WAS=waste activated sludge). (Adapted from Terry L. Krause et al. (2010)) 

 

Another single sludge process is the Ludzack-Ettinger process which is a variation of 

the previous process and can be seen in Figure 3. TN removal efficiency in this process 

is a function of the return activated sludge (RAS) flow rate. An 88% reduction in TN 

from a 130mg/L using a RAS ratio of 8:1 has been reported (Terry L. Krause et 

al.,2010) 

 

 

Figure 3. Ludzack-Ettinger process for N removal (RAS= return activated sludge) and 

WAS=waste activated sludge). (Adapted from Terry L. Krause et al. (2010)) 

 

 Another configuration was proposed to increase the denitrification rate and overall N 

removal efficiency, the Modified Ludzack-Ettinger (MLE). This process can be used 

when nitrification is occurring and denitrification is required to recover alkalinity, lower 

overall oxygen demand and provide a better sludge settling. MLE configuration can be 

seen in Figure 4 (Terry L. Krause et al.,2010). 
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Figure 4. Modified Ludzack-Ettinger process for N removal (RAS=return activated sludge 

and WAS=waste activated sludge). (Adapted from Terry L. Krause et al. (2010)) 

 

Another approach is the Four-Stage BardenphoTM which has four anoxic and aerobic 

zones with recycling of mixed liquor from the first aerobic zone to the first anoxic zone, 

it was proposed to achieve more complete N removal than the one obtained with a two 

or three stage process (Terry L. Krause et al.,2010) 

 

2.5.1 Sequencing Batch Reactor 

The sequencing batch reactor (SBR) is a fill and draw reactor with complete mixing 

during the batch reaction step, the steps of aeration and clarification occur in the same 

tank, saving costs and energy. It typically incorporates five stages: Fill, react (aeration), 

settle, draw and idle (Tchobanoglous et al.,2003). The typical SBR operation for one 

cycle is shown in Figure 5 and the description of the operation steps for the SBR is 

shown in Table 4.  
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Figure 5. Typical sequencing batch reactor operation for one cycle. (Adapted from Terry 

L. Krause et al. (2010)) 

 

Table 4. Description of operational steps for the sequencing batch reactor. (Adapted from 

Tchobanoglous et al. (2003)) 

Operation 

Step 
Description 

Fill 

Volume and substrate (raw wastewater or primary effluent) are added to the 

reactor. It typically allows the liquid level in the reactor to rise from 75% of 

capacity (at the idle period) to 100%. During fill the reactor may be mixed only or 

mixed and aerated to promote biological reactions with the influent wastewater 

React The biomass consumes the substrate under controlled environmental conditions 

Settle 
Solids are allowed to separate from the liquid under quiescent conditions, 

resulting in a clarified supernatant that can be discharged as effluent 

Decant Clarified effluent is removed 

Idle 

Is used in a multi-tank system to provide time for one reactor to complete its fill 

phase before switching to another unit. Because Idle is not a necessary phase , it 

is sometimes omitted 

 

Some of the advantages of using SBR over other configurations are listed in Table 5. 
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Table 5. Advantages and disadvantages sequencing batch reactor. (Adapted from 

Tchobanoglous et al. (2003)) 

Advantages Disadvantages 

No need for a return activated sludge 

system (RAS) 

Process control more complicated 

Nutrient removal can be accomplished 

by operational changes 

High peak flows can disrupt operation 

Can be operated as a selector process 

to minimize sludge bulking potential 

Batch discharge may require equalization prior to 

filtration and disinfection 

Quiescent settling enhance solids 

separation and is applicable for a 

variety of plant sizes 

Higher maintenance skills required for instruments, 

monitoring devices and automatic valves in 

comparison with other systems 

 

This system has been studied since the mid-1980s. (Chang,Hao,1996).  The 

configuration of an SBR combines hydrolysis and denitrification in a discontinuous 

operation, studies on the hydrolysis rate coefficient in batch experiments has been done 

before, concluding that the values of the hydrolysis rate coefficient obtained in 

continuous flow experiments are higher than in batch systems. (Eliosov,1995). 

 

 A SBR can be used to remove nutrients in one stage; this process can be used to treat 

the liquid fraction or the effluent coming from the anaerobic digesters (Tilche et 

al.,1999).  This process has been studied by several investigators using different 

techniques and parameters; by aiming for optimization of SBR operating conditions. 

Studies have been performed mostly using external carbon sources, such as glucose, 

acetate and mixtures of glucose/acetate. For mixtures of glucose/acetate (50/50) 

removal of 96% COD, 87%  NH4-N, 81% NO3-N and 90% PO4-P has been reported 

(Kargi,Uygur,2003). 

 

All cycles of operation can be regulated with the aim of producing the required effluent 

quality. The length of the fill cycle can be controlled to simulate the plug or continuous 

flow regimes, environmental conditions can also be modified by controlling the cycle 

length, DO and mixing. Microorganisms settle under zero velocity gradients improving 

the settling efficiency and by controlling the rate of cell wastage the system can be 

operated at high solids concentrations in comparison with other systems 

(Abufayed,Schroeder,1986b). 
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It has been suggested that once a day batch feeding in an SBR may result in the 

growth of a nitrifier population different from that in the full scale plant with continuous 

feed. A study done with 3 different feeding schedules were evaluated (once a day 

feeding, six time per day feeding and continuous feed for 23 hours), in all cases the 

nitrification rate values were the same (Melcer,2003). 

 

Data were collected from 19 municipal and private SBR wwtp in the United States. The 

average effluent TSS ranged from 3.7 to 20.2 mg/L, excluding one plant with and 

average effluent TSS of 52 mg/L. Removals for TSS ranged from 84.7 to 97.2 %. One 

plant monitored both influent and effluent TN with an average of 56% TN removal (US 

EPA,1992) 

 

A study monitoring the removal of N in  SBR using ww from the meat industry done in 

2010, showed an NH4
+- N removal of 71%, the transformation of the NH4

+- N to N2 was 

confirmed with the increasing concentration of  NO2
—N and NO3

—N during the react 

phase and its decrease in the effluent due to its transformation to N2 (Rodríguez et 

al.,2011b). 

 

Piggery wastewater with high organic matter, N and P content with 1500 mg/L NH4-N 

was used to remove N with a SBR. The SBR was operated with 3 cycles a day at 30°C 

with a sludge retention time (SRT) of 1 day and hydraulic retention time (HRT) of 11 

days, a removal efficiency of 99.7% for N was obtained (Obaja et al.,2003). 

 

The operation of a laboratory scale fill and draw SBR system was done at McMaster 

University, Hamilton , Ontario, Canada by (A.J,1994); the system was initiated with 

mixed liquor from the Dundas wwtp and received Dundas Raw influent wastewater as a 

feed, the influent COD showed some fluctuations during the start-up period, followed by 

an intensive  testing, two batches of ww were collected showing an average COD of 

approximately 330mg/L (Melcer,2003). 

 

Rusten (2004) performed tests using SF at different municipal wastewater treatment 

plants; during the first test it was seen that if the proper mesh size sieve and filtration 

rate were used the SS removal efficiency was above 50% for all municipal ww.  
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III. MATERIALS AND METHODS 
 

This Chapter describes the sample location, materials, equipment and methods used 

during the experimental part of this study. The first part gives a description of the 

samples location including flow diagrams; the second part describes the materials and 

equipment used including the set-up of the experiment and the third part describes the 

methods used for characterization and analysis of samples including the experimental 

design of the SBR.  

 

3.1 WASTEWATER SAMPLE LOCATION 

 

3.1.1 Bekkelaget Wastewater treatment plant  

Bekkelaget wastewater treatment plant (BRA) is the second largest wwtp in Oslo. It has 

biological treatment with N removal. Some of the effluents from the municipalities 

Oppegård and Nittedal are treated at BRA. It has a capacity of 4000 L/s, about 42 

million m3 of ww are treated annually. (Bekkelaget Vann AS,2013) 

 

The flow diagram of the process is shown in the Figure 6. 

 

3.1.2 The Nordre Follo Renseanlegg wastewater treatment plant  

The Nordre Follo Reseanlegg sewage treatment plant (NFR) is located 30 km south of 

Oslo-Norway treats sewage from the municipalities of Ski, Oppegård and Ås. The 

effluent travels by a 1740 m long tunnel until it reaches the plant. After the water has 

been treated and accomplished the discharge limits it is discharged at approximately 50 

m depth in Sjodalen Beach at Bunnerfjord at 350 m from the shore (Nordre Follo 

Renseanlegg,2013) 

 

The plant was built in 1972 to perform primary treatment. In 1982 the second phase 

was completed consisting on chemical purification process by flotation, later in 1990 the 

third phase was built involving sanitation and stabilization of sludge and in 1997 the 

plant was upgraded with secondary biological ww treatment for N and BOD removal 

with Kaldnes Moving Bed Biofilm Reactor (MBBR) (Nordre Follo Renseanlegg,2013) 

The plant has a target of 70% removal of  N per year and 90% of BOD removal 

(Ng,2012). The flow diagram of the process can be observed in Figure 7. 
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 Process Purpose Translation 

1 Tunnel system and overflow Precipitation and purification overflow Vann Water 

2 Surface Coarse material, sand and grease removal Khemikalie tilsetning Chemical Additives 

3 Primary Settlers Particle and phosphorus removal Slam Slam 

4 Biological Treatment Nitrogen removal Avløpsmengde Wastewater flow 

5 After sedimentation Separating the sludge from the wastewater 

6 Filter Last particles removal 

 

Figure 6.  Schematic of the Bekkelaget wastewater treatment plant, Oslo, Norway.(Adapted from Bekkelaget Vann AS (2013)). 
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Figure 7. Schematic of the Nordre Follo Renseanlegg wastewater treatment plant, Oslo, Norway. (Adapted from Nordre Follo Renseanlegg 

(2013)) 
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3.2  EQUIPMENT AND DEVICES 

3.2.1 Dr Lange Cuvette tests 

Dr Lange Cuvette tests are ready to use reagent packages for photometric analysis 

(GMBH,2007). The reagents were used to measure: TCOD, soluble COD (sCOD), NH4-

N, NO3-N, NO2-N and PO4-P (GMBH, Dusseldorf, Germany). 

 

 The parameters and measuring ranges are described in Table 6. 

 

The Hach Lange Thermostat LT 200 is used for specific digestions. It is pre-programed 

for all standard digestions; some of them are shown in Table 7 and is ideal to use with 

the Hach Lange cuvette test. It has two separately controllable heating blocks that 

enable cuvettes to be digested at different T and time settings. (Lange,2012) 

The specifications of the equipment can be seen in the Appendix 1.  

 

Table 6. Parameters and measuring ranges Lange Cuvette test 

Kit Parameter Measuring Ranges 

LCK 514 COD 100-2000 mg/L 

LCK 614 COD 5-300 mg/L 

LCK 338 Total Nitrogen 20 – 100 mg/L TN 

LCK 303 Ammonium 2 – 47 mg/L NH4-N 

LCK 339 Nitrate 0.23 – 13.50 mg/L NO3-N 

LCK 440 Nitrate 5 – 35 mg/L NO3-N 

LCK 341 Nitrite 0.015 – 0.6 mg/L NO2-N 

LCK 349 Orthophosphate 0.05 – 1.50 mg/L PO4-P 

LCK 350 Orthophosphate 2.0 – 20.0 mg/L PO4-P 

 

Table 7.  Standard digestions used during the experiment. 

Applications Temp (°C) Time (min) 

COD 148 120 

Total nitrogen (LATON) 100 60 

Total phosphorous 100 60 
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3.2.2 Spectrophotometer DR 5000 

 

The Spectrophotometer Hach Lange DR 5000 was used to scan the measurement for 

COD, NO2-N, NO3-N, PO4-P, and NH4-N done with the DR Lange Cuvette test.  

 

This instrument is used for testing visible and ultraviolet wavelengths; it uses a 

wavelength range of 190 to 1100nm and provides digital readouts in direct 

concentration units, absorbance or percent transmittance. (Hach-Lange GmbH,2007-

2008) 

 

The overview of the equipment can be seen in Table 8. 

 

Table 8. Overview of Hach Lange Photometer DR 5000 for Lange cuvette tests. (Adapted 

from GMBH (2007)) 

Parameter DR 5000 

Wavelength; VIS, UV-VIS UV-VIS 190-1100nm 

Optical system, photometer type Spectral 

Scan Yes 

Pre-programmed tests Approx. 230 

User methods programmable Yes 

GLP compliant  documentation; barcode reader Yes 

Display with touchscreen Yes 

Protection rating IP 31 

Other Sipper, cuvette carousel 

 

3.2.3 Bench-scale Salsnes Filter Set up 

This apparatus was designed to characterize wastewater to establish design criteria for 

fine mesh sieves and predict the performance of Salsnes filter fine mesh sieves within a 

reasonable margin of error (Rusten,Lundar,2006). A simple sketch can be seen in 

Figure 8 and 9. 
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Figure 8. Simplified sketch and dimensions of bench-scale SF. (Adapted from Rusten 

(2004)) 

 

 

Figure 9. Bench Scale Salsnes Filter setup 
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3.2.4 Multi-parameter WTW 3420 

The multi-parameter WTW 3420 can be used to measure pH, D.O. and conductivity. It 

has various measurement parameter configurations available, high resolution color 

display and data transfer via USB-stick (WTW Wissendschaftlich-Technische 

Werkstätten,2009). The technical data is shown in Appendix 2. 

 

3.2.5 ULTRA-TURRAX® T25 Basic 

A T25 basic Ultra-Turrax® (Figure 10) was used to disperse the sample for TCOD test. 

Its operating range is for volumes from 1 to 2500 ml with speed range from 11000 to 

24000 rpm. For this study a sample of 100ml was used, it was dispersed for 1 minute 

approximately. 

 

 

Figure 10.  T-18 digital Ultra-Turrax® 

3.2.6 Experimental Set-up 

The experimental setup consists of the following parts shown in Figure 11. 

 Three beakers with a capacity of 5 L arranged in parallel with a working volume 

of 3 L each one (One with unfiltered ww, the second one with filtered ww  - 

1.2µm, and the third one with filtered ww - 18µm) 

 Three magnetic stirrers (Mixing) 

 Three diffuser stones with pumps (Aeration) 

 Three programmable timer controllers 

 Two multi-parameter with pH, temperature and DO probes 
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 The beakers are submerged in a tank with recirculating water to keep stable the 

temperature 

 

 

 

Figure 11. Experimental setup showing sequencing batch reactor for denitrification. 

 

3.3 PARAMETERS 

3.3.1 Total Suspended Solids  

Total suspended solids (TSS) refers to the portion of Total solids (TS) retained in a filter 

after the evaporation of a sample and its subsequent drying in an oven at a defined 

temperature, in this case 105°C.  

 

TSS was measured according to the procedure 2540 D. in the Standard Methods for 

the examination of water and wastewater described in the Appendix 3 (AWWA,1999).  
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0.45µm glass microfiber filters were used for solid tests (TSS and VSS), these filters are 

produced by Whatman Ltd. and it is necessary to pretreat them before the 

corresponding test. 

 

To prepare the glass filters the following procedure was done: the disk was inserted 

with the wrinkled side up in the filtration apparatus, vacuum was applied meanwhile 

distilled water was added (approximately 100 ml); when all traces of water were 

removed the vacuum was turned off and the disk was removed from the apparatus and 

placed in an clean beaker. The beaker was placed in a muffle at 550°C for two hours. 

When the filter was cool down it was weighted and placed in a petri dish for its use.  

 

3.3.2 Volatile suspended solids  

Volatile suspended solids (VSS) refers to the weight loss on ignition. VSS was 

measured according to the procedure 2540 E. in the Standard Methods for the 

examination of water and wastewater described in the Appendix 3. 

 

3.3.3 Total COD  

To analyze total COD (TCOD) content in the sample, the municipal ww (taken after the 

sand trap at NFR wwtp) without filtering was used, 100 ml of the sample was 

homogenized for one minute with a T25 basic ULTRA-TURRAX®, and subsequently 

Dr. Lange Cuvette test LCK 514 was used following the procedure described in the 

Appendix 5 (Hach Lange,2001b). The measurement scan was done with the 

spectrophotometer DR 5000 at a wavelength of 605nm. 

 

3.3.4 Soluble COD  

To analyze soluble COD (sCOD) content in the sample, Dr. Lange Cuvette test LCK 

614 was used. The supernatant sample was filtered through 25µm Whatman glass 

microfiber filter followed by the procedure described in the Appendix 6 (Hach 

Lange,2001b). The measurement scan was done with the spectrophotometer DR 5000 

at a wavelength of 448nm.  
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3.3.5 Total nitrogen  

To analyze total nitrogen (TN) content in the sample, Dr. Lange Cuvette test LCK 338 

was used using raw wastewater without filtering and wastewater after 18µm filtration 

followed by the procedure described in the Appendix 7 (Hach Lange,2005a) The 

measurement scan was done with the spectrophotometer DR 5000 at a wavelength of 

345nm. 

 

3.3.6 Ammonium nitrogen  

To analyze ammonium nitrogen (NH4-N) content in the sample, Dr. Lange Cuvette test 

LCK 303 was used. A sample from the supernatant (treated effluent) was filtered 

through 25µm Whatman glass microfiber filter followed by the procedure described in 

the Appendix 8 (Hach Lange,2000). The measurement scan was done with the 

spectrophotometer DR 5000 at a wavelength of 694nm. 

 

3.3.7 Nitrate nitrogen  

To analyze nitrate nitrogen (NO3-N) content in the sample, Dr. Lange Cuvette test LCK 

339 and LCK 340 were used. The supernatant sample was filtered through 25µm 

Whatman glass microfiber filter followed by the procedure described in the Appendix 9 

and 10 for respectively test (Hach Lange,2005b). The measurement scan was done 

with the spectrophotometer DR 5000 at a wavelength of 370nm. 

 

3.3.8 Nitrite nitrogen  

To analyze nitrite nitrogen (NO2-N) content in the sample, Dr. Lange Cuvette test LCK 

341 was used. The supernatant sample was filtered through 25µm Whatman glass 

microfiber filter followed by the procedure described in the Appendix 11 (Hach 

Lange,2001a).  The measurement scan was done with the spectrophotometer DR 5000 

at a wavelength of 515nm. 

 

3.3.9 Orthophosphate  

To analyze orthophosphate (PO4-P) content in the sample, Dr. Lange Cuvette test LCK 

349 and LCK 350 were used. The supernatant sample was filtered through 25µm 

Whatman glass microfiber filter followed by the procedure described in the Appendix 12 

and 13 for respectively test (Hach Lange,2003). The measurement scan was done with 

the spectrophotometer DR 5000 at a wavelength of 850nm. 
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3.3.10 pH, Temperature and Dissolved oxygen  

pH, temperature and dissolved oxygen (DO) was measured with a Multi-parameter 

WTW 3420. 

 

3.4 EXPERIMENTAL DESIGN SBR 

Mixed liquor suspended solids (MLSS): biomass was collected from BRA at the recycle 

stream channel from the secondary clarifier. 

 

Samples of raw wastewater were collected from NFR as shown in Table 9 for 9 weeks. 

The samples were taken after the sand trap. After collecting the samples it had to be 

stored at 4°C in plastic containers to avoid degradation and before use it had to be 

brought to room temperature. Before filling each reactor dissolved oxygen was purged 

by passing nitrogen gas through the wastewater. 

 

Table 9. Experiment program 

Week The program was followed during 9 weeks 

Day Monday Tuesday Wednesday Thursday Friday 

Sampling (L) 20 
 

20 
 

30 

Particle analysis X x 
 

X 
 

Influent analysis 

 

TCOD X x 
 

X 
 

sCOD X x 
 

X 
 

TN X x 
 

X 
 

NO3-N X x 
 

X 
 

NO2-N X x 
 

X 
 

NH4-N X x 
 

X 
 

PO4-P X x 
 

X 
 

TP 
     

TSS, 

VSS 
X x 

 
X 

 

Filtrate analysis (18um) 
tCOD X x 

 
X 

 
TSS,VSS X x 

 
X 

 
Effluent analysis (3 

reactors) 
sCOD X x X X x 

 

Week The program was followed during 9 weeks 

Day  Monday Tuesday Wednesday Thursday Friday 
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Effluent analysis (3 

reactors) 

NO3-N X x X X x 

NO2-N X x X X x 

NH4-N X x X X x 

PO4-P X x X X x 

TSS, 

VSS 
X x X X x 

Nitrification and Denitrification test 
 

x 
 

X 
 

 

Note: On Saturdays and Sundays analysis were not performed, only the protocol shown 

in Table 9. 

 

The first reactor contains MLSS mixed with raw wastewater without filtering. The 

second reactor contains MLSS mixed with wastewater filtered with 1.2 µm Salsnes filter 

mesh sieve, and the third reactor contains MLSS mixed with wastewater filtered with 18 

µm Salsnes filter mesh sieve. 

 

The SBR was operated at a controlled temperature of approximately 21°C, with a SRT 

of 15 days. Stirrers were used to provide adequate mixing during the react period. DO, 

pH and temperature was recorded by a multi-parameter in each cycle. Each cycle 

lasted 24 hours. 

 

The protocol for the SBR operation is shown in Table 10 for unfiltered wastewater, 

filtered wastewater after 1.2µm filtration and filtered wastewater after18µm filtration.  

 

 

 

 

 

 

 

 

 

 

Table 10. Activity for SBR operation for nitrification and denitrification 
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Activity 

Reactor 1 - 

Unfiltered 

wastewater 

Reactor 2 - 

filtered 

wastewater 

after 1.2 um 

filtration 

Reactor 3 - 

filtered 

wastewater 

after 18 um 

filtration 

Time 

Fill (1.5 L) and start 

automatic function on Multi-

parameter 

9:00 9:20 9:40 

Anoxic mixing 

9:00           

16:30          

21:00         

22:00         

23:00           

0:00              

1:00             

2:00             

3:00             

4:00             

5:00             

6:00 

9:20           

16:50          

21:20         

22:20         

23:20           

0:20              

1:20             

2:20             

3:20             

4:20             

5:20             

6:20 

9:40           

17:10          

21:40         

22:40         

23:40           

0:40              

1:40             

2:40             

3:40             

4:40             

5:40             

6:40 

Aeration 

11:30         

19:00         

21:30         

22:30         

23:30           

0:30             

1:30             

2:30             

3:30             

4:30             

5:30             

6:30 

11:50         

19:20         

21:50         

22:50         

23:50           

0:50             

1:50             

2:50             

3:50             

4:50             

5:50             

6:50 

12:10         

19:40                  

22:10         

23:10           

0:10             

1:10             

2:10             

3:10             

4:10             

5:10             

6:10              

7:10 
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Activity 

Reactor 1 - 

Unfiltered 

wastewater 

Reactor 2 - 

filtered 

wastewater 

after 1.2 um 

filtration 

Reactor 3 - 

filtered 

wastewater 

after 18 um 

filtration 

Time 

Start settling 7:30 7:50 8:10 

Record Sludge volume 8:00 8:20 8:40 

Decant Settle sample down 

to 1.5L mark   

Prepare sample for 

analysis                   

Determine TSS and VSS 

(decant)                      

Transfer DO data to USB 

drive                                   

Erase stored date on the 

Multi-parameter       

Prepare new feed 

8:30 8:50 9:10 

 

 

TSS, VSS, Nitrate, Nitrite, Ortho-phosphate and Ammonium analyses were done for the 

influent and effluent in each cycle. 
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IV. RESULTS AND DISCUSSIONS 
 

This chapter shows the results of the SBR performance for the three reactors. For 

convenience, Reactor one will be referred as R1 (municipal ww without filtration used 

as a feed), Reactor two will be referred as R2 (ww filtered through 1.2µm used as a 

feed) and Reactor three will be referred as R3 (ww filtered through 18µm used as a 

feed). The results will be divided in four sub-sections; the first three will show specific 

results for each reactor and a final subsection which shows comparative results of the 

three reactors such as percentage COD removal, percentage SS removal and 

denitrification rates. 

 

Table 11. Average values SBR influent and effluent wastewater characterization. 

Parameter 

 (mg/L) 

R1 R2 R3 

Influent Effluent Influent  Effluent Influent Effluent 

TSS 329.5 16.50 329.5 23.77 118.9 22.72 

VSS 285.4 14.85 NA 20.51 100.9 19.65 

TCOD 618.4 NA 186.5 NA 348.4 NA 

sCOD 186.5 43.12 186.5 36.61 186.5 40.36 

pCOD 431.51 NA NA NA 161.99 NA 

TN 53.6 NA NA NA 46.2 NA 

NH4-N 38.7 0.45 38.7 2.45 38.7 0.67 

NO3-N 0.26 13.77 0.26 28.09 0.26 25.92 

NO2-N 0.03 0.14 0.03 0.08 0.03 0.04 

PO4-P 3.36 2.48 3.36 2.96 3.36 2.75 

       NA: Not available 

 

Characterization of the influent ww and the effluent for each reactor is shown in Table 

11, it can be observed that soluble COD fractions, which contains the readily 

biodegradable substrate are about 30.15% of the total substrate for R1 and 53.53% for 

R3; R2 contains ww made up of 100% soluble fraction. The values for the Influent R1, 

are values closer to typical compositions for municipal ww with minor industrial 

contributions in the low range, which corresponds to diluted ww according to Henze et 

al. (2008). Influent TSS concentration for unfiltered ww is in the same range as the one 

found by Rusten,Lundar (2006) in a bench scale testing with SF using ww from NFR. It 

can be seen a substantial reduction in NH4-N concentrations from the influent to the 

effluent of each reactor, which means oxidation of NH4-N was accomplished, this can 

be seen in more detailed in specific figures for each reactor 
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4.1 REACTOR 1 – PRIMARY INFLUENT MUNICIPAL WASTEWATER 

Figure 12 shows the variation of the NO3-N during the SBR operation for 37 days for 

Reactor 1. The average concentration of NO3-N in the influent was 0.26 mg N/L and in 

the effluent was 13.64 mg N/L. Approximately 510 mg N/day was removed. 

 

 

Figure 12. Variation of nitrate nitrogen concentration for Reactor 1 during 37 days of the 

SBR operation. 

 

Figure 13 shows the variation of the NO2-N during the SBR operation for 37 days for 

Reactor 1. The average concentration of NO2-N in the influent was 0.03 mg N/L and in 

the effluent was 0.14 mg N/L. From day 12 the operation changed from 50% anoxic, 

50% aerobic to 70% anoxic and 30% aerobic , this might be the reason why a peak can 

be observed in day 13 with a value of 1.37 mg/L.  

 

 

Figure 13. Variation of nitrite nitrogen concentration for Reactor 1 during 37 days of the 

SBR operation. 
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Figure 14 shows the variation of the NH4-N during the SBR operation for 37 days for 

Reactor 1. The average concentration of NH4-N in the influent was 38.68 mg N/L and in 

the effluent was 0.49 mg N/L. The average of NH4-N removed was 98.78%. 

 

 

 

Figure 14. Variation of ammonium nitrogen concentration for Reactor 1 during 37 days of 

the SBR operation. 

 

Figure 15 shows the variation of the PO4-P during the SBR operation for 37 days for 

Reactor 1. The average concentration of PO4-P in the influent was 3.34 mg P/L and in 

the effluent was 2.48 mg P/L. In average 19.40% of PO4-P was removed. 

 

 

Figure 15. Variation of orthophosphate concentration for Reactor 1 during 37 days of the 

SBR operation. 
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Figure 16 shows the variation of the sCOD during the SBR operation for 37 days for 

Reactor 1. The average concentration of sCOD in the influent was 187.1 mg/L and in 

the effluent was 43.18 mg/L, with a 76.31%COD removal.  

 

 

Figure 16. Variation of soluble COD for Reactor 1 during 37 days of the SBR operation. 

 

Figure 17 shows the variation of the TSS during the SBR operation for 37 days for 

Reactor 1. The average concentration of TSS in the influent was 329.5 mg/L and in the 

effluent was 16.50 mg/L, with a 94.84% TSS removal.  

 

 

Figure 17. Variation of total suspended solids for Reactor 1 during 37 days of the SBR 

operation. 
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the effluent was 28.96 mg N/L. Approximately 20 mg N/day was removed, this value is 

lower than the one obtained in R1 (510 mg N/day) 

 

 
Figure 18. Variation nitrate nitrogen concentration for Reactor 2 during 37 days of the 

SBR operation. 

 

Figure 19 shows the variation of the NO2-N during the SBR operation for 37 days for 

Reactor 2. The average concentration of NO2-N in the influent was 0.03 mg N/L and in 

the effluent was 0.07 mg N/L. In comparison with the NO2-N concentration from R1 in 

the effluent, it can be seen a similar trend in the graph, with most of the values within 

the range of 0 – 0.5 mg/L NO2-N approximately in the effluent, however the average 

concentration in the effluent for R2 was half of that from R1. 

 

 

 
Figure 19. Variation nitrite nitrogen concentration for Reactor 2 during 37 days of the SBR 

operation. 

 

Figure 20 shows the variation of the NH4-N during the SBR operation for 37 days for 

Reactor 2. The average concentration of NH4-N in the influent was 38.68 mg N/L and in 

the effluent was 1.59 mg N/L. The average % of NH4-N removed was 96.09%.  
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It can be observed the same trend as in Figure 14 corresponding to R1, the 

concentrations and % of NH4-N removed were very similar, with a difference of only 

2.69% of NH4-N removed. 

 

 
Figure 20. Variation ammonium nitrogen concentration for Reactor 2 during 37 days of 

the SBR operation. 

 

Figure 21 shows the variation of the PO4-P during the SBR operation for 37 days for 

Reactor 2. The average concentration of PO4-P in the influent was 3.34 mg P/L and in 

the effluent was 2.92 mg P/L. In average 3.46% of PO4-P was removed. In comparison 

with Figure 15 from R1,  

 

 

 
Figure 21. Variation orthophosphate concentration for Reactor 2 during 37 days of the 

SBR operation. 

Figure 22 shows the variation of the sCOD during the SBR operation for 37 days for 

Reactor 2. The average concentration of sCOD in the influent was 186.5 mg/L and in 

the effluent was 36.61 mg/L, with a 79.82%COD removal.  
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In comparison with Figure 16 from R1 there is no visible difference, the graphs have the 

same trend and the %COD removal is very similar, with a difference of 4.17% between 

each reactor. 

 

 
Figure 22. Variation of soluble COD for Reactor 2 during 37 days of the SBR operation. 

 

Figure 23 shows the variation of the TSS during the SBR operation for 37 days for 

Reactor 2. The average concentration of TSS in the influent was 329.5 mg/L and in the 

effluent was 23.77 mg/L, with a 92.73% TSS removal.  

In comparison with Figure 17 from R1 there is a difference in %TSS removal of 2.11%, 

both graphs shows the same trend.  

 

 
Figure 23. Variation of total suspended solids for Reactor 2 during 37 days of the SBR 

operation. 
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the effluent was 26.24 mg N/L. Approximately 80 mg N/day was removed, this value is 

lower than the one obtained in R1 (510 mg N/day) and higher than the one obtained in 

R2 (20 mg N/day). 

 

 

 
Figure 24. Variation of nitrate nitrogen concentration for Reactor 3 during 37 days of the 

SBR operation. 

 

Figure 25 shows the variation of the NO2-N during the SBR operation for 37 days for 

Reactor 3. The average concentration of NO2-N in the influent was 0.03 mg N/L and in 

the effluent was 0.04 mg N/L.  

 

 
Figure 25. Variation of nitrite nitrogen concentration for Reactor 3 during 37 days of the 

SBR operation. 

 

Figure 26 shows the variation of the NH4-N during the SBR operation for 37 days for 
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the effluent was 0.57 mg N/L. The average % of NH4-N removed was 98.22%. R3 has 

the same trend as R1 and R2 with very similar concentrations and %NH4-N removed. 
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Figure 26. Variation of ammonium nitrogen concentration for Reactor 3 during 37 days of 

the SBR operation. 

 

Figure 27 shows the variation of the PO4-P during the SBR operation for 37 days for 

Reactor 3. The average concentration of PO4-P in the influent was 3.34 mg P/L and in 

the effluent was 2.73 mg P/L. In average 10.26% of PO4-P was removed. 

 

 

 
Figure 27. Variation of orthophosphate concentration for Reactor 3 during 37 days of the 

SBR operation. 

 

Figure 28 shows the variation of the sCOD during the SBR operation for 37 days for 

Reactor 3. The average concentration of sCOD in the influent was 187.1 mg/L and in 

the effluent was 40.42 mg/L, with a 77.87%COD removal. The trend for R3 is the same 

than that from R1 and R2, there is no significant difference of %COD removed in the 

three reactors. 
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Figure 28. Variation of soluble COD for Reactor 3 during 37 days of the SBR operation. 

 

 

Figure 29 shows the variation of the TSS during the SBR operation for 37 days for 

Reactor 3. The average concentration of TSS in the influent was 118.90 mg/L and in 

the effluent was 22.72 mg/L, with an 81.95% TSS removal. In comparison with R1 and 

R2, R3 removed less TSS, R1 and R2 removed up to 94.84% and 92.73% respectively.  

 

 
Figure 29. Variation of total suspended solids for Reactor 3 during 37 days of the SBR 

operation. 

 

 

 

4.4 COD REMOVAL 

Figure 30 shows the percentage COD removal per day for the three reactors for 37 
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The removal efficiency for Reactor 1, 2 and 3 were 23.69%, 19.63% and 22.13% 

respectively. The %COD removal and the removal efficiencies from the Reactors that 

used ww filtered through SF (Reactor 2 =1.2µm, Reactor 3=18µm) has slightly higher 

values than Reactor 1 which used ww without filtration as a feed. 

 

Figure 30. COD removal during 37 days of the SBR operation. 

 

4.5 TSS REMOVAL 

Figure 31 shows the %TSS removal for each one of the three Reactors for 37 days of 

the SBR operation. Reactor 1 had an average %TSS removal of 94.84%, Reactors 2 

and 3 had an average of %TSS removal of 92.73% and 81.95% respectively. 

Percentage removals are close to those reported by US EPA (1992) which ranged from 

84.7 to 97.2%; the values are also higher than the one found by Newcombe et al. 

(2011) at a full scale plant using a RBS from SF after grit removal with a 350 micro 

mesh sieve, the removal rate found was 45% TSS. Reactor 1 removed higher SS than 

Reactor 2 and 3, opposite to the COD removal shown before. 
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Figure 31. SS removal during 37 days of the SBR operation. 

 

4.6 DENITRIFICATION RATES  

Figure 32 shows the performance of the Reactor 1 during the nitrification and 

denitrification test on day 18th (28.Feb.2013) for the first 13 hours after the fill cycle. The 

concentration of NH4-N (21.9 mg N/L) in the influent slightly increased during the first 

anoxic stage (first 5 hours) until it reached a concentration of 23.6 mg N/L; during the 

first aerobic stage it decreased progressively until it reached a concentration of 3.24 mg 

N/L, from this point it continued decreasing until it reached a concentration of 

approximately 0.7 mg N/L, the whole cycle had a 96.8% NH4-N reduced. The 

concentration of NO3-N and NO2-N started increasing at 5 hours operation due to 

biological oxidation of NH4-N.  Concentrations of NH4-N and NO3-N are found at some 

extent in the effluent, indicating that the process of nitrification-denitrification was 

incomplete, suggesting that more aeration time was required to achieve complete 

oxidation of NH4-N. About 96.8% of NH4-N was transformed to NO2-N and NO3-N. 
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Figure 32. Performance of Reactor 1. Nitrification and denitrification on 28.Feb.2013 for 

the first 13 hours after fill cycle. 

 

Figure 33 shows the performance of the Reactor 1 during the nitrification and 

denitrification test on day 26th (12.Mar.2013) for the first 13 hours after the fill cycle. 

Unlike the concentration of NH4-N showed in Figure 34, the concentration in Figure 35 

(20.4 mg N/L) in the influent was stable during the first anoxic stage (first 5 hours) until 

it reached a concentration of 20.2 mg N/L; after this point it showed the same trend as 

Figure 34 decreasing progressively during the first aerobic stage until it reached a 

concentration of 1.86 mg N/L, from this point it continued decreasing until it reached a 

concentration of 0 mg N/L, the whole cycle had a 100% NH4-N reduced. The 

concentration of NO3-N and NO2-N started increasing at 5 hours operation due to 

biological oxidation of NH4-N. About 100% of NH4-N was transformed to NO2-N and 

NO3-N. 
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Figure 33. Performance of Reactor 1. Nitrification and denitrification on 12.Mar.2013 for 

the first 13 hours after fill cycle. 

 

Figure 34 shows the performance of the Reactor 2 during the nitrification and 

denitrification test on day 18th (28.Feb.2013) for the first 13 hours after the fill cycle. In 

comparison with the same test performed the same day for R1, the concentration of 

NH4-N (24.3 mg N/L) in the influent kept stable during the first anoxic stage instead of 

increasing (first 5 hours); after this point it showed the same trend as the one for R1 

decreasing progressively during the first aerobic stage until it reached a concentration 

of 10.6 mg N/L, this value is higher than the one for R1 (3.24 mg N/L) from this point it 

continued decreasing until it reached a concentration of 7.73 mg N/L, the whole cycle 

had a 68.18% NH4-N reduced which is lower than that obtained in R1 of 96.8% NH4-N 

reduced.  

The concentration of NO3-N and NO2-N started increasing at 5 hours operation due to 

biological oxidation of NH4-N, but unlike R1 the concentration of NO3-N started at 17.6 

mg N/L and not at 0 mg N/L. About 68.18% of NH4-N was transformed to NO2-N and 

NO3-N. 
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Figure 34. Performance of Reactor 2. Nitrification and denitrification on 28.Feb.2013 for 

the first 13 hours after fill cycle 

 

Figure 35 shows the performance of the Reactor 2 during the nitrification and 

denitrification test on day 26th (12.Mar.2013) for the first 13 hours after the fill cycle. In 

comparison with the same test performed the same day for R1, the concentration of 

NH4-N (29.3 mg N/L) in the influent was stable during the first anoxic stage as well (first 

5 hours); after this point it decreased during the first aerobic stage until it reached a 

concentration of 23.7 mg N/L, this value is higher than the one for R1 (1.86 mg N/L) 

from this point it continued decreasing until it reached a concentration of 22.2 mg N/L, 

the whole cycle had a 19.11% NH4-N reduced which is much lower than that obtained in 

R1 of 100% NH4-N reduced.  

Unlike R1, the concentration of NO2-N was stable during the whole test with values 

close to 0 mg N/L; the NO3-N concentration started increasing at 5 hours operation due 

to biological oxidation of NH4-N, but unlike R1 the concentration of NO3-N started at 

12.7 mg N/L and not at 1.02 mg N/L. About 19.11% of NH4-N was transformed to NO2-

N and NO3-N. 
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Figure 35. Performance of Reactor 2. Nitrification and denitrification on 12.Mar.2013 for 

the first 13 hours after fill cycle 

 

Figure 36 shows the performance of the Reactor 3 during the nitrification and 

denitrification test on day 18th (28.Feb.2013) for the first 13 hours after the fill cycle. In 

comparison with the same test performed the same day for R1 and R2, the 

concentration of NH4-N (22 mg N/L) in the influent kept stable during the first anoxic 

stage as in R2 instead of increasing as in R1 (first 5 hours); after this point it showed 

the same trend as the one for R1 and R2 decreasing progressively during the first 

aerobic stage until it reached a concentration of 3.47 mg N/L, this value is similar as the 

one for R1 and lower than the one for R2 (23.7 mg N/L) from this point it continued 

decreasing until it reached a concentration of 0.96 mg N/L, the whole cycle had a 

95.6% NH4-N reduced which is similar as the one obtained in R1 (96.8%) and higher 

than that obtained in R2 (68.18%).  

As in R2 the concentration of NO3-N started at a higher concentration than in R1 (11.9 

mg N/L), both NO2-N and NO3-N concentrations started increasing at 5 hours operation 

due to biological oxidation of NH4-N. About 95.6% of NH4-N was transformed to NO2-N 

and NO3-N, this value is similar as the one obtained in R1 (96.8%) and higher than the 

one obtained in R2 (68.18%). 
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Figure 36. Performance of Reactor 3. Nitrification and denitrification on 28.Feb.2013 for 

the first 13 hours after fill cycle 

 

Figure 37 shows the performance of the Reactor 3 during the nitrification and 

denitrification test on day 26th (12.Mar.2013) for the first 13 hours after the fill cycle. As 

in R1 and R2, the concentration of NH4-N (21.7 mg N/L) in the influent kept stable 

during the first anoxic stage (first 5 hours); after this point it showed the same trend as 

the one for R1 and R2 decreasing progressively during the first aerobic stage until it 

reached a concentration of 8.74 mg N/L, from this point it continued decreasing until it 

reached a concentration of 6.44 mg N/L, the whole cycle had a 70.32% NH4-N reduced 

which is lower than the one obtained in R1 (100%) and higher than that obtained in R2 

(19.11%).  

As in R2 the concentration of NO3-N started at a higher concentration than in R1 (10 mg 

N/L) and it started increasing at 5 hours operation due to biological oxidation of NH4-N. 

The concentration of NO2-N was stable during the whole test with values close to 0 mg 

N/L approximately. About 70.32% of NH4-N was transformed to NO2-N and NO3-N. 
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Figure 37. Performance of Reactor 3. Nitrification and denitrification on 12.Mar.2013 for 

the first 13 hours after fill cycle 

 

 

Since NO2-N accumulation during the denitrification test was observed, concentrations 

of NO2-N and NO3-N were taken into consideration to calculate the denitrification rate 

shown in Table 12. Figure 38 shows that the denitrification rate for R1 was slightly 

higher than the one for R2 and R3.  The denitrification rate for R3 was higher than the 

one for R2, however with a small difference. 

 

Table 12. Denitrification rates  

Day Date 
Denitrification rate (gN/gVSS.d) 

Unfiltered 18µm 1.2µm 

12 19.02.13 0.06 0.05 0.02 

14 21.02.13 0.05 0.04 0.02 

21 28.02.13 0.07 0.04 0.04 

32 12.03.13 0.07 0.05 0.04 

39 19.03.13 0.05 0.05 0.03 

41 21.03.13 0.06 0.03 0.02 

54 03.04.13 0.05 0.03 0.01 
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Figure 38. Denitrification rate for Reactor 1, 2 and 3. 

 

4.7 DO AND pH 

Figure 39 shows the variation of DO and pH during the denitrification test the day 18th 

(28.feb.2013). The average DO concentration during the aeration phase was 

approximately 4.45mg/L, theoretically, nitrification would be carried out without difficulty 

since efficiency for nitrification is good for values above 2.0 mg/L (Rodríguez et 

al.,2011a). pH was maintained at an average approximately 7.54 during the whole test 

by adding HCl(1M) and NaOH(1M). The optimum pH range has been found to be 7.0 to 

8.0 for both nitrification and denitrification(Sedlak,1991). Figures for the other days 

when the test was performed followed the same trend since DO and pH was controlled 

intentionally, DO was controlled by diffusers connected to time controllers and pH was 

maintained with NaOH and HCl as explained before. 
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Figure 39. Variation of dissolved oxygen and pH in Reactor 1 during nitrification and 

denitrification test the 28.Feb.2013. 
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V. CONCLUSIONS 
 

This study investigated nitrogen removal of municipal wastewater, using sequencing 

batch reactors (SBR). Municipal wastewater prior to primary treatment with and without 

filtration through SF was used as a feed. The overall objective was to determine how 

denitrification is affected by solids removal using two different mesh sizes (1.2 µm and 

18µm SF fine mesh sieve) using bench scale SF. The specific objectives of this study 

were to: set up an experimental method with three different conditions (unfiltered ww, 

filter after 18 µm and ww filter after 1.2 µm) and evaluate the performance of SBRs for 

long term denitrification process; investigate the effect of removal of organic material 

prior to biological nutrient removal process; compare nitrification rates for different size 

of SF mesh sieves and characterize particle size distribution after separation with SF. 

 

The results of this study showed that the SF mesh sieves removed a significant amount 

of material as a primary treatment device; the influent ww had a pCOD of 431.51 mg/L 

for Reactor 1 and 161.99 mg/L for Reactor 3, the values for TSS in the influent were 

329.5 mg/L for Reactor 1 and 2 and 118.9 mg/L for Reactor 3. The removal percentage 

was 92.73% and 81.95% TSS for Reactors 2 and 3 using 1.2µm and 18µm SF fine 

mesh sieve respectively. These results are similar to the percentage of TSS removed 

by Reactor 1(94.84%), showing there is no significant difference between ww without 

filtering and ww filtered through SF.   

 

The percentage of NH4-N removed in the 3 reactors was similar, showing that most of 

the NH4-N was transformed into NO2-N and NO3-N. Results for TCOD removal showed 

higher percentage removed by SF fine mesh sieve (18 microns) and 1.2 microns in 

comparison with Reactor 1 which used wastewater without filtration with SF, however 

this difference was no significant, Reactor 1 removed 76.31%, Reactor 2 and 3 

removed 79.82% and 77.87% respectively. 

 

Results obtained from the denitrification and nitrification tests showed that the 

denitrification rate was higher for Reactor 1. Reactor 3 had a higher denitrification rate 

than Reactor 2 which may lead to conclude that wastewater filtered through 18µm has a 

better performance than wastewater filtered through 1.2µm; however the difference 

between the denitrification rates in the three reactors is not significant enough to assure 

18µm has a better performance, to conclude that the use of SF in wastewater prior to 
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biological nutrient removal process does not affect the denitrification rate, is necessary 

to perform more detailed studies. 
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VII. APPENDIX 

A.1 . LT 200 SPECIFICATIONS. ADAPTED FROM (Lange,2012) 
 

Parameters Specifications 

Heating 

programs 

Pre-programmed for 40°C, 100°C, 148°C and freely selectable 37-150 °C, 1-

148 min 

Temperature 

stability 

 

 
 1°C in conformity with the international organization for standardization 

(ISO) and the United States environmental protection agency  (EPA)  

methods 

Dimensions 250 x 145 x 310 mm (QxHxD) 

Weight 2.8 kg 

Power input 
115V/600 VA 

230V/900VA 

Number of 

cuvettes 
30x13 mm diameter 
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A.2 TECHNICAL DATA MULTI-PARAMETER WTW 3420.  

Adapted from (WTW Wissendschaftlich-Technische 

Werkstätten,2009) 
 

General Specifications 

Memory Automatic, 10000 data sets 

Data logger Manual/time controlled 

Interface USB host and mini-USB 

Power supply Battery charge or 4 x 1.2 V NiMH rechargeable batteries 

Continuous 100 h 

Protection class IP 67 

Calibration memory Up to 10 calibrations 

D-O. measurement 

Concentration 0.0- 20.00 mg/l 

Saturation 0.0 – 200.0% 

Partial pressure 0 – 400.0 hPa 

Temperature 0.0 – 50.0°C 

Auto read Automatic/manual 

pH measurement 

pH 

-2.0 – 20.0 pH 

-2.00 – 20.00 pH 

-2.000 – 20.000 pH 

mV +- 2000; +- 1250.0 

Temperature -5.0- 105.0°C 

Auto read Automatic/manual 

Calibration 1-,2-,3-,4-,5- point; WTW Technical, DIN/NIST, additionally 20 buffer sets 
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A.3 STANDARD METHODS FOR THE EXAMINATION OF WATER 

AND WASTEWATER – TOTAL SUSPENDED SOLIDS  
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A.4 STANDARD METHODS FOR THE EXAMINATION OF WATER 

AND WASTEWATER  – SETTLEABLE SOLIDS 
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A.5 WORKING PROCEDURE LCK 514 
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A.6 WORKING PROCEDURE LCK 614 
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A.7 WORKING PROCEDURE LCK 338 
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A.8 WORKING PROCEDURE LCK 303 
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A.9 WORKING PROCEDURE LCK 339 
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A.10 WORKING PROCEDURE LCK 340 
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A.11 WORKING PROCEDURE LCK 341 
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A.12 WORKING PROCEDURE LCK 349 
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A.13 WORKING PROCEDURE LCK 350 
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