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Biological processes particularly nitrification and denitrification are the most employed methods 

for removing nitrogen-containing pollutants from wastewater due to its effectiveness and low 

maintenance cost. The conversion of ammonium to nitrite and ultimately to nitrate (nitrification), 

as well as the conversion of nitrate to nitrogen gas (denitrification)- which is regarded innocuous 

to the environment is a key element of these biological approaches. Nitrogen and BOD 

concentrations, alkalinity, temperature, and the presence of hazardous compounds coming from 

coagulants used to treat the wastewater are all factors that can affect or be affected by nitrification 

and denitrification processes. Furthermore, purification activities (i.e., coagulant treatment and 

residual concentrations in the effluent water) that occur before nitrification and denitrification can 

have a variety of effects on these processes.

The goal of this master's thesis study was to investigate the impact of residual coagulant 

concentrations on the nitrification and denitrification processes. Batch test laboratory studies were 

set up to imitate the nitrification and denitrification processes independently under controlled 

conditions to attain this goal. Polyaluminium chloride (pre-hydrolyzed, inorganic product), chitosan 

(semi-natural organic biopolymer), polyacrylamide and polyamine (synthetic organic polymers) 

were utilized as coagulants.

Laboratory experiments were conducted in 4 phases: Phase 1- Determination of optimum dosage 

range of coagulants; Phase 2- Pre-incubation tests of coagulants; Phase 3- Batch incubations for 

nitrification; Phase 4- Batch incubations for denitrification. Samples of wastewater were taken from 

the Taskila wastewater treatment plant (Oulu, Finland). The dosage requirement of four different 

coagulants for the treatment of sewage water were evaluated during the preliminary testing. The 

influence of the residual coagulants on the progress and effectiveness of the nitrification and 

denitrification processes was assessed by applying these doses to actual wastewater samples in low, 

medium, and high dosages.

Overall, a clear pattern in all samples showed an increase in nitrate concentration and a decrease in 

ammonium concentration during the batch nitrification process regardless of the coagulant type. In 

addition, there was a clear nitrate reduction in the batch denitrification process. The rates of low 

dosages of all coagulants were close to that of the control while nitrification and denitrification 

rates dropped when the coagulant dosage was increased. Changes on the physico-chemical 

parameters, organic matter, and metals content indicated that the processes occurred accordingly 

and showed the different effects between coagulant types.
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1 INTRODUCTION 

Increasing city population and growing urbanization increase the need for treating 

wastewater before discharging it to nature aiming at reducing water pollution. (Forster, 

2003, p. 1-3) Over the years, researchers, related organizations such as wastewater 

treatment operators, and engineers have focused on finding the most appropriate ways to 

treat wastewater. (Qasim & Zhu, 2018, p. 1.1) The improvement of wastewater treatment 

systems and processes can accelerate sustainability and provide the most effective 

methods for decreasing treatment residuals and by-products.  

In general, wastewater treatment is performed in stages to remove target contaminants 

contained in sewage water. These stages are referred to as preliminary treatment 

(mechanical processes); primary treatment (physical processes); secondary treatment 

(biological processes); tertiary (physical-chemical and other advanced processes aiming 

at additional nutrient removal) treatment. (Riffat, 2013, p. 78-80) Target contaminants 

are for example suspended solids, oxygen-demanding substances, nutrients, bacteria, 

viruses, parasite spores, heavy metals, and other environmentally harmful substances 

(Lindquist et al., 2003, p. 36). The release of these contaminants to water resources can 

have detrimental effects on water quality and have significant environmental impacts on 

the receiving aquatic environment (Hammer & Hammer, 2012, p. 47-49). Particularly of 

interest in this study are the nutrients contained in wastewater i.e., phosphorous and (more 

specifically) nitrogen.  

Ammonium (NH4
+), nitrate (NO3

-) and nitrite (NO2
-) are the main forms of nitrogen. 

Nitrate is the most stable form of nitrogen in wastewater, with practically all aqueous 

nitrogen sources being converted to nitrate (Niculescu et al., 2017). Organic molecules, 

orthophosphates, and polyphosphates are the most frequent types of phosphorous found 

in wastewaters (Ruzhitskaya & Gogina, 2017). In temperate coastal waters, nitrogen 

restricts net primary production, whereas phosphorous limits supply in near-neutral lakes 

(Blomqvist et al., 2004). High nitrate and phosphate concentrations in ground and surface 

waters can cause environmental damage including eutrophication, reducing water quality 

and increasing human health problems (Hoseinzadeh, 2019, p. 2-3). 



 

   

 

Biological processes are the most used methods to remove nitrogen-containing 

compounds from wastewater, this is due to their high efficiency and lower costs (Rahimi 

et al., 2020). The most common processes are nitrification and denitrification. An 

important feature of biological methods is that they convert nitrate to nitrogen gas which 

can be considered harmless to the environment (Hoseinzadeh, 2019, p. 26). Nitrification 

is the conversion of ammonium to nitrite and ultimately to nitrate. Denitrification is the 

biological process where nitrate is converted to nitrogen gas. Factors that may have an 

impact on the nitrification and denitrification processes are NH4
+ concentration for 

nitrification, NO3
- concentration for denitrification, biochemical oxygen demand (BOD) 

concentration, alkalinity, temperature, and the presence of dangerous chemicals such as 

arsenic, cadmium, chromium, lead and mercury (Hopcroft, 2014, p. 52-53). In addition, 

purification processes apply before nitrification and denitrification can affect these 

processes in different ways (Rajesh Banu et al., 2009).  

The possible effect of chemical used in wastewater treatment on nitrogen removal 

processes has been explored to some extent. The effect of accumulated aluminium on the 

functioning of an anoxic/oxic membrane bioreactor that was used to treat municipal 

wastewater was investigated by Yang et al. (2019). The removal effectiveness of 

ammonium (NH4
+-N), total-nitrogen (TN), and chemical oxygen demand (COD) 

improved as the fraction of atomic Al and the rate of ammonia oxidation, nitrite oxidation, 

and specific oxygen (O2) absorption in sludge reduced. In another study, Lees et al. (2001) 

found that both iron and aluminium coagulants affected nitrification, while residual metal 

concentrations in settled sewage had little influence on COD or turbidity reduction during 

biological treatment. Nevertheless, as restrictions on nitrogen (N) discharge are 

strengthening, there is still a lack of knowledge on the effect of coagulation chemicals 

(e.g., pre-hydrolyzed coagulants, organic polymers) that are now commonly used on 

nitrogen removal processes. 

The aim of this master's thesis study was to examine the effect of residual coagulant 

concentrations on the biological removal of N i.e., nitrification and denitrification 

processes. To achieve this objective, batch test laboratory experiments were designed to 

simulate the nitrification and denitrification processes individually under controlled 

conditions. Preliminary tests were conducted to evaluate the dose requirements of four 



 

   

 

different coagulants (including inorganic, semi- natural, and synthetic organic polymers) 

for the treatment of sewage water. These dosages were applied to real wastewater samples 

and the effect of the presence of the coagulants in the samples on the progress and 

effectivity of the nitrification and the denitrification processes was evaluated. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   

 

2 MUNICIPAL WASTEWATER TREATMENT 

The main goal of wastewater treatment is to remove or transform organic compounds and 

nutrients (nitrogen and phosphorous) into stable oxidized end products which can be 

disposed to rivers or land without any harmful ecological effect. To achieve this goal, it 

is vital to design a wastewater treatment plant with a combination of treatment methods 

and units to ensure effluent wastewater is safely discharged on a reliable basis. (Gray 

2004, p. 133, Gerardi, 2006, p. ix) Unit treatment processes can be classified into four 

stages (preliminary, primary, secondary, and tertiary) explained in the following 

paragraphs. Also, the general layout of the wastewater treatment plant has been shown in 

Figure 1. 

 

Figure 1. Wastewater treatment plant general layout. (Gray, 2004, p. 138) 

Preliminary treatment includes screening, grit removal, and flow measurement devices. 

Each unit process is used to remove a specific type of material and selection of it depends 

on sewage collection system and the nature of the wastewater. (Riffat, 2013, p. 85-95) 

Preliminary units in wastewater treatment are composed of e.g., coarse particle and grit 

removal screens. Screening removes large floating objects which may consist of natural 

and manufactured waste such as leaves, roots, rags, and cans that could damage plant 

equipment. (Hopcroft, 2014, p. 55) Wastewater influents may carry gritty materials 

including sand, silt, coffee grounds, and other, mostly inorganic, components that get into 



 

   

 

the system. Grit disposes of these wastes from wastewater. Flow measurement devices 

are used to ensure process efficiency and facilitate loading estimation by providing 

accurate information. (Drinan, 2001, p. 159-164) 

Although preliminary treatment removes much of the solid's mass, the influent still 

contains suspended organic solids. These settleable organic and floatable solids can be 

removed in a primary unit which consists of sedimentation basins called clarifiers. 

(Hopcroft, 2014, p. 55 & p. 74-75) In clarifiers, heavy objects settle down and buoyant 

materials such as fat, grease, and oil float to the top. Primary clarification can remove 90 

to 95% of settleable solids, 40 to 60% of total suspended solids, and 25 to 35% of 5-day 

biochemical oxygen demand (BOD5) (Drinan, 2001, p. 169). 

The secondary stage of wastewater treatment consists of biological treatment, usually 

with recycling of the activated sludge, followed by secondary or final clarifications. The 

aims of the biological treatment and subsequent sedimentation units are to convert 

dissolved and particulate biodegradable components into desirable end products, capture 

colloidal solids into biological floc or biofilm, and removal of nutrients (nitrogen and 

phosphorous). (Metcalf & Eddy, 2004, p. 547-548, Hopcroft, 2014, p. 79-80) In 

conventional biological treatment, 85-90% BOD5 and total suspended solids (TSS) 

removal is expected. Meanwhile, the proportion of nitrogen and phosphorous removal is 

not considerable. Recent progression in biological waste treatment technology has 

elevated organic and nutrient removals. (Qasim & Zhu, 2018, p. 10.1&10.9) The common 

processes fall into three major groups namely aerobic, anaerobic, and biological nutrient 

removal (combination of anaerobic, anoxic, and aerobic) processes removals which will 

be explained in the following sections (Riffat, 2013, p. 80). 

Tertiary treatment of municipal wastewater involves additional treatment units needed to 

achieve further nutrient concentration reduction remaining after secondary treatment. It 

is also called advanced wastewater treatment (AWT) (Hopcroft, 2014, p. 129). The 

objective of this unit is to enhance effluent quality to be used as a valuable water resource. 

To reach this goal, suspended and dissolved substances, organic matter, nutrients, specific 

toxic compounds need to be removed from the influent of this unit. For instance, 



 

   

 

suspended solids and ammonia can be removed by chemical coagulation and oxidation to 

nitrate, respectively (Lin & Lee, 2007, p.752). 

2.1 Coagulation and Flocculation in Wastewater Treatment 

Colloids are an agglomeration of atoms or molecules that are so tiny that gravity has no 

impact on them, and they stay in suspension instead (Sincero & Sincero, 2003, p. 545). 

In wastewater treatment, coagulation is the unit process in which colloids can be 

destabilized by using chemicals, and flocculation is the process where destabilized 

particles are able to agglomerate into a large enough mass floc to settle (Lindquist, 2003, 

p. 124, Metcalf & Eddy, 2004, p. 479, Hopcroft, 2014, p. 25). 

2.1.1 Colloid's stability and Zeta Potential 

The suspended matter with a particle diameter of more than 100 µm can settle in a suitable 

period allowing its removal thru wastewater treatment by gravity; however, particles with 

diameter less than 1 µm, can take years to settle naturally. The only way to destabilize 

and settle these particles is thru a process called coagulation. (Sincero & Sincero, 2003, 

p. 545-546) Colloidal particles with the particle diameter range of 10-3 µm to 1 µm, can 

be aggregated and settled by coagulation followed by a sedimentation process. In the 

coagulation process, three concepts, namely hydrophilic/hydrophobic properties, zeta 

potential, and isoelectric point are important. (Henz et al., 2000, p. 335) 

Hydrophilic particles (e.g., organic colloids) tend to absorb water. On the other hand, 

hydrophobic particles (e.g., inorganic colloids), repel water. The affinity of the 

hydrophilic particles to water is due to binding groups such as amino (-NH2), hydroxyl (-

OH) and organic acid groups (-COOH) on their surfaces. Due to hydrogen binding, the 

hydrophilic particles remain attached to bound water. (Bratby, 2006, p. 9-14, Henz et al., 

2000, p. 335 & 336) The surface charge of hydrophilic colloids can be changed by 

ionization of both carboxylic and amine groups. With the proper exchange of hydrogen 

ions, both ionized groups neutralize each other producing a neutral particle; this point is 

called isoelectric point where net charge is zero and pH is between 3-5. That means, the 



 

   

 

particles have a negative charge at a neutral pH. (Sincero & Sincero, 2003, p. 547, Henz 

et al., 2000, p. 339) 

As it is shown in Figure 2, ions of opposite charge (counterions) bind to the surface, when 

the colloid or particle surface becomes charged. Electrostatic and van der Waals forces 

hold them to dominate thermal stimulation. Surrounding this fixed layer of ions (stern 

layer) is a diffuse layer of ions which forms an electrical double layer. All the charges in 

the stern layer move with the colloid, while in diffuse layer part of them may move with 

the colloid particle by shearing at a shear plane. (Bratby, 2006, p. 17-30) The charges 

have electrostatic potential. In stern layer the potential drops from Ψ0 to Ψs and in diffuse 

layer potential drops from Ψs to 0. The potential at the surface of shear is called zeta 

potential. Zeta potential describes the stability of colloidal systems. If the size of the 

particle zeta potential is large, the colloidal system is stable. While the zeta potential is 

close to zero, particles will aggregate. (Metcalf & Eddy, 2004, p. 481-485) 

 

Figure 2. Electrical potential distribution in double layer. (Bratby, 2006, p. 19) 



 

   

 

Colloid stability is the result of the competition between van der Waal’s force of attraction 

and the force of repulsion. When the resultant force becomes fully attractive, two colloid 

particles can bind themselves together. (Henze et al., 2002, p. 339-341) This can be done 

through the addition of chemicals. The chemicals need to be counterions of the primary 

charges which can neutralize the primary charges by reducing the zeta potential and the 

force of repulsion between particles. It is not yet the coagulation process. (Metcalf & 

Eddy, 2004, p. 483-484, Sincero & Sincero, 2003, p. 548-550) 

2.1.2 Coagulation mechanisms 

Four mechanisms, namely double layer compression, charge neutralization, entrapment 

in a precipitate (sweep coagulation) and intraparticle bridging, are part of the coagulation 

process (Ghernaout et al., 2011). The priority of these mechanisms depends on the 

chemical and physical properties of the solution, coagulant and pollutant type and 

concentration (Metcalf & Eddy, 2004, p. 485-486). 

 Double layer comparison: When counterions concentration in suspension is low, 

the thickness of the electric double layer is wider. Two approaching colloid 

particles cannot bind together. By adding chemicals, the concentration of 

counterions is boosted. (Sincero & Sincero, 2003, p. 551) Hence, the attracting 

force between primary charges and the added counterions increases causing the 

double layer to compress. As the outer layer is compressed, the repulsive energy 

barrier around the colloid is diminished and the van der Waals forces exceed the 

repulsion forces. This allows the particles to combine and coagulation results 

(Metcalf & Eddy, 2004, p. 483-484). 

 Charge neutralization: The surface charge of colloids can be directly neutralized 

by adding ions of opposite charges which are capable of adsorption onto the 

colloid surface (Lindquist, 2003, p. 131, Sincero & Sincero, 2003, p. 551). 

 Entrapment in a precipitate (sweep coagulation): One of the methods of 

coagulation in which the coagulants are added in excess to the wastewater. 

Therefore, they precipitate as hydroxides. When the hydroxides are settling, most 

of the colloids are swept with them. In this mechanism, the amount of chemicals 



 

   

 

(metal salts) is larger than in charge neutralization (Sincero & Sincero, 2003, p. 

551, Metcalf & Eddy, 2004, p. 485). 

 Intraparticle bridging: In the bridging mechanism, a colloid particle may bind 

to a bridging molecule which constitutes an active site. In the active site, particles 

may be attached by chemical or physical bonding. Hence, bridging molecules are 

adsorbed on the surface of particles which can then attach to other particles and 

coagulation occurs (Bratby, 2006, p. 188-192, Lindquist, 2003, p. 132). 

2.1.3 Treatment with metal salt coagulants 

In wastewater treatment, commonly used metal coagulants are those based on aluminium 

such as aluminium sulfate, sodium aluminate, aluminium polymers, sodium silicate and 

ammonia alum; and those based on iron such as ferric sulfate, ferrous sulfate, chlorinated 

ferrous sulfate and ferric chloride (Hammer & Hammer, 2012, p. 183-184). Chemically, 

when aluminium sulphate is added to water, it can ionize producing Al3+ ions. Although 

some of these ions can neutralize the negative charges on the colloids, most of them react 

with alkalinity naturally present in water (biocarbonate) to form jellylike floc particles of 

aluminium hydroxide (Al(OH)3). Aluminium and iron coagulants are popular due to their 

effectiveness, ready availability and lower cost (Bratby, 2006, p. 32) albeit they can 

increase the amount of sludge because of metal hydroxide production (Qasim & Zhu, 

2018, p. 9-60). 

2.1.4 Treatment with organic polymers 

Polymers are recognized as macromolecular compounds which take multiple electrical 

charges along a chain of carbon atoms (Drinan, 2001, p. 76). They can be classified 

according to the charge type on its chain. Those bearing negative charges are called 

anionic, those carrying positive charges are called cationic and those with no electric 

charge are referred to as non-ionic (Shrivastava, 2018). Anionic or non-ionic polymers 

are used together with metal salt coagulants to destabilize or enhance flocculation by 

building large flocs before sedimentation. Cationic polymers have been utilized in water 

and wastewater treatments as primary coagulants (Hammer & Hammer, 2012, p. 184).  



 

   

 

Coagulation and flocculant aid polymers are referred to as polyelectrolytes as they contain 

specified functional groups along the polymer chain. These polymers are normally water-

soluble, hydrophilic colloids and have molecular weights between 104 and 107. They can 

be utilized as primary coagulants and replace metal coagulants in various applications 

from treatment of turbid or colored wastewaters to remove target pollutants (e.g., TN, TP, 

PO4-P, BOD, COD, SS, metals of Al and Fe origin) and microorganisms (Cainglet et al., 

2020). Reducing the volume of sludge, enhancing sludge thickening and dewatering 

properties, preventing soluble metal ions and a little need for adjustment of pH are some 

of the significant advantages of polyelectrolytes. Two main groups of polymers exist 

(Bratby, 2006, p. 50 & 194):  

 Natural polyelectrolytes: are made from seeds, starches, guar gums, tannins, 

chitosan and sodium alginate. Since they are less toxic, more available and 

biodegradable in the environment, they are good alternatives to be used as 

coagulants and flocculants (Bratby, 2006, p. 52-56). 

 Synthetic polyelectrolytes: are based on, for example, polyacrylamide and its 

copolymers. Synthetic polyelectrolytes are commonly used in wastewater 

treatment due to the possibility of controlling characteristics such as the quantity 

and species of charged sites and the molecular weight. Meanwhile, it is not easy 

for a user to choose the best product because there are plenty of them, and are 

targeted for specific applications (Bratby, 2006, p. 56-57). 

2.1.5 Flocculation process 

The process of converting submicron particles to microscopic flocs is called coagulation, 

and aggregation of flocs into large settleable particles is called flocculation (Stuetz, 2009, 

p.84-85). Coagulation tends to be a rapid process, while flocculation is a much slower 

process (Hopcroft, 2014, p. 25). This is done by a slow mixing process to attach particles 

so that they can grow to a size that readily settles. The velocity gradient introduced in the 

fluid (water) motion is particularly important in particles agglomeration. Too much 

mixing will break the flocs into smaller units (Henze et al., 2002, p. 341-342, Drinan, 

2001, p. 77). 



 

   

 

2.1.6 Primary sedimentation 

The settleable organic and floatable solids are removed by primary sedimentation or 

clarification. It can eliminate 90 to 95% of settleable solids, 40 to 60 % of TSS, and 25 to 

35% of BOD5 (Drinan, 2001, p. 169-173). Primary sedimentation happens in rectangular 

or circular tanks or basins. When wastewater enters a sedimentation basin, velocity 

reduces considerably. Hence, heavier solids settle to the bottom. These settled solids are 

removed as sludge and pumped to a sludge-processing area. Lighter particles such as oil 

and grease float into the water to form scum. These floating particles are skimmed from 

the surface (Hopcroft, 2014, p. 73-77).  

2.1.7 Characteristics of sludge and treatment methods 

The addition of coagulants such as mineral salts significantly increases the volume of 

primary sludge. Primary sludge forms suspended solids, coagulant metal hydroxides, and 

precipitation products of soluble substances (Qasim & Zhu, 2018, p. 9.60, Bratby, 2006, 

p. 338-343). There are three principal challenges associated with the handling of sludge. 

First, it is constituted of the harmful materials contained in wastewater; second, organic 

substances in sludge can decompose and cause offensive odors, and third, analysis of 

sludge shows that it is mostly water with dry solids content between 0.25 to 12%. Due to 

its high-water content, the amount of sludge produced in chemical coagulation is a major 

drawback for its use (Stuetz, 2009, p.168-169, Sincero & Sincero, 2003, p. 579-581). 

There are various sludge treatment methods which can be selected based on the sludge 

characteristics and compositions.  

 Thickening: is also called consolidation or concentration. By eliminating a 

portion of the liquid fraction, it is possible to enhance the solids content of sludge. 

The aim of this procedure is to produce a sludge with dry solids content between 

4 – 6% and depending on the sludge nature up to 10% (Stuetz, 2009, p. 170). The 

most common processes for thickening are gravity, dissolved-air flotation, and 

belt thickeners (Hammer & Hammer, 2012, p. 342-344). 



 

   

 

 Stabilization: The goals of this process are to remove offensive odors, diminish 

sludge volume, reduce sludge putrefaction, and inhibit pathogenic organisms. 

These goals can be achieved through acting on the sludge organic fraction to 

control the microbial population. Stabilization techniques can be biological, 

physical, or chemical processes which includes lime stabilization, heat treatment, 

anaerobic or aerobic digestion and composting. The selection is dependent on the 

sludge volume and final method of utilization. (Stuetz, 2009, p. 171-176) 

 Dewatering: is the decreasing of moisture content to gain at least 15% or more 

solid concentration to reduce the volume. There are some advantages such as 

reduction of transport costs, improvement of sludge handling characteristics, 

decreasing odor problems and landfill leakage production (Lindquist et al., 2003, 

p. 181-184). Several mechanisms are available for dewatering process including 

filter and belt filter process, vacuum filtration, drying beds and centrifugation. The 

choice is dependent on the dry solids and chemical content of the sludge cake, 

labor and maintenance costs and final utilization (Stuetz, 2009, p. 176-180). 

 Thermal drying: uses heat to take out moisture from the sludge by evaporation. 

The products are granular or pelletized shapes with solids content around 90% 

dry. It can be used as fertilizer; however, operating costs are high (Hammer & 

Hammer, 2012, p. 357). 

2.2 Biological Treatment Processes 

Secondary treatment usually includes biological treatment of wastewater. The objectives 

of this stage are to diminish BOD, SS, and nutrients (Riffat, 2013, p. 119-120). Biological 

treatment methods are based on the principle of microorganisms consuming soluble and 

colloidal organic compounds found in wastewater as a nutrient source. When the 

microorganisms grow and are removed from wastewater, BOD will be removed. These 

microorganisms deduce energy and cellular material from organic matter oxidation which 

can be performed in the presence of oxygen (aerobic) or absence of oxygen (anaerobic) 

(Stuetz, 2009, p. 120-123). Bacteria, fungi, algae, protozoa, and metazoan are the main 

organisms in biological treatment processes (Henz et al., 2002, p. 65-68). The 

implementation of these processes can be divided into two major categories namely 



 

   

 

attached growth (biofilm) and suspended growth processes (Metcalf & Eddy, 2004, p. 

551). 

2.2.1 Biofilm processes 

A biofilm is a complex colony of bacteria, fungi, protozoa, and other macroinvertebrates 

that forms on surfaces that are constantly supplied with nutrients. As the wastewater 

passes through the support matrix on which the biofilm forms, the microbial population 

encounters it (Hammer & Hammer, 2012, p. 306-311). Fixed bed processes can remove 

90% BOD (Metcalf & Eddy, 2004, p. 551-554). The most practical fixed film reactors 

are trickling filter systems, rotating biological contractors (RBC), biological aerated 

filters (BAFs) and fluidized bed reactors (Stuetz, 2009, p. 125-130). 

2.2.2 Suspended growth processes 

Microorganisms in suspended growth processes are either free-living or flocculated, 

forming suspended biomass or flocs containing a diversity of bacteria, fungus, and 

protozoa (Metcalf & Eddy, 2004, p. 551). These flocs are blended with wastewater in an 

aeration tank by aerators which not only provide the oxygen, but also keep the biomass 

suspended, ensuring that nutrients in the wastewater and the microbial population come 

into contact. Suspended growth processes can remove more than 90% BOD (Stuetz, 2009, 

p. 131-136). The most common suspended growth reactors are activated sludge system. 

Others include sequencing batch reactor (SBR), biological nutrient removal (BNR) and 

membrane bioreactors (MBRs). (Lin & Lee, 2007, p. 617-622) 

The activated sludge process particularly, removes BOD, suspended matter, nitrogen and 

phosphorous through aerobic decomposition (Drinan, 2001, p. 189-194). As it is shown 

in Figure 3, the primary clarifier's effluent as well as returned activated sludge are pumped 

into the aeration tank. To maintain aerobic conditions, air and oxygen are fed into the 

tank through blowers, while mixers keep the effluent, oxygen, and activated sludge 

completely stirred. (Riffat, 2013, p. 126-132) The combined liquor- mixture of 

wastewater and activated sludge in the aeration basin, next passes through a secondary 

clarifier, where the solids (mainly bacterial mass) sink and settle down from the liquid. 



 

   

 

Some solids are returned to the aeration tank to keep the active bacterial population, 

whereas the rest is processed and discarded (Lin & Lee, 2007, p. 621-622). 

 

Figure 3. Activated sludge process (Lin & Lee, 2007, p. 618) 

 

 

 

 

 

 



 

   

 

3 NITRIFICATION AND DENITRIFICATION 

3.1 Nitrogen Cycle 

Nitrogen (N) is a colorless and odorless element. Nitrogen may be found in the earth 

beneath our feet, the water we drink, and the air we breathe. About 78 percent of Earth's 

atmosphere is composed of atmospheric nitrogen, making it the primary source of 

nitrogen. The nitrogen cycle is the biogeochemical cycle that converts nitrogen into 

various chemical forms, including organic nitrogen, ammonium (NH4
+), nitrite (NO2

-), 

nitrate (NO3
-), nitrous oxide (N2O), nitric oxide (NO), and inorganic nitrogen gas (N2), as 

it circulates through the atmosphere, terrestrial, and marine environments (Hammer & 

Hammer, 2012, p. 399-07). Nitrogen conversion occurs through biological and physical 

mechanisms. Nitrification and denitrification are important processes in the nitrogen 

cycle. Many of these actions are carried out by microorganisms, either to collect energy 

or to accumulate nitrogen in the form needed for their development. Figure 4 depicts how 

these processes interact to generate the nitrogen cycle. (Russell, 2006, p. 173-174) 

 

Figure 4. Nitrogen Cycle (Russell, 2006, p. 174) 



 

   

 

3.2 Nitrification Process 

The two-step biological process in which ammonia (NH4
+-N) is oxidized to nitrite (NO2-

N) and nitrite is oxidized to nitrate (NO3-N) is referred to as nitrification (Drinan, 2001, 

p. 202). There are three main reasons why nitrification is important in wastewater 

treatment: (1) the impact of ammonia on receiving water in terms of fish toxicity and 

dissolved oxygen (DO) concentration, (2) the requirement for nitrogen removal to prevent 

eutrophication, and (3) the need for nitrogen detection for water-reuse such as 

groundwater recharging (Metcalf & Eddy, 2004, p. 611). 

3.2.1 Process Description 

Nitrification may be achieved in both suspended growth and attached growth biological 

processes, just like BOD elimination. A more frequent strategy for suspended growth 

procedures is to combine nitrification and BOD removal in a single-sludge process that 

includes an aeration tank, clarifier, and sludge recycle system. A two-sludge suspended 

growth system may be explored in circumstances where there is a considerable possibility 

for harmful and inhibiting compounds in the wastewater. Nitrification takes place in an 

attached growth reactor after BOD removal or in a separate attached growth system 

developed exclusively for nitrification (Metcalf & Eddy, 2004, p. 611). 

3.2.2 Microbiology 

In activated sludge and biofilm processes, aerobic autotrophic bacteria are responsible for 

nitrification. Nitrification is a two-step process that involves two bacterium types. In the 

first step, one type of autotrophic bacteria oxidizes ammonia to nitrite while in the second 

step, another type of autotrophic bacterium oxidizes nitrite to nitrate (Forster, 2003, p. 

160-164). It is important to highlight that the two types of autotrophic bacteria are not the 

same. The autotrophic bacteria Nitrosomonas and Nitrobacter, which oxidize ammonia 

to nitrite and subsequently to nitrate, respectively, are often mentioned for nitrification in 

wastewater treatment (Metcalf & Eddy, 2004, p. 611-612). Nitrosococcus, Nitrosospira, 

Nitrosolobus, and Nitrosorobrio are other autotrophic bacteria genera that may receive 

energy from the oxidation of ammonia to nitrite. Other autotrophic bacteria genera that 



 

   

 

may oxidize nitrite include Nitrococcus, Nitrospira, Nitrospina, and Nitroeystis. 

Nitrococcus was found in abundance in activated sludge for nitrite oxidation (Henz et al., 

2000, p. 90-92). 

3.2.3 Stoichiometry of nitrification 

The energy-yielding two-step oxidation of ammonia to nitrate is as follows (Henz et al., 

2000, p. 90-91, Metcalf & Eddy, 2004, p. 612-613, Riffat, 2013, p. 288-291): 

Nitroso-bacteria: 

2NH4
+ + 3O2   →   2NO2

- + 4H+ + 2H2O                                                                     (1) 

Nitro-bacteria: 

2NO2
- +O2   →   2NO3

-                                                                                                 (2) 

Total oxidation reaction: 

NH4
+ + 2O2   →   2NO3

- + 2H+ + H2O                                                                         (3) 

3.2.4 Factors affecting nitrification  

Factors that can affect the nitrification process are for example the nitrogen and BOD 

concentrations, alkalinity, temperature and occurrence of toxic substances, water pH, 

presence of metals, un-ionized ammonia, etc. 

Nitrification is pH-dependent, with rates dropping dramatically for pH values below 6.8. 

The nitrification rates may be 10 to 20% lower at pH levels near 5.8 to 6.0 than at pH 7.0 

while optimal nitrification rates are seen in the pH range of 7.5 to 8.0 (Metcalf & Eddy, 

2004, p. 615). Process pH 7.0 to 7.2 is usually utilized to maintain satisfactory nitrification 

rates, and alkalinity in the form of lime, soda or magnesium hydroxide is added in the 

wastewater treatment facility to maintain acceptable pH values for low alkalinity waters 

(Hoseinzadeh, 2019, p. 27). The quantity of alkalinity supplied is determined by the 

amount of NH4
+-N to be oxidized and the original alkalinity concentration of the water 

(Henz et al., 2000, p. 95-97). 



 

   

 

Nitrifying bacteria are aerobic, as a result, DO concentrations higher than 1 mg/L is 

required for nitrification. Each milligram of ammonium converted to nitrite requires 4.33 

mg oxygen for successful nitrification. In the absence of oxygen, ammonium oxidizers 

use nitrite or nitrate as an alternative electron acceptor (Hoseinzadeh, 2019, p. 27). 

Nitrifying organisms are sensitive to a wide variety of organic and inorganic chemicals; 

under some circumstances, although bacteria continue to proliferate and oxidize 

ammonium and nitrite, this occurs at a much lower rate (Metcalf & Eddy, 2004, p. 615). 

Toxicity alone may be enough to kill the nitrifying bacteria in some circumstances (Henz 

et al., 2000, p. 97-99). Nitrifiers are also sensitive to metals; in which 0.25 mg/L nickel, 

0,25 mg/L chromium, and 0.1 mg/L copper completely inhibits ammonium oxidation 

(Metcalf & Eddy, 2004, p. 616). 

Un-ionized ammonia (NH3) or free ammonia and un-ionized nitrous acid (HNO2) can 

also prevent nitrification. The effects of inhibition are influenced by total nitrogen species 

concentration, temperature, and pH. An environment with a temperature of 20oC and a 

pH of 7.0, with NH4
+-N concentrations at 100 mg/L and 20 mg/l may cause inhibition of 

NH4
+-N and NO2-N oxidation, respectively. Whereas NO2-N concentrations of 280 mg/L 

may induce inhibition of NO2-N oxidation (Metcalf & Eddy, 2004, p. 616). Nitrifying 

bacteria, like any other bacterium, are particularly susceptible to temperature changes. 

When the temperature rises quickly, the pace of growth is slower than predicted, but a 

rapid drop in temperature results in a considerably faster reduction in activity (Henz et 

al., 2000, p. 94, Hoseinzadeh, 2019, p. 27). 

3.3 Denitrification Process 

The biological oxidation of numerous organic substrates in wastewater treatment utilizing 

nitrate or nitrite as the electron acceptor instead of oxygen is known as biological 

denitrification. The nitrate reductase enzyme in the electron transport respiratory chain is 

triggered in the absence of DO or at low DO concentrations, and it aids in the transfer of 

hydrogen and electrons to nitrate as the terminal electron acceptor (Drinan, 2001, p. 202).  

 



 

   

 

3.3.1 Process Description 

Assimilating and dissimilating nitrate reduction are two mechanisms of nitrate 

elimination that can occur in biological systems. The reduction of nitrate to ammonia for 

utilization in cell production is known as assimilating nitrate reduction (Metcalf & Eddy, 

2004, p. 616-618). When NH4
+-N is not available and it is unaffected by DO levels, 

assimilation takes place. The respiratory electron transport chain is linked to dissimilating 

nitrate reduction or biological denitrification, and nitrate or nitrite is employed as an 

electron acceptor for the oxidation of a range of organic or inorganic electron sources. 

(Henz et al., 2000, p. 100-101) 

Denitrification necessitates an anoxic zone and a carbon source, with bacteria in the 

sludge consuming the oxygen required for respiration and utilization of the carbonaceous 

material in the nitrate. To assure these conditions are met, the following can be done in 

wastewater treatment plants (Forster, 2003, p. 164-168): 

 If the BOD is extremely low, more carbon needs to be introduced just before or at 

the start of the aeration step.  

 The BOD in the settled recirculating sewage provides the carbon necessary for the 

process immediately before or at the start of the aeration stage since it is a two-

stage process; with a part of the settled sewage delivered to an anoxic zone within 

the aeration lane. 

3.3.2 Microbiology 

Denitrification is performed by a wide spectrum of bacteria. Both heterotrophic (ingest 

biomass to obtain energy and nutrition) and autotrophic (consume carbon dioxide and 

turn it into biomass) bacteria are capable of denitrification (Rajta et al., 2019). The genera 

Achromobacter, Acinetobacter, Agrobacterium, Alcaligenes, Arthrobacter, Bacillus, 

Corynebacterium, Flavobacterium, Hypomicrobium, Moraxella, Neisseria, Paracoccus, 

Propionibacterium, Pseudomonas, Rhizobium, Rhodopseudomonas, Spirillum, and 

Vibrio are among the heterotrophic organisms (Metcalf & Eddy, 2004, p. 618-619). Most 

of these bacteria are facultative aerobic organisms that can utilize oxygen as well as 



 

   

 

nitrate or nitrite as electron acceptors, and some can even ferment without nitrate or 

oxygen. Hydrogen and reduced sulfur compounds are used as electron donors by other 

autotrophic denitrifying bacteria. If an organic carbon supply is available, both categories 

of organisms can develop heterotrophically (Gray, 2004, p. 273-274, Metcalf & Eddy, 

2004, p. 618-619). 

3.3.3 Stoichiometry of denitrification 

The following reduction stages from nitrate to nitrite, to nitric oxide, to nitrous oxide, and 

to nitrogen gas are involved in nitrate reduction reactions: (Henz et al., 2000, p. 101-105, 

Riffat, 2013, p. 291) 

NO3
- → NO2

- → NO → N2O → N2 (gas)                                                                             (4) 

The electron donor in biological nitrogen removal systems is often one of three sources: 

COD in the influent wastewater, COD created during endogenous decay, or an exogenous 

source like methanol or acetate. The latter has been introduced in separate treatment units, 

such as polishing filters, where nearly little COD remains (Metcalf & Eddy, 2004, p. 619-

620). The following diagram depicts the reaction stoichiometry for electron donor. 

Biodegradable organic matter in wastewater is commonly referred to as C10H19O3N 

(Riffat, 2013, p. 291-293, Henz et al., 2000, p. 101-105). 

C10H19O3N + 10 NO3
- → 5N2 + 10CO2 + 3H2O + NH3 + 10OH-                               (5) 

The primary purpose of biological denitrification is to decrease nitrate biologically. As a 

result, the number of COD or BOD required to supply enough electron donors for nitrate 

removal is an essential design parameter for denitrification systems (Riffat, 2013, p. 291-

293). 

3.3.4 Factors affecting denitrification  

Denitrification processes create alkalinity, and the pH is often increased rather than 

decreased, as in nitrification reactions (Hoseinzadeh, 2019, p. 31). In contrast to nitrifying 

organisms, pH impacts on denitrification rates have received less attention. In batch 



 

   

 

unacclimated experiments, there was no major influence on denitrification rate when the 

pH was between 7.0 and 8.0, but there was a decrease in denitrification rate when the pH 

was reduced from 7.0 to 6.0 (Metcalf & Eddy, 2004, p. 623, Henz et al., 2000, p. 108-

109). 

Denitrifying bacteria can get their energy from a variety of sources. Organic and inorganic 

materials can both be used. The organic elements in wastewater and sludge, often known 

as internal energy sources, are of special importance among organic compounds (Henz et 

al., 2000, p. 105-107). The quantity of carbon needed for denitrification is 0.2 mg C (in 

the form of bicarbonate (HCO3
-)), and 0.12-0.21 mg C (in the form of CO2) equivalent to 

each mg of N (Lee & Rittmann, 2003). In practice, the quantity of carbon consumed is 

higher (Chen et al., 2021). Nitrite build-up occurs when the C:N ratio is greater than 0.21, 

while a low C:N ratio leads to incomplete denitrification (Hoseinzadeh, 2019, p. 31). 

Denitrification can also occur thermophilically at 50-60°C. The rate of nitrate elimination 

is almost 50% greater than at 35°C (Henz et al., 2000, p. 107). The denitrification process 

requires a temperature range of 2°C to 50°C. Some researchers suggested an optimum 

temperature range of 25°C to 35°C for this process and, also nitrate buildup occurs at 

temperatures above 25°C (Hoseinzadeh, 2019, p. 31-32). The nitrate removal procedure 

is more efficient at higher temperatures (Rajta et al., 2019). The process of denitrification 

is slowed down by oxygen. It is the oxygen concentration consumed by the 

microorganisms themselves inside flocs or biofilms, that is important, not the oxygen 

concentration which is generally measured in the liquid phase (the bulk phase), as it is for 

all other parameters (Henz et al., 2000, p. 107-108). 

3.4 Effect of Residual Coagulant Concentrations 

Rajesh Banu et al. (2009) investigated the impact of aluminium sulphate (alum), an 

extensively used simultaneous precipitant, on biological nitrification and denitrification. 

The results showed that increased alum dose inhibited nitrification, resulting in a 

reduction in nitrogen removal efficiency, but alum had no effect on the denitrification 

process. Yang et al. (2019) examined the impact of accumulated aluminium on the 



 

   

 

functioning of an anoxic/oxic membrane bioreactor that was used to treat municipal 

wastewater. They found that the removal effectiveness of NH4
+-N, TN, and COD 

improved as the fraction of atomic Al on the sludge surface increased and the rate of 

ammonia oxidation, nitrite oxidation, and specific O2 absorption in sludge reduced (Yang 

et al., 2019). The authors suggested that, to minimize excessive Al buildup in the sludge, 

long-term PAC dose in MBR should be regulated.  

According to Lees et al. (2001), both iron and aluminium coagulants affected nitrification, 

while residual metal concentrations in settled sewage had little influence on COD or 

turbidity reduction during biological treatment. There was no proof, however, that the 

metal ions were damaging the microorganisms directly. In another work, Sun et al. (2020) 

reported that the inclusion of aluminium has a considerable influence on biofilm 

development. This could be explained by aluminium ions promoting extracellular 

polymeric substances (EPS) secretion, resulting in tighter bonding with bacteria and an 

increase in biofilm weight (Sun et al., 2020). 

 

 

 

 

 

 

 



 

   

 

4 MATERIALS AND METHODS 

The influence of the amount of residual coagulant present in the treated wastewater on 

the downstream biological processes- nitrification and denitrification was investigated 

using batch testing experimental design. Coagulants used were composed of 1 inorganic 

and 3 organic polyelectrolytes. Wastewater samples were collected from Taskila 

wastewater treatment plant (Oulu, Finland).    

Laboratory experiments were conducted in 4 phases: Phase 1- Determination of optimum 

dosage range of coagulants; Phase 2- Pre-incubation tests of coagulants; Phase 3- Batch 

incubations for nitrification; Phase 4- Batch incubations for denitrification. 

4.1 Wastewater and Coagulant Properties 

A total of 4 commercially available coagulants were selected for the treatment of 

wastewater samples to induce coagulation/flocculation processes. The coagulants were 

chosen based on the previously conducted research by Cainglet et al. (2020). These 

include polyaluminium chloride (pre-hydrolysed, inorganic product), polyamines 

(synthetic organic polymers), chitosan (semi-natural organic biopolymer) and 

polyacrylamide (synthetic organic polymers). The characteristics of the chemicals tested 

are provided (Table 1). 



 

   

 

Table1. Characteristics of coagulants used in the study. 

Metal Salt Inorganic Coagulant (IC) 

Product Density (g/cm3) Solute concentration (%) Charge density (meq/g) Abbreviation 

Polyaluminium chloride 1.34 42 5.10 PAC 

Synthetic Organic Coagulant (OC) 

Product 

Density (g/cm3) 
Solute concentration 

(%) 

Relative 

Molecular 

Weight 

Charge density 

(meq/g) 

Ionic 

Charge 
Abbreviation 

Polyacrylamide 
--- 100 High 1.9631 Cationic PAM 

Polyamine 1.15 40 High 5.8118 Cationic pAmine 

Semi-natural Organic Coagulant (OC) 

Product 

Solute concentration (%) 

Relative 

Molecular 

Weight 

Charge density 

(meq/g) 

Ionic 

Charge 
Abbreviation 

Chitosan 
--- 100 Low 4.7549 Cationic Chit 

 



 

   

 

Real wastewater samples were collected from Taskila WWTP, Oulu, Finland (between 

August and November 2021) from the primary clarifier unit right after the pre-screening 

stage to avoid chemical contamination of the samples as the unit does not receive 

recirculated water from the system. The samples were at once processed to ensure 

freshness and physico-chemical parameters were measured before the start of the 

experiment (Table 2).   

Table 2. Initial wastewater physical-chemical characteristics. 

Sampling Date pH DO  

(mg O2/L) 

T  

(oC) 

RedOx 

(mV) 

EC 

(µS/cm) 

Turbidity 

(NTU) 

Chemicals 

Tested 

16.08.2021 

17.08.2021 

7.48 

7.46 

0.42 

1.64 

19 

21 

-75.1 

-118.8 

928 

900 

306 

281 

PAC 

pAmine 

18.08.2021 7.52 4.35 20.2 -127.8 939 248.5 Chit 

19.08.2021 7.51 2.66 19.5 -116.9 925 160 PAM 

23.08.2021 7.45 3.5 17.7 -65.4 790 134 PAC & pAmine 

23.08.2021 7.46 3.1 19 -46.2 811 118 Chit & PAM 

19.11.2021 7.7 4.09 19 43.1 1002 198.3 All coagulants 

4.2 Experimental Set Up  

Batch tests were conducted using Kemira Kemwater Flocculator 2000 with a 

programmable six-jar system complete with individual paddle mixers and monitor to 

input the desired mixing conditions (rotational speed and mixing time). The results of the 

preliminary test using the jar test methodology showed the best mixing conditions for 

Phase 1 based on the settling behavior of the sludge which were: fast mixing: 200 rpm 

for 30 s, slow mixing: 40 rpm for 5 min followed by sedimentation time of 60 mins. In 

the subsequent phases, the mixing conditions for mixing the coagulants with the 

wastewater samples were kept constant at 30 rpm for 10 minutes to induce 

coagulation/flocculation. 

 

 

 



 

   

 

4.2.1 Phase 1:  Coagulant dosage requirement 

Coagulant dosage requirement tests were performed to identify the optimum dosage with 

which the selected coagulant shows the highest efficiency using indicator measurements 

at the end of the jar test methodology such as turbidity (nephelometric turbidity units, 

NTU) (Appendix 1, Supplementary material).  

Jar test procedure for optimum dosage determination is described below: 

a) Homogenized wastewater samples were transferred to 1L jars and were tested for 

pH, DO, EC and RedOx before the start of the experiments.  

b) The jar test equipment was programmed at 200 rpm for 30 s (fast mixing), 40 rpm 

for 5 min (slow mixing) followed by 60 min sedimentation time. 

c) Previous studies from Cainglet et al. (2020) suggested optimum dosages for the 

coagulants evaluated and therefore were used in the determination of the dosage 

range in this study. 

d) After the sedimentation time, supernatant samples were collected by carefully 

placing the tip of a pipette within 1-2 cm below the surface of the water before 

collection.  

e) Collected samples were tested for turbidity to determine the optimum dosage of 

each coagulant which was then used throughout the study. 

In the subsequent tests (Phase 2, 3, and 4), three differing doses of each coagulant will be 

added to the samples; (1) medium dose (MD) which is the optimum dosage, (2) low dose 

(LD) which is 50% lesser dosage than the optimum and (3) high dose (HD) which is 50% 

more dosage than the optimum (Table 3). 

Table 3. Varying dosages of coagulants. 

Coagulant name Low dose (mg/L) Medium dose (mg/L) High dose (mg/L) 

Control 0 0 0 

PAC 60 120 180 

pAmine 20 40 60 

PAM 4.25 8.50 12.75 

Chit 5 10 15 

 



 

   

 

4.2.2 Phase 2: Pre-incubation tests of coagulants 

Direct dosing of coagulants on wastewater samples using the jar test methodology was 

performed to ensure that initial conditions of the samples (i.e., dose, mixing, and pollutant 

concentrations) are equal within the study timeline and replicates (Appendix 2, 

Supplementary material). In addition, it determines the contained substances in the treated 

wastewater namely, total SS, NH4
+, NO2, NO3, BOD7, Al, Fe and alkalinity which is 

discussed in the following chapters. 

Pre-incubation tests for nitrification and denitrification procedure is described below: 

a) Homogenized wastewater samples were transferred to 1L jars and were tested for 

pH, DO, EC and RedOx before the start of the experiments.  

b) Varying dosage of each coagulant was applied on the samples from LD, MD, and 

HD depending on the optimum dosage determined from Phase 1 (Table 3) while 

simultaneously mixing the sample at 30 rpm for 10 minutes using a jar test mixer.  

b.1) In denitrification tests, addition of potassium nitrate (KNO3) to each jar 

was pertinent to increase initial NO3-N concentrations to 10-15 mg/L and a 

nitrification inhibitor to induce denitrification and prevent nitrification of 

samples. 

c) A similar mixing condition was also conducted on a separate jar without adding a 

chemical coagulant to represent the control for the experiments. 

d) After the 10 minutes of continuous mixing, samples were taken while the mixer 

was still on (to ensure homogeneity within the mixture) transferred in three 250 

mL plastic bottle (nitrification) / 200 mL glass bottles (denitrification) containing 

200 mL of the sample each bottle. 

e) The remaining samples were then transferred to 500 mL bottles; half of which 

was tested for TSS, pH, EC, DO, RedOx, NH4
+, NO2 and NO3 in the university 

laboratory while the remaining samples were sent to an outsourced laboratory for 

BOD7, Alkalinity, Al, and Fe. 

f) The sample-filled plastic and glass bottles are then closed with a plastic cap/rubber 

septum and sealed and were immediately processed for Phase 3 and 4. 

 



 

   

 

4.2.3 Phase 3: Batch incubations for nitrification   

Nitrification process was performed on batch testing mode on the wastewater samples to 

determine the effect of varying coagulant doses’ residual concentrations on the rate of 

nitrification by evaluating the decrease of NH4
+-N concentrations and increase of NO2 

and NO3-N concentrations over time. It also aims to identify and quantify the possibility 

for nitrification inhibition of the tested coagulants and their respective doses. The batch 

tests for nitrification were based on Onnis-Hayden et al. (2007) methodology which was 

described below, and Figure 5 shows the experiment set up: 

 

Figure 5. Nitrification experiment set up (Picture by Saba Khalatbari, 2021).  

a) Plastic bottles previously sealed from Phase 2 were placed in table shakers 

and mixed at 30 rpm for 4 weeks of incubation time. 

b) The bottles were opened every 24 hours to ensure aerobic conditions were met 

keeping the DO level at approximately 2-4 mg O2/L.  

c) Samples were collected every 24 hours in the first week and was reduced to 

every 3 days of interval during the remaining incubation period and were 

analysed for DO, RedOx, EC and pH for every sampling time. 

d) Collected samples were filtered thru a 0.45 µm syringe filter and were 

analysed for NH4
+-N, NO2-N and NO3-N using a microwell plate. 

e) After the incubation period was complete, final samples for NH4
+-N, NO2-N 

and NO3-N was done on each replicate and a 100 mL composite sample from 

all replicates was collected and tested for TSS, pH, EC, DO, RedOx, NH4
+, 



 

   

 

NO2 and NO3 analysis while the rest of the replicate samples were combined 

and sent to an outsourced laboratory for the determination of BOD7, alkalinity, 

Al and Fe. 

4.2.4 Phase 4: Batch incubations for denitrification 

Denitrification process was performed on batch testing mode on the wastewater samples 

to determine the effect of varying coagulant doses’ residual concentrations on the rate and 

kinetics of denitrification by evaluating the decrease of NO3-N concentrations over time. 

This study also shows the rate of denitrification inhibition caused possibly by the amount 

of residual coagulants in the wastewater. Batch test mode methodology for denitrification 

process was adapted from Onnis et al. (2007) which is described below, and the 

experiment set up shows in Figure 6: 

 

Figure 6. Denitrification experiment set up (Picture by Saba Khalatbari, 2021). 

a) Glass bottles from Phase 2 was sealed and flushed with nitrogen gas for 10 mins 

to ensure anoxic conditions are achieved. 

b) The bottles were placed in a table shaker and was mixed at 30 rpm for 10 hours 

of incubation time. 

c) Samples were taken through sterile syringe and needle from the deoxygenated 

bottles and were filtered thru a 0.45µm filter before analysis of NH4
+-N, NO2-N 

and NO3-N was done.  

d) Collection of samples were performed every 2 hours for the rest of the incubation 

period until denitrification is complete. 



 

   

 

4.2.5 Analytical methods 

Indophenol blue method was used to determination of ammonium concentration. In this 

method, colorimetric detection of inorganic ammonium nitrogen (NH4
+) in water samples 

extracts was utilized. The NH4
+ in the analysed sample reacted with sodium phenate and 

hypochlorite to produce a blue colour. This colour reaction was improved by adding 

sodium nitroprusside as a catalyst. The maximum colour development was completed in 

30 minutes at room temperature, after which absorbance at 650 nm was measured within 

1 hour. Absorbance at 650 nm was directly proportional to the NH4
+ concentration 

(Fawcett & Scott, 1960, p. 156-159). 

Colorimetric detection of inorganic nitrate (NO3
-) and nitrite (NO2

-) concentration in 

water samples extracted using the “Griess method”. The NO2
- in the analysed sample 

reacted with the Griess reagent to produce a highly coloured pink azo dye which is 

absorbed at 540 nm. Nitrate can be reduced to NO2
- by vanadium chloride (VCl3) and 

subsequently also form the pink azo dye when reacting with the Griess reagent (Miranda 

et al., 2001, p. 62–71). 

 

 

 

 

 

 

 

 



 

   

 

5 RESULTS  

The effect of residual coagulant concentration in the nitrification and denitrification 

processes were assessed via batch experiments under controlled conditions. The 

chemicals tested were polyaluminium chloride (PAC), chitosan (Chit), polyacrylamide 

(PAM), and polyamines (pAmine). Wastewater was collected prior to the pre-

sedimentation stage at Taskila wastewater treatment plant (Oulu, Finland).  

5.1 Effect of Coagulant Used on the Nitrification Process 

5.1.1 Effects on nitrate (NO3) concentration 

Production of NO3 in all treatments was observed highlighting that the nitrification 

process occurred. However, production rates were significantly different among the 

different treatments, pointing to a clear influence of the coagulant residuals in the process. 

Furthermore, clear difference in NO3 production at the end of the incubation period can 

be seen in samples treated with different dosages of the coagulants tested (Figures 7 to 

10). 

The lowest NO3 production measured in the sample treated with low dosage of PAC was 

very close to the NO3 production of the untreated sample (control, Figure 7). The 

concentration of NO3 was the same between days 1 to 4 in all four samples. However, 

NO3 concentration in the control samples was lower than in samples treated with different 

dosages of PAC during days 4 to 11 and higher than in the treated samples between days 

11 and 35. Hence, the production of NO3 in the control samples (115 mg/L) at the end of 

the experiment (day 35) was higher than the production of NO3 in PAC treated samples 

which were quite similar between varying doses (82.95, 79.02, 79.59 mg/L, Figure 7).  



 

   

 

 

Figure 7. Nitrate concentration with elapsed experimental time in samples treated with 

low, medium, and high dosages (LD, MD, and HD, consecutively) of polyaluminium 

chloride (PAC). 

As it can be seen in Figure 8, the lowest dosage of pAmine had NO3 concentration similar 

the control. Although samples treated by different dosages of pAmine followed the same 

trend at the starting point of the experiment, they all slightly deviated from the control 

especially after day 22 and NO3 concentration 78 mg/L. Subsequently, the trend is almost 

the same throughout the rest of the experiment with NO3 concentrations in the control 

being higher than the treated samples. At the end of the experiment, the sample treated 

with low dosage produced the closest amount of NO3 to that observed in the control 

samples, followed by the medium and high, the differences are 34, 38, and 51 mg/L for 

LD, MD, and HD dosages, respectively (Figure 8). 

 

Figure 8. Nitrate concentration with elapsed experimental time in samples treated with 

low, medium, and high dosages (LD, MD, and HD, consecutively) of polyamine 

(pAmine). 



 

   

 

In general, the NO3 production in samples treated with Chit was very close to NO3 

production observed in control samples and some points of the experiment even higher 

(Figure 9). For example, on day 30 all treated samples had higher NO3 concentration than 

the control sample specifically samples treated with higher dosages presenting higher 

concentrations (Figure 9). At the final stage of the experiment, the control sample 

presented higher concentration of NO3 followed by the samples containing HD and MD 

and LD consecutively. The opposite order to that observed for samples treated with 

pAmine (Figure 8) and PAM (Figure 10). 

 

Figure 9. Nitrate concentration with elapsed experimental time in samples treated with 

low, medium, and high dosages (LD, MD and, HD, consecutively) of chitosan (Chit). 

Overall, as presented in Figure 10, the sample treated with the lowest PAM dosage 

produced similar NO3 to that observed in the control sample. Production of NO3 during 

the first 30 days of experiment in the sample treated with HD of PAM was substantially 

lower than in other samples. Although at the end of the experiment, samples treated with 

HD and MD dosages of PAM presented the same NO3 concentrations. 



 

   

 

 

Figure 10. Nitrate concentration with elapsed experimental time in samples treated with 

low, medium, and high dosages (LD, MD and, HD, consecutively) of polyacrylamide 

(PAM) 

5.1.2 Effects on ammonium (NH4
+) concentration 

The concentration of NH4
+ as a function of time is shown in Figures 11 to 14. Initial sharp 

increase in NH4
+

 concentration followed by a subsequent continuous decrease was 

observed in all samples. While the initial increase is most likely due to mineralization of 

organic nitrogen, the decrease in NH4
+ concentration observed in all samples indicated 

that the nitrification process took place. The decrease rates, on the other hand, were 

considerably different amongst samples treated with different coagulants, showing that 

the coagulant residuals had a measurable impact on the process.  

For samples treated with the inorganic coagulant PAC, the dosage of coagulant used had 

some effect at the initial stages of the biological process between days 5 and 10 (Figure 

11). In this initial stage, samples treated with the higher dosage contained lower NH4
+

 

concentration than the control and the lower dosages.  Very similar NH4
+

 concentrations 

were measured in all samples between days 15 and 35.  



 

   

 

 

Figure 11. Changes in Ammonium concentration with elapsed time in samples treated 

with low, medium, and high dosages (LD, MD, and HD consecutively) of polyaluminium 

chloride (PAC). 

The lower dosage of pAmine presented almost the same trend of NH4
+ concentration 

changes as the control. The observed increase in NH4
+ concentrations was higher in 

samples treated with HD of pAmine. On the 22nd day, all dosages started to deviate from 

the control (Figure 12).  At the end of the experiment, concentration of NH4
+ was lower 

in samples treated with MD and HD of pAmine (Figure 12). 

    
 

 

Figure 12. Changes in ammonium concentration with elapsed time in samples treated with 

low, medium and high dosages (LD, MD and HD, consecutively) of polyamine (pAmine). 

The sample treated with the low chitosan dosage produced changes to NH4
+ concentration 

that were the most similar to that of the control sample (Figure 13). However, the 

difference can be negligible among samples during the whole experiment (Figure 13). 



 

   

 

 

 

Figure 13. Changes in ammonium concentration with elapsed time in samples treated with 

low, medium and high dosages (LD, MD and HD, consecutively) of chitosan (Chit). 

For samples treated with PAM (Figure 14) similar behavior to samples treated with 

pAmine (Figure 12) was observed although it is more accentuated. Higher production of 

NH4
+ in samples treated with HD of PAM compared to the control and LD and MD 

samples was observed in the first 6 days followed by a drastic decrease in NH4
+ 

concentrations. The observed decrease was more accentuated in the samples treated with 

HD of PAM compared to the control and LD and MD. 

 

Figure 14. Changes in ammonium concentration with elapsed time in samples treated with 

low, medium and high dosages (LD, MD and HD, consecutively) of polyacrylamide 

(PAM) 



 

   

 

5.1.3 Effects of coagulant used on process and water quality parameters 

During nitrification experiments four physico-chemical parameters including pH, DO, 

RedOx and EC were monitored. The effect of nitrification on these parameters is 

presented in Figures 15-18. The initial pH value in day 1 was around 7.0 for all tested 

coagulants as well as the control (raw wastewater) sample. However, sharp decrease on 

pH values in day 35 was observed to be around 4.0 (Figure 15). The effect of DO was not 

the same as pH. The initial DO concentration was between 4 - 7.5 mg O2/L (Figure 16). 

The lowest value was observed for the control (4.48 mg O2/L) and the highest was seen 

for high dosage of PAM (7.43 mg O2/L).  

 

Figure 15. Comparison of initial and final pH value in samples treated with low, medium 

and high dosages of coagulants and raw wastewater (control) 

 

Figure 16. Comparison of initial and final dissolved oxygen (DO) concentration in 

samples treated with low, medium and high dosages of coagulants and raw wastewater 

(control) 



 

   

 

The initial oxidation-reduction value measured was from 100 mV to 200 mV and it raised 

considerably to around 400 mV for all coagulants and control (Figure 17) signifying that 

the process progressed. Whereas electrical conductivity (EC) showed a different trend. 

The value of EC of around 750 µS/cm was measured in day 1 and it dropped slightly and 

reached values around 650 µS/cm in day 35 (Figure 18). 

 

Figure 17. Comparison of initial and final RedOx potential for in samples treated with 

low, medium and high dosages of coagulants and raw wastewater (control) 

 

Figure 18. Comparison of initial and final Electrical conductivity (EC) in samples treated 

with low, medium and high dosages of coagulants and raw wastewater (control) 

The effect of the nitrification on samples treated with different coagulants in regards to 

variations in organic matter and metal content including alkalinity, 7-day biochemical 



 

   

 

oxygen demand (BOD7), total suspended solid (TSS) and aluminium (Al) and iron (Fe) 

concentration is presented in Figures 19-23.  

During the nitrification process, the initial alkalinity of all coagulant-treated samples and 

raw wastewater (control) was between 4 - 5 mmol/L in day 1, however, it dropped sharply 

and by day 35 it reached values below 0.01 mmol/L in all samples (Figure 19). The 

changes to BOD7 concentration showed the same trend. Initial BOD7 concentration 

ranged from 50 - 100 mg O2/L while final concentrations ranged 8 - 3 mg O2/L.  

 

Figure 19. Comparison of initial and final alkalinity in samples treated with low, medium 

and high dosages of coagulants and raw wastewater (control) 

 

Figure 20. Comparison of initial and final BOD7 in samples treated with low, medium 

and high dosages of coagulants and raw wastewater (control) 



 

   

 

The effect of the nitrification process on the Al and Fe concentrations is shown in Figures 

21 and 22. The concentration of Al in samples treated with the three dosages of PAC was 

higher than in samples treated with the other coagulants and in the control. However, it 

decreased during the process for all coagulants and the control. The removal rates for 

three dosages of PAC were 8.2%, 15%, 23%, respectively, while it was around 0.5% for 

the others (Figure 21). The initial Fe concentration was between 12 mg/L and 21 mg/L in 

day 1. The Fe concentration in chitosan and PAM-treated samples was higher than in 

samples treated by other coagulants and the control. In day 35, the final Fe concentration 

decreased except for control and low dosage of PAC which increased slightly. The 

removal rates for control and low dosage of PAC were –16% and –7%, respectively, 

whereas it was 62% and 93% for high dosages of chitosan and PAM (Figure 22).  

 

Figure 21. Comparison of initial and final aluminium concentration (Al) in samples 

treated with low, medium and high dosages of coagulants and raw wastewater (control) 

 

Figure 22. Comparison of initial and final iron concentration (Fe) in samples treated with 

low, medium and high dosages of coagulants and raw wastewater (control) 



 

   

 

The initial total suspended solids (TSS) concentration of the samples was the highest for 

high dosage of PAM. It was higher for higher dosage of coagulants. The final TSS 

concentration of the samples was lower than the initial except in samples treated with low 

and high dosages of PAC, pAmine and PAM (LD and MD) (Figure 23). The results for 

medium dosage of PAM are not reported due to errors in analysis. 

 

Figure 23. Comparison of initial and final total suspended solids (TSS) in samples treated 

with low, medium and high dosages of coagulants and raw wastewater (control) 

5.2 Effect of Coagulant Used on the Denitrification Process 

5.2.1 Effects on nitrate (NO3) concentration 

Changes in NO3 concentration with elapsed experimental time are presented (Figure 24 

to 27). Rapid decreased NO3 concentration in all samples highlighted that the 

denitrification process occurred. As coagulant dosages were added to raw wastewater 

samples (control), all samples started with the same NO3 concentration. However, as the 

coagulants were added and interacted with the sample, NO3 concentrations at time zero 

differ among different coagulants as well as among different dosages of the same product. 

The rate at which NO3 decreased in the samples was considerably different among the 

various treatments pointing to a clear influence of the coagulant used in the process.  

Treatment with PAC had a clear effect on the NO3 concentrations at time zero and on the 

rate at which NO3 concentration decreased with time (Figure 24). Complete 



 

   

 

denitrification was reached at about 2h for the control sample and about 4h for the sample 

treated with LD, MD, and HD of PAC. The rate of NO3 decrease was substantially higher 

in the control sample with 10.74 mg/h of NO3 consumed while the decreased rate 

observed PAC samples were 3.87, 5.10, and 7.77 mg/h after 4h for LD, MD, and HD 

samples consecutively.  

 

Figure 24. Nitrate concentration with elapsed time in samples treated with low, medium 

and high dosages (LD, MD and HD, consecutively) of polyaluminium chloride (PAC) 

Both the low and high pAmine dosages reached lowest NO3 concentrations after 4 hours, 

with denitrification rates of 4.55 mg/h and 7.10 mg/h, respectively (Figure 25). Complete 

denitrification was reached at about 2 h for the control sample (10.74 mg/h). The 

concentration of pAmine MD is not reported due to lack of replicates. 

 

Figure 25. Nitrate concentration with elapsed time in samples treated with low, medium 

and high dosages (LD and HD, consecutively) of polyamine (pAmine) 



 

   

 

Treatment with Chit had an obvious effect on the NO3 concentrations at time zero and on 

the rate at which NO3 concentration decreased with time (Figure 26). Complete 

denitrification was reached at about 2h for the control, LD and, MD sample and about 4h 

for the sample treated with HD of Chit. The rate of NO3 decrease was about the same for 

both control sample and MD with 10.74 and 10.69 mg/h of NO3 consumed while the 

decreased rate observed for LD and HD of Chit-treated samples was 7.01 and 4.90 mg/h, 

respectively. 

 

Figure 26. Nitrate concentration with elapsed time in samples treated with low, medium 

and high dosages (LD, MD and HD, consecutively) of chitosan (Chit) 

Complete denitrification was reached at about 2, 8, 6, 10 h for the control, LD, MD, HD 

samples of PAM (Figure 27). The rate of NO3 decrease was the highest for control sample 

(10.74 mg/h) and was the lowest for HD sample with 1.65 mg/L, followed by MD and 

LD samples of PAM, 2.95 mg/h and 3.09 mg/h, respectively. 

 

Figure 27. Nitrate concentration with elapsed time in samples treated with low, medium 

and high dosages (LD, MD and HD, consecutively) of polyacrylamide (PAM) 



 

   

 

5.2.2 Effects on ammonium (NH4
+) concentration 

Nitrification inhibitor (12.5 mg in 1000 ml of raw wastewater) was added to the samples 

to prevent NH4
+

 oxidation. Overall, NH4
+

 concentration in all samples from all treatments 

varied during the experiment period. Some NH4
+

 production appeared to have occurred 

at 4 hours (Figures 28 to 31). For instance, the comparison between 3 dosages of PAC 

showed, after 2 hours the production rate was 0.025, 1.57, 0.039 mg/L and after 4 hours 

was 3.91, 3.38 and 3 mg/L for LD, MD, and HD dosages, respectively (Fig. 28).  

 

 

Figure 28. Ammonium concentration with elapsed time in samples treated with low, 

medium and high dosages (LD, MD and, HD, consecutively) of polyaluminium chloride 

(PAC) 

 

Figure 29. Ammonium concentration with elapsed time in samples treated with low, 

medium and high dosages (LD, MD and, HD, consecutively) of polyamine (pAmine) 



 

   

 

 

Figure 30. Ammonium concentration with elapsed time in samples treated with low, 

medium and high dosages (LD, MD and, HD, consecutively) of Chitosan (chit) 

 

Figure 31. Ammonium concentration with elapsed time in samples treated with low, 

medium and high dosages (LD, MD and, HD consecutively) of polyacrylamide (PAM) 

5.2.3 Effects of coagulant used on process and water quality parameters 

During the denitrification process four physical-chemical process parameters including 

pH, dissolved organic (DO), reduction–oxidation (RedOx) and electrical conductivity 

(EC) were monitored. The effect of denitrification on these parameters is presented in 

Figures 32-35.  

The initial and final pH values of the samples varied between 7 and 7.5 for all coagulant-

treated and raw wastewater (control). It went up and down in some samples, but the 



 

   

 

differences were negligible (Figure 32). The same can be observed for DO concentrations 

of all samples. The initial and final DO concentration varies from 5 to 7. It increased in 

some samples such as chitosan and PAM but the differences were not notable (Figure 33). 

 

Figure 32. Comparison of initial and final pH values in samples treated with low, medium 

and high dosages of coagulants and raw wastewater (control)

 

Figure 33. Comparison of initial and final dissolved oxygen (DO) in samples treated with 

low, medium and high dosages of coagulants and raw wastewater (control) 

The effect of denitrification on the reduction-oxidation potential was noticeable in 

denitrification. The initial value for this process was from -20 mV to -138 mV and it 

dropped considerably around -88 mV and -123 mV for all coagulants and control. The 

variation between initial and final RedOx values for PAC and pAmine was higher than 

for Chit and PAM. RedOx potential was found to be 56% lower after the denitrification 



 

   

 

process for the control. Relatively, it has a considerably higher reduction for all 

coagulants (Figure 34).   

 

Figure 34. Comparison of initial and final RedOx potential in samples treated with low, 

medium and high dosages of coagulants and raw wastewater (control) 

The initial electrical conductivity varied from 1000 µS/cm to 1150 µS/cm. It was lower 

than chitosan (10%) and PAM (5%) compared to PAC and pAmine. However, it 

decreased slightly to around 1000 µS/cm for all samples (Figure 35). 

 

Figure 35. Comparison of initial and final electrical conductivity (EC) in samples treated 

with low, medium and high dosages of coagulants and raw wastewater (control) 

In general, the initial and final alkalinity of the samples varied from 6.63 to 7.39 mmol/L. 

Although alkalinity variations were observed, the differences were not considerable in 



 

   

 

both control and coagulant-treated samples (Figure 36). The initial concentration of BOD7 

was between 50 mg O2/L and 90 mg O2/L. The final BOD7 concentration increased 

dramatically in PAM-treated samples (260 mg O2/L). The BOD7 removal for control was 

13% after denitrification process (Figure 37). 

 

Figure 36. Comparison of initial and final alkalinity in samples treated with low, medium 

and high dosages of coagulants and raw wastewater (control) 

 

Figure 37. Comparison of initial and final 7-day biochemical oxygen demand (BOD7) in 

samples treated with low, medium and high dosages of coagulants and raw wastewater 

(control) 

Figures 38 and 39 compared the effect of initial and final Al and Fe concentrations in the 

denitrification process. The concentration of Al for three dosages of PAC was higher than 

the other coagulants and control in both initial and final samples. However, it increased 



 

   

 

slightly after the denitrification process. The removal rates for control, low, medium, and 

high dosages of PAC, and HD of chitosan were –13%, -10%, -11%, -16%, and –28%, 

respectively, whereas the removal rate for high dosage of PAM increased 55% (Figure 

38). The initial iron concentration was between 16 mg/L and 25 mg/L for the control and 

all coagulants. The final Fe concentration went up except for high dosage of PAM which 

decreased from 25 to 13 mg/L. The removal rates for medium dosage of chitosan and low 

dosage of PAM were the lowest, -47% and –37%, respectively, whereas the removal rate 

raised 48% for high dosage of PAM (Figure 39).  

 

Figure 38. Comparison of initial and final aluminium concentration (Al) in samples 

treated with low, medium and high dosages of coagulants and raw wastewater (control) 

 

Figure 39. Comparison of initial and final iron concentration (Fe) in samples treated with 

low, medium and high dosages of coagulants and raw wastewater (control) 



 

   

 

The initial total suspended solids (TSS) concentration was the lowest for high dosages of 

PAM. It varied among different samples; however, the differences were not considerable 

except for medium dosage of PAC and high dosage of PAM (Figure 40). The 

concentration of medium dosage of PAC and PAM was not mentioned due to the problem 

of analysis. 

 

Figure 40: Comparison of initial and final total suspended solids concentration (TSS) in 

samples treated with low, medium and high dosages of coagulants and raw wastewater 

(control) 

 

 

 

 

 

 



 

   

 

6 DISCUSSION 

In general, the type and dosage of coagulant used had a measurable effect on both the 

nitrification and denitrification processes.  

6.1 Effect of coagulant used on the nitrification process 

During the batch nitrification experiments, a clear pattern in all samples was seen in which 

there was a sharp increase in NH4
+ concentrations in the beginning of the process for all 

coagulant-treated samples and the control (Figures 11-14). Production of NH4
+ was the 

highest in samples treated by organic coagulants, especially in samples treated with 

pAmine and PAM. This might be due to these products containing quaternary ammonium 

groups and are organic in nature (Heiderscheidt et al., 2016), thus the mineralization of 

the polymers resulted in higher NH4
+

 production (Wang, 2020). However, NH4
+

 

concentration decreased with time which signifies the occurrence of the nitrification 

process (Metcalf & Eddy 2004). The behavior of samples treated with low dosages of all 

coagulants was very similar to the control sample, indicating that the dosage of added 

coagulants had a clear influence on NH4
+ oxidation. The decrease in NH4

+
 concentration 

followed the significant increase in NO3 concentration during the batch nitrification 

process (Figures 7-10). Highest NO3 concentration in the control sample and PAM-

treated was measured on day 35 with 115 mg/L and 113 mg/L, respectively. Highest NO3 

concentration in pAmine, PAC and Chit were measured on day 29 being, 91, 99, 133 

mg/L consecutively. In general, samples treated by the low dosages of coagulants 

behaved similarly to the control (apart from Chit which HD produced higher NO3) which 

shows that increasing the dosages led to a decrease in nitrification rates resulting in lower 

NO3 concentration. This was also demonstrated by Rajesh Banu, 2009 results while 

testing inorganic coagulants.  

The initial pH of the control and all coagulant-treated samples was around 7.0 which is 

the optimum range for the nitrification process (Metcalf & Eddy 2004, p. 615). After the 

sharp reduction, the final pH of the control and low and medium dosage samples was 



 

   

 

around 4. This effect was different for high dosages of coagulants (apart from Chit-treated 

samples), as the nitrification process consumes alkalinity (Figure 19, Metcalf & Eddy 

2004) hence, decrease in pH of the samples was expected. The lower pH decrease 

observed in samples treated with HD of coagulants indicates that increasing the dosage 

influenced the nitrification process. The results agreed with Rajesh Bano et al. (2009) 

results which investigated the effect of alum in the nitrification process. They concluded 

that nitrification rate started to decrease with a rise in coagulant dosage. Moreover, their 

results showed that the nitrification process consumes alkalinity, resulting in a drop in 

alkalinity in the aerobic basin during the initial period of operation (no coagulant 

addition). 

The changes in oxidation-reduction potential during the nitrification process was 

monitored. The range of RedOx observed during the experiment (100 - 400 mV) is 

commonly referred to as the range where nitrification process occurs (100 - 350 mV) 

(YSI, 2008). As expected, a decrease in BOD7 concentration was observed during the 

nitrification process (Figure 20). The addition of the OC: Chit and PAM increased the 

initial BOD7 concentration of the samples significantly. These samples also presented the 

lowest BOD7 concentration after the nitrification process and the highest NO3 production. 

Organic coagulants can be a considerable source of organic nitrogen on their own e.g., 

polyacrylamide is reported to be hydrolyzed by heterotrophic bacteria, releasing ammonia 

(Wang, 2020). 

Nitrifying bacteria (Nitrosomonas and Nitrobacter) are known to be sensitive to free Al 

ions in the solution. Samples treated with PAC had the highest concentration of Al and 

presented one of the lowest nitrification rates. The results agreed with Clark et al. (1999) 

which showed that addition of aluminium salt inhibited the nitrification process. The 

effect of organic molecules on the nitrification process has not been reported so far to the 

authors knowledge. In this study, the effect of residual pAmine concentration in the 

treated samples is clear as it presented the lowest nitrification rates among all products 

tested with higher dosages having a more accentuated effect. 



 

   

 

6.2 Effect of coagulant used on the denitrification process 

Although nitrification inhibitors were added to the samples to prevent NH4
+

 oxidation the 

NH4
+

 concentration in all samples from all treatments varied during the experiment 

period. Some NH4
+

 production appeared to have occurred. This might point out to some 

influence of the analysis method or procedure. In general, variations in individual samples 

were not as accentuated and most samples contained very similar NH4
+

 concentrations at 

the start and at the end of the experiment.  

There was a clear NO3 reduction in the denitrification process (Figure 24-27). The 

denitrification process was a fast process where within the first 2 and 6 hours it was 

completed for all coagulant regardless of their dosages. NO3 concentration of LD in all 

coagulants had the same trend compared to control. They decreased over the incubation 

time and the slope of the figures indicated this trend. The denitrification process was 

completed for the control samples after 2 hours, whereas it took 4 hours for HD of PAC, 

pAmine, and chitosan and 8 hours for PAM. Hence, the increasing of coagulant dosage 

has a direct effect on denitrification rate.  

The variation between initial and final pH was not considerable (around 7). The pH value 

results were in line with alkalinity (around 7). Due to the change to larger free ammonia 

to ionized NH4
+ ammonia ratio at higher pH, a rise in pH would result in increased toxicity 

because free ammonia is thought to be a hazardous agent (Chen et al., 2008) indicating 

that the denitrification process happened as shown in our results.  

Denitrification is an anoxic process that only happens in anaerobic environments. Hence, 

oxygen consumption needs to exceed the oxygen supply. DO concentration was similar 

the whole way thru after purging N2 gas in the samples. However, there was a slight 

increase in chitosan and PAM samples showing the effect of coagulant in the 

denitrification process. In addition, the findings of BOD7 indicated a significant increase 

after the treatment of high chitosan dose and all PAM dosages, indicating a delay or 

possibly inhibition in the denitrification process.  



 

   

 

The changes in oxidation-reduction (RedOx) potential during the denitrification process 

were monitored. The range of RedOx observed during the experiment (-50 to -100 mV) 

is commonly referred to as the range where the denitrification process occurs (+50 to -50 

mV) (YSI, 2008). The initial and final RedOx value showed the reduction in RedOx 

potential showing the denitrification process happened properly, except for high dosages 

of coagulants such as chitosan and PAM which had different values compared to control.  

Electrical conductivity decreased in all samples showing that the activity of 

microorganisms increased during the denitrification process (Levlin, 2007). For a high 

dosage of coagulants, EC was slightly lower than the control showing a delay or inhibition 

of the denitrification process.  

The initial aluminium concentration of coagulants was the same compared to control 

except for PAC which contained aluminium ions. The results for final Al concentration 

indicated the increase in Al concentration (Chen et al., 2008) except for high dosage of 

PAM. None of the coagulants used had iron ion in their characteristics. The results 

showed that there was an increase between initial and final concentration of iron except 

for high dosage of PAM. It can be concluded that higher dosage of PAM can decrease the 

aluminium and iron concentration during denitrification process (Chen et al., 2007). 

 

 

 

 

 



 

   

 

7 CONCLUSIONS AND RECOMMENDATIONS 

The impact of residual coagulant concentrations on the nitrification and denitrification 

processes in wastewater treatment was investigated. Batch test laboratory studies were 

set up to imitate the nitrification and denitrification processes independently. Poly 

aluminium chloride (pre-hydrolyzed, inorganic product, PAM), chitosan (semi-natural 

organic biopolymer, Chit), polyacrylamide and polyamines (synthetic organic polymers, 

PAM) were utilized as coagulants. Laboratory experiments were conducted in 4 phases: 

Phase 1- Determination of optimum dosage range of coagulants; Phase 2- Pre-incubation 

tests of coagulants; Phase 3- Batch incubations for nitrification; Phase 4- Batch 

incubations for denitrification. Samples of wastewater were taken from the Taskila 

wastewater treatment plant (Oulu, Finland). The dosage needed of the four different 

coagulants for the treatment of sewage water were evaluated in preliminary testing. The 

influence of the presence of coagulants in the sample on the progress and effectiveness 

of the nitrification and denitrification processes was assessed by applying these doses to 

actual wastewater samples in low, medium, and high levels. 

Regarding the findings of the nitrification process, the following can be stated:   

- The type and dosage of coagulant had a vital impact on the nitrification process. 

- Highest NO3 concentrations were produced in samples treated by high and 

medium dosages of chitosan followed by low dosage of PAM. 

- Addition of organic coagulants increased the BOD7 concentration of samples and 

had an impact on the NH4
+ generated due to mineralization of organic N.   

Regarding the findings of the denitrification process, the following can be stated:   

- The type and dosage of coagulant had a vital impact on the denitrification process. 

- Medium dosage of PAC and chitosan and high dosage of chitosan achieved the 

highest rate of denitrification after 4, 2, and 4 hours, respectively. 

- Individual sample differences were less pronounced in NH4
+ concentration, and 

most samples had very similar NH4
+ values at the start and conclusion of the trial. 



 

   

 

Based on the results obtained from this study, Al-based metal salts, synthetic and 

semi-natural polymers coagulants affect the nitrification and denitrification processes. 

During the batch nitrification process, a rise in nitrate concentration and a reduction 

in ammonium concentration was observed in all samples. In addition, the batch 

denitrification method resulted in a substantial reduction in nitrate. The low doses of 

all coagulants were near to that of the results from the control, indicating that when 

the coagulant dosage was increased, the rates of nitrification and denitrification 

decreased. In hindsight, further research is needed however, to evaluate the exact 

residual concentrations of the coagulants in the treated wastewater to have a more 

profound evidence of the effects of different types of coagulants during nitrification 

and denitrification processes.  
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APPENDIX 1 

 

 

 

 

 

 

 

Date: 16.08.2021

Initial condition pH: 7.48 T: 19 DO: 0.42 Redox: -75.1 EC: 928 Coagulant dilution

Fast mixing-speed: 200 rpm Time: 30 s Slow mixing 40 rpm Sedimentation time: 60 mins

Dosage (ml/l) 3 4 5 6 7 8 9 Gallon no:  1

Dosage (mg/l) 60 80 100 120 140 160 180

Turbidity (NTU) 25.5 17.4 15.2 9.14 6.87 6.17 4.82

RedOx (mV) -22 -29.5 -16.6 15.2 41 44 46.2

EC S/cm 941 929 930 932 934 931 938

pH 7.55 7.52 7.52 7.49 7.45 7.42 7.44

DO (mg O2/L) 4.09 4.01 3.53 3.51 2.09 2.79 4.31

Sludge vol (mL) 80 80 90 100 90 100 120

Removal Efficiency (RE (%)) 91.666667 94.313725 95.03267974 97.0130719 97.754902 97.98366 98.424837

Chemical: PAC Std. Sol'n: 20 mg/ml Test: Dosage requirement

COMMENTS

Time: 5 mins

Turbidity: 306

Date: 17.08.2021

Initial condition pH: 7.46 T: 21 DO: 1.64 Redox: -118.8 EC: 900 Coagulant dilution

Fast mixing-speed: 200 rpm Time: 30 s Slow mixing 40 rpm Sedimentation time: 60 mins

Dosage (ml/l) 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 Gallon no: 2

Dosage (mg/l) 10 20 30 40 50 60 70 80 90 100

Turbidity (NTU) 59 49.4 49.1 42.4 40.1 43.8 40.1 38.7 32.9 31.1

RedOx (mV) -95.2 -75.1 -44.7 -8.5 -21.8 -50.7 -67.2 -72.1 -66.3 -60.5

EC S/cm 904 902 906 907 909 928 918 936 947 929

pH 7.45 7.43 7.4 7.38 7.37 7.48 7.46 7.47 7.46 7.45

DO (mg O2/L) 3.83 3.5 3.14 6.09 2.78 5.52 5.61 5.15 5.17 4.98

Sludge vol (mL) 50 60 80 60 70 80 90 90 90 100

Removal Efficiency (RE (%)) 79.003559 82.419929 82.52669039 84.91103203 85.7295374 84.412811 85.7295374 86.227758 88.291815 88.9323843

Chemical: Polyamine (C581) Std. Sol'n: 20 mg/ml Test: Dosage requirement

Time: 5 mins

COMMENTS In 40 mg/l and 50 

mg/l , sludge starts to float

Turbidity: 281

Date: 18.08.2021

Initial condition pH: 7.52 T: 20.2 DO: 4.35 Redox: -127.8 EC: 939 Coagulant dilution

Fast mixing-speed: 200 rpm Time: 30 s Slow mixing 40 rpm Sedimentation time: 60 mins

Dosage (ml/l) 1 2 3 4 5 6 7 8 Gallon no: 3

Dosage (mg/l) 2.5 5 7.5 10 12.5 15 17.5 20

Turbidity (NTU) 46.8 37.5 32.2 23.8 22.9 20.9 20.7 22.4

RedOx (mV) -80.8 -71.3 -60.3 -24.3 23.9 34.3 41.9 46.6

EC S/cm 930 937 936 934 937 945 938 940

pH 7.38 7.3 7.21 7.07 7.05 6.95 6.89 6.81

DO (mg O2/L) 4.21 3.58 5.07 4.6 4.93 4.85 5.11 5.51

Sludge vol (mL) 70 80 100 90 120 150 150 180

Removal Efficiency (RE (%)) 81.167002 84.909457 87.04225352 90.42253521 90.7847082 91.5895372 91.6700201 90.98591549

Chemical: Chitosan Std. Sol'n: 2.5 mg/ml Test: Dosage requirement

Time: 5 mins

COMMENTS In 10 mg/l and 20 

mg/l sludge is visibly not 

compact

Turbidity: 248.5

Date: 19.08.2021

Initial condition pH: 7.51 T: 19.5 DO: 2.66 Redox: -116.9 EC: 925 Coagulant dilution

Fast mixing-speed: 200 rpm Time: 30 s Slow mixing 40 rpm Sedimentation time: 60 mins

Dosage (ml/l) 2.5 3.75 4.25 5 6.25 7.5 10 Gallon no: 4

Dosage (mg/l) 5 7.5 8.5 10 12.5 15 20

Turbidity (NTU) 38.3 31 26.7 22.7 24 25.5 17.6

RedOx (mV) 21.6 -27.2 21.5 34.1 31.4 19.8 37.4

EC S/cm 916 921 912 913 908 908 898

pH 7.56 7.53 7.55 7.59 7.56 7.57 7.55

DO (mg O2/L) 3.12 2.87 3.41 3.67 3.97 5.38 5.08

Sludge vol (mL) 40 50 60 30 20 30 10

Removal Efficiency (RE (%)) 76.0625 80.625 83.3125 85.8125 85 84.0625 89

Chemical: Polyacrylamide (C-494VP) Std. Sol'n: 1 mg/ml Test: Dosage requirement

Time: 5 mins

COMMENTS Used 500 ml of 

samples

Turbidity: 160
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Date: 23.08.2021

Initial condition pH: 7.45 Redox: -65.4 Coagulant dilution

Fast mixing-speed: 300 rpm 30 rpm Sedimentation time: -

LD-R1 LD-R2 LD-R3 MD-R1 MD-R2 MD-R3 HD-R1 HD-R2 HD-R3 Gallon no: 5

Dosage (ml/l) 3 3 3 6 6 6 9 9 9

Dosage (mg/l) 60 60 60 120 120 120 180 180 180

RedOx (mV) 35.5 29.4 23.4 37.2 23.7 9.8 40.4 22.4 42.7

EC S/cm 794 794 793 812 802 801 803 803 803

pH 7.37 7.37 7.38 7.36 7.31 7.33 7.28 7.26 7.29

DO (mg O2/L) 2.05 2.07 2.03 3.05 2.2 1.98 4 2.71 4.09

COMMENTS

Chemical: PAC Test: Pre-incubation test

Time: 10 mins

Turbidity: 134T: 17.7 DO: 3.5 EC: 790

Std. Sol'n: 20 mg/ml

Slow mixingTime: 5 s

Date: 23.08.2021

Initial condition pH: 7.45 Redox: -65.4 Coagulant dilution

Fast mixing-speed: 300 rpm 30 rpm Sedimentation time: -

LD-R1 LD-R2 LD-R3 MD-R1 MD-R2 MD-R3 HD-R1 HD-R2 HD-R3 Gallon no: 5

Dosage (ml/l) 1 1 1 2 2 2 3 3 3

Dosage (mg/l) 20 20 20 40 40 40 60 60 60

RedOx (mV) -23.7 -12.9 -24.2 -21.9 -22.9 -12.1 23.4 13.2 9.6

EC S/cm 798 793 794 807 799 799 813 802 801

pH 7.47 7.44 7.46 7.44 7.44 7.49 7.59 7.5 7.52

DO (mg O2/L) 1.09 1.72 1.02 1.46 1.14 2.04 2.96 2.77 1.96

Time: 5 s Slow mixing Time: 10 mins

COMMENTS

Chemical: Polyamine (C581) Std. Sol'n: 20 mg/ml Test: Pre-incubation test

T: 17.7 DO: 3.5 EC: 790 Turbidity: 134

Date: 23.08.2021

Initial condition pH: 7.46 Redox: -46.2 Coagulant dilution

Fast mixing-speed: 300 rpm 30 rpm Sedimentation time: -

LD-R1 LD-R2 LD-R3 MD-R1 MD-R2 MD-R3 HD-R1 HD-R2 HD-R3 Gallon no: 6

Dosage (ml/l) 2 2 2 4 4 4 6 6 6

Dosage (mg/l) 5 5 5 10 10 10 15 15 15

RedOx (mV) -27.6 -19.8 -28.5 -6.1 -8.9 -24.6 20.3 4.3 4.9

EC S/cm 802 799 793 792 792 793 793 794 793

pH 7.24 7.18 7.17 6.94 6.95 6.94 6.78 6.77 6.8

DO (mg O2/L) 2.06 2.58 2.9 4.4 3.92 3.12 4.06 4.01 4.31

Time: 5 s Slow mixing Time: 10 mins

COMMENTS

Chemical: Chitosan Std. Sol'n: 2.5 mg/ml Test: Pre-incubation test

T: 19 DO: 3.10 EC: 811 Turbidity: 118

Date: 23.08.2021

Initial condition pH: 7.46 Redox: -46.2 Coagulant dilution

Fast mixing-speed: 300 rpm 30 rpm Sedimentation time: -

LD-R1 LD-R2 LD-R3 MD-R1 MD-R2 MD-R3 HD-R1 HD-R2 HD-R3 Gallon no: 6

Dosage (ml/l) 4.25 4.25 4.25 8.5 8.5 8.5 12.75 12.75 12.75

Dosage (mg/l) 4.25 4.25 4.25 8.5 8.5 8.5 12.75 12.75 12.75

RedOx (mV) 16.6 10.3 5.5 77.5 1.8 36.5 112.3 91.4 85.5

EC S/cm 789 789 788 788 787 788 784 785 784

pH 7.2 7.35 7.53 7.43 7.44 7.42 7.43 7.45 7.48

DO (mg O2/L) 3.73 3.58 3.5 5.5 4.84 5.36 6.13 5.6 6.5

Time: 5 s Slow mixing Time: 10 mins

COMMENTS

Chemical: polyacrylamide (C-494VP) Std. Sol'n: 1 mg/ml Test: Pre-incubation test

T: 19 DO: 3.10 EC: 811 Turbidity: 118


