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AABBSSTTRRAACCTT  

A series of studies were conducted to examine biological ammonium removal from industrial 

process water in the presence of monoethanolamine (MEA). Initially, different test methods had to 

be evaluated against controlled mixtures of ammonia, nitrite, nitrate and monoethanolamine, to 

find a quick and accurate way of measuring the concentration of all these compounds individually 

during the bioprocess. Afterwards, in a pilot-scale study, separate bench scale reactors, for 

nitrification and denitrification, were tested with MEA, individually and combined. Experimental 

results indicate that nitrifying bacteria are sensitive to MEA showing a 50% decrease in activity at 

a 10 mM concentration in a first exposure, but are able to adapt if a gradual exposure is carried 

out. In this nitrifying, aerobic environment it was also noted large MEA degradation into 

ammonium. On the other hand, denitrifying bacteria appear to be resistant to MEA, handling 

concentrations up to 316 mM without affecting denitrifying activity. However, they are not able to 

use MEA instead of ethanol as a carbon source without severely distressing denitrifying activity. 

The reactors were then connected into a pre-nitrification – post-denitrification system, which 

worked successfully for a period of two weeks. This investigation clearly shows that biological 

treatment may be feasible for removing nitrogen from industrial process water containing 

ammonia and MEA, meaning that at optimized conditions both ammonium and MEA can be 

readily removed from the process water. 

 

Key-words: N-removal, nitrification, denitrification, monoethanolamine
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RREESSUUMMOO  

Neste estudo efectuou-se uma série de experiências para avaliar a remoção biológica de azoto 

de uma água de processo industrial na presença de monetanolamina (MEA). Inicialmente, 

diferentes métodos analíticos foram testados com misturas controladas de amónia, nitrito, nitrato 

e MEA a fim de se encontrar um modo rápido e preciso de monitorizar a concentração de todos 

estes compostos, individualmente, durante o bioprocesso. Em simultâneo, foram montados dois 

reactores à escala laboratorial onde se desenvolveu uma cultura nitrificante e uma cultura 

desnitrificante, respectivamente, e que posteriormente foram expostas à presença de MEA. Os 

resultados experimentais indicaram que as bactérias nitrificantes são muito sensíveis à presença 

de MEA, demonstrando uma diminuição de 50% em actividade quando expostas a um choque de 

10 mM MEA. Contudo, as bactérias sobreviventes evidenciaram uma resistência elevada quando 

submetidas a uma segunda série de choques e ao longo da exposição continua a MEA. Nestas 

condições aeróbicas também se verificou a biodegradação de MEA em amónia. Por outro lado, a 

cultura desnitrificante resistiu a concentrações de MEA até 316 mM sem alterações de 

actividade. Contudo, a cultura não conseguiu utilizar MEA, como sua fonte de carbono, na 

ausência de etanol. Quando os dois reactores foram ligados numa estrutura em série de pré-

nitrificação – pós-desnitrificação, o sistema funcionou com sucesso durante um período de 2 

semanas. Esta investigação mostrou que este processo biológico, se optimizado, é de facto 

apropriado para remover a amónia e também a MEA da água de processo. 

Palavras-chave: Azoto, nitrificação, desnitrificação, monoetanolamina 
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11  IINNTTRROODDUUCCTTIIOONN  

1.1 CONFIDENTIAL 
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1.2 CONFIDENTIAL 
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1.3 Nitrification 

1.3.1 Basic process 

Nitrification of ammonia results from the sequential action of two separate groups of 

chemolithoautotrophic organisms, the ammonia oxidizing bacteria and the nitrite oxidizing 

bacteria (Metcalf & Eddy et al., 1991). The process for the ammonium oxidizing bacteria and 

nitrite oxidizing bacteria are represented respectively by equation (1) and (2). 

 ���
�
+
3

2
�	 → ��	

�
+�	� + 2�

� (1)

 ��	
�
+
1

2
�	 → ��

� (2)

These bacteria use ammonia or nitrite as an energy source and molecular oxygen as an electron 

acceptor, while carbon dioxide is used as a carbon source (Ahn, 2006). However, the carbon 

dioxide must be reduced before the carbon can form part of the cell mass, and this reduction 

takes place through the oxidation of the nitrogen source of the organism concerned, as shown in 

equation (3) and (4), where bacterial biomass has been assigned a typical composition described 

by the fictuous molar formula C5H7NO2 (Henze et al., 1997). 

 15��	 + 13���
�
→ 10��	

�
+ 3������	 + 23�

�
+ 4�	� (3)

 5��	 +���
�
+ 10��	

�
+ 2�	� → 10��

�
+ ������	 +�

� (4)

Nitrosomonas sp. and Nitrobacter sp. are normally regarded as the respective typical dominating 

ammonia and nitrite oxidizers in wastewater, though there have also been revealed other nitrifying 

species such as Nitrosococcus, Nitrosospira, Nitrosovibrio, Nitrospira, Nitrospina and Nitrococcus 

(Vogelsang, 1999 and Ahn, 2006). The reaction rate and yield constants of Nitrosomonas sp. and 

Nitrobacter sp. are shown in Table 1.1 (Henze et al., 1997). 

Table 1.1 Reaction rate and yield constants for nitrifying bacteria at 20ºC (Henze et al., 1997). 

*Volatile Suspended Solids 

Reaction rate constants Nitrosomonas Nitrobacter Unit 

Maximum specific growth rate 0.6-0.8 0.6-1.0 d
-1 

Half-saturation constant 0.3-0.7 0.8-1.2 g NH4-N/m
3 

Half-saturation constant 0.5-1.0 0.5-1.5 g O2/m
3
 

Maximum yield constant 0.10-0.12 0.05-0.07 g VSS*/g NO3-N 

Decay constant 0.03-0.06 0.03-0.06 d
-1
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The low-energy N-substrates and the energy consuming CO2 fixation of the nitrifiers result in poor 

growth yields and low growth rates (Vogelsang, 1999). In practice, it is the oxidation of ammonium 

which is the rate limiting step in the overall process. This means that nitrite will only accumulate in 

large amounts when the considered process is non-stationary, for example when varying loads, 

during start-up or washout, or at the occurrence of other operational problems (Henze et al., 

1997). 

The main factors that influence the nitrification process are, according to Henze et al. (1997) and 

Vogelsang (1999), besides substrate concentration, dissolved oxygen concentration, pH, 

temperature and inhibiting substances. 

1.3.2 Oxygen 

Nitrifiers have relatively low affinity for oxygen (see Table 1.1) compared to many heterotrophs 

which typically have a half-saturation constant of 0.08 g O2/m
3
 (Wiesmann, 1994). This makes 

nitrifying bacteria more sensitive to low oxygen concentrations than the heterotrophic bacteria. A 

dissolved oxygen concentration in the range 1.5-2.0 g O2/m
3
 is therefore recommended in 

wastewater treatment (Wanner, 1997), though the oxygen concentration reaching the bacteria will 

also depend on biofilm thickness or floc size (Henze et al., 1997). 

1.3.3 pH 

The nitrification process is pH dependent, being the optimum pH for metabolism and growth of the 

autotrophic nitrifiers within pH 7-8 (Focht and Verstraete, 1997).The pH dependency may be 

linked to the inhibition phenomena from the uncharged forms NH3 and HNO2, which besides 

acting as the actual biochemical substrates, also act as inhibitors of the nitrification process 

(Anthonisen et al. 1976). Due to the pH dependence of the dissociation equilibrium of NH3 ↔ 

NH4
+
 (pKa=9.3) and HNO2 ↔ NO2

-
 (pKa=3.4), the inhibition tolerance of the nitrification is also 

strongly dependent on pH. Figure 1.1 shows the postulated relationships of free ammonia and 

free nitrous acid inhibition to nitrifying organisms. 
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Figure 1.1 Postulated relationships of free ammonia and free nitrous acid inhibition to nitrifying organisms. 

Zone 1: Inhibition of Nitrosomonas and Nitrobacter by NH3. Zone 2: Inhibition of Nitrobacter by NH3. Zone 3: 

Complete nitrification. Zone 4: Inhibition of Nitrobacter by HNO2 (Anthonisen et al., 1976). 

This way, since severe pH depression can occur when the alkalinity in the wastewater 

approaches depletion by the H
+
 produced in the nitrification process, the buffer capacity of the 

wastewater should be maintained by chemical addition, such as limestone (Ahn, 2006). 

1.3.4 Temperature 

All known autotrophic nitrifiers are mesophilic, meaning that their growth rate increases 

exponentially in the range of 10-25ºC, reaching a constant and optimal growth rate within 25-

35ºC, while at 40ºC the growth rate diminishes drastically (Focht and Verstraete, 1997; Henze et 

al., 1997 and Østgaard et al.,1994). 

1.3.5 Inhibiting substances 

Nitrifying bacteria can be inhibited by many different substances, as the ones presented in the 

studies done by Tomlinson et al. (1966) and Hooper and Terry (1973). There is not much 

information available on amine inhibition. However, a few studies have been done with MEA 

which show that this amine, in lower concentration than 20 mM, barely affects nitrifying activity 

(Lam, 1999 and Whang et al., 2008). 
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1.4 Denitrification 

1.4.1 Basic process 

Denitrification is the conversion of ionic nitrogen oxides, nitrate and nitrite, into atmospheric 

nitrogen by a heterogeneous assembly of mainly heterotrophic, denitrifying bacteria, through a 

series of intermediate gaseous nitrogen oxide products, as shown in equation (5), under anoxic 

conditions (Henze et al., 1997). 

 ��
�
→ ��	

�
→ �� → �	� → �	 (5)

In order to carry out nitrite respiration, microorganisms must possess the enzymes related to 

these steps. These are nitrate reductase, nitrite reductase, nitric oxide reductase and nitrous 

oxide reductase, respectively (Rittmann and McCarty, 2001). 

Table 1.2 gives a set of reaction rate and yield constants for denitrification. 

Table 1.2 Set of reaction rate and yield constants for denitrification at 20ºC (Henze et al., 1997). 

*organic matter in raw material 

Reaction rate constants Quantity Unit 

Maximum specific growth rate * 3-6 d
-1 

Half-saturation constant 0.2-0.5 g NO3-N/m
3 

Half-saturation constant 0.1-0.5 g O2/m
3
 

Half-saturation constant * 10-20 g COD/ m
3
 

Maximum yield constant * 0.4-0.6 g COD/g COD 

Maximum yield constant * 1.6-1.8 g COD/g NO3-N 

Decay constant 0.05-0.10 d
-1

 

The main factors that influence the denitrification process are according to Knowles (1982) and 

Henze et al. (1997), besides substrate concentration, dissolved oxygen concentration, carbon 

source, temperature, pH and inhibiting substances. 

1.4.2 Oxygen 

The process is anaerobic as nitrate is the oxidizing agent. In other words, nitrate is used as an 

electron acceptor in the oxidation of organic matter to carbon dioxide and water (Lie, 1996). 

Denitrification is widespread in nature, occurring anywhere nitrate is present provided that oxygen 

is in very low concentrations or nonexistent. This is due to most denitrifying micro-organisms 

being facultative and hence they use oxygen as an oxidizing agent, when available (Henze, 

1997). The choice made by the bacteria of the definitive terminal acceptor depends on the redox 

potential between the last cytochrome in the electron transport system and oxygen or nitrate. This 

choice favours oxygen, so that in a situation where both oxygen and nitrate are present, the 

bacteria will not denitrify but instead respire with oxygen (Henze et al., 1997). 
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1.4.3 Carbon source 

A supply of carbon source is essential for the dissimilation of nitrate. If there is no carbon source 

or if the carbon is limiting, denitrification will cease. Some carbon sources used for denitrification 

in wastewater are listed in Table 1.3. 

Table 1.3 A selection of carbon sources used for denitrification (Henze et al., 1997). 

Source designation with respect to 
the wastewater treatment plant 

Source 

Internal 

(accessible, directly usable) 

Raw wastewater 

Sludge (endogenous) 

Digester supernatant 

Dewatering supernatant 

Sludge concentration overflow 

Methane 

Internal 

(produced from accessible resources) 

Hydrolysed sludge 

Hydrolysed sludge supernatant 

Shredded sludge 

Hydrolysed wastewater 

External 

(obtained from outside the plant) 

Methanol 

Ethanol 

Acetic acid 

Hydrolysed starch 

Molasses 

Whey 

Brewery wastewater 

Pulp from food industry 

The use of an external carbon source is normally more expensive, but generally results in a more 

efficient denitrification. Methanol is one of the most widely used external carbon sources for 

nitrogen removal in wastewater treatment plants, mainly because of its low cost. However, in such 

cases, sludge usually requires a period of adaptation before optimal denitrification occurs (Lie, 

1996). 

Ethanol is another carbon source that is easily available and relatively easy to handle. It is often 

more expensive than methanol but is on the other hand much less toxic and has a higher COD 

content. In a study by Christensson et al. (1994), ethanol was found to be considerably more 

readily utilized as a carbon source for denitrification than methanol. In this same study, an 

efficient denitrification with ethanol was established in a short time, while denitrification with 

methanol required a substantial adaption time and never showed the same stability as 

denitrification with ethanol. The growth rate of denitrifiers with ethanol as carbon source was 2-3 

times higher than with methanol and the amount of COD required to denitrify a certain amount of 

nitrate was somewhat lower for ethanol (3.85 g/g N) than for methanol (4.45 g/g N) in continuous 

experiments. 
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1.4.4 Temperature 

The temperature dependency of the denitrification process resembles that of the aerobic 

heterotrophic processes. The denitrification rate increases with temperature until an optimum is 

reached at 40°C.  At higher temperatures the denitrification rate is quickly reduced due to 

denaturation of enzymes (Lie, 1996). 

1.4.5 pH 

The optimum pH for denitrification in activated sludge lies in the 6.5-7.5 range according to 

Barnes and Bliss (1983). At lower pH values denitrification rates tend to decrease due to the 

inhibition of nitrous oxide reductases, resulting in an accumulation of N2O (Knowels, 1982). 

1.4.6 Inhibiting substances 

The reductases involved in denitrification are susceptible to inhibition by a variety of compounds 

(Knowles, 1982). However, the mechanism of action is not clear for most inhibitions. A big 

problem is that some compounds, such as sulfide, inhibit specially the reduction of NO and N2O 

resulting in large N2O emissions and therefore significantly contributing to the greenhouse effect 

(Knowles, 1982 and Kampschreur et al., 2009). 

1.5 Moving bed biofilm reactors 

Biofilm is a structured community of microorganisms within a self-developed polymeric matrix 

attached to a surface. In wastewater treatment the biofilm will consist of a mixed culture of 

biomass dependent upon the substrate supply. 

Moving bed biofilm reactor (MBBR) systems involve biofilm growing on the surfaces of small 

plastic carriers, suspended within a liquid phase reactor. The carriers are mobilized in suspension 

either pneumatically or mechanically, and they are kept within the reactor by means of a sieve or 

grill, allowing simple separation of the treated water from the biomass-containing carriers (Gapes 

and Keller, 2009). Excess of biomass is sloughed off the biofilm due to shear and leaves the 

reactor with the effluent. The carriers have a special design, to protect the active biofilm surface 

area in the reactors. 

There are many different biofilm systems in use for biological treatment of wastewater, such as 

trickling filters, rotating biological contactors, fixed media submerged biofilters, granular media 

biofilters, fluidized bed reactors, etc. They all have their advantages and disadvantages, but 

MBBR process seems to override most of the disadvantages, according to Gapes and Keller 

(2009): 

→ Simplicity, low space requirement, and no sludge separation requirement for effective 

operation (advantages over  activated sludge); 
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→ Low headloss, no channeling or requirement for backwashing (advantages over fixed-

bed biofilters/trickling filters); 

→ Large surface area for colonization, and high specific biomass activity; 

→ Protection of slow growing microorganisms from excessive abrasive removal (advantage 

over turbulent reactor biofilm systems, such as fluidized beds); 

→ Versatility; ability for retrofitting into existing tank volumes and/or addition to existing 

treatment systems to improve overall performance; 

→ Robust operational design regarding factors such as temporary limitation of nutrients, 

toxicity, as well as pH and temperature shocks. 

A number of different carriers have been developed by former AnoxKaldnes, now Krüger Kaldnes 

of Veolia Water Solutions & Technologies (France). The carriers are made of polyethylene 

(PEHD) with a density of 0.95 g/cm
3
, which allow easy movement of the carrier material in the 

completely mixed tanks (Rusten et al., 2006). Some of the different carrier models available are 

presented in Table 1.4 and the K1 model can be seen in Figure 1.2. 

Table 1.4  AnoxKaldnes MBBR biocarriers (AnoxKaldnes, 2006). 

Model 
Length 

(mm) 

Diameter 

(mm) 

Protected surface 

(m
2
/m

3
) 

Total surface 

(m
2
/m

3
) 

K1 7 9 500 800 

K3 12 25 500 600 

Natrix C2 30 36 220 265 

Natrix M2 50 64 200 230 

Biofilm-Chip M 2.2 48 1200 1400 

Biofilm-Chip P 3.0 45 900 990 

 

Figure 1.2 K1 AnoxKaldnes MBBR biocarriers, with and without biofilm (AnoxKaldnes, 2006). 

In order to be able to move the carrier suspension freely, it is recommended that filling fractions of 

biofilm carriers in the reactor should be below 70% of the useful volume (Rusten et al., 2006). 
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1.6 Aims of the present work 

This work investigates the feasibility of applying biological nitrogen removal to convert the 

ammonia in an industrial process water containing amines. This water contains both ammonia 

and amines, so one challenge is the selection of bacteria resistant to the amine concentrations 

present. 

As a preliminary pilot study, separate lab bench scale reactors for nitrification and denitrification 

were tested individually and in combination, according to the following working plan of listed 

priorities: 

1. Chemical analysis: Evaluate different analytical test methods against controlled mixtures 

of ammonia, nitrite, nitrate and monoethanolamine, to find a way of measuring the 

concentration of all these compounds individually. Since an at-line reading is wanted, the 

assays have to be simple, fast and reliable. 

2. Nitrification: Set up a working aerated lab reactor with pH and temperature control, using 

biofilm grown on MBBR carriers. Start out with excess ammonium input until a well 

established functional biofilm is obtained. 

3. Denitrification: Set up a working anaerobic lab reactor with pH and temperature control, 

using biofilm grown on MBBR carriers. Start with excess nitrate and excess ethanol, as 

C-source, input until a well established functional biofilm is obtained. 

4. Toxicity: Test MEA toxicity to nitrifying and denitrifying bacteria by consecutive shock 

loadings.  

5. Adaptation: Test long-term development of reactor performance at moderate MEA loads. 

6. Simulation: Combine reactors in series into a lab-scale full process plant. 
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All the experimental work was carried out from the 19
th
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