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ABSTRACT 

The research was mainly based on two CANON biofilm reactors at Hammarby sjöstad research station, 
Stockholm. CANON is a single stage process for deammonification with partial oxidation of ammonium 
to nitrite (nitritatation) followed by oxidation of remaining ammonium with nitrite to nitrogen gas 
(Anammox). This study was focused on the anammox process performed in biofilm on kaldnes carriers 
under oxygen limited conditions. 
The studies were performed in a laboratory scale with batch tests for measurement of gas production by 
pressure or volume increase. The reactors’ operation was also followed by measurements of conductivity 
and analysis different inorganic nitrogen fractions. 
Four main studies were performed on the anammox process: (a) effect of seed material on start-up of 
anammox, (b) multivariate analysis of different factors influencing the anammox process by using SIMCA 
and MODDE program packages, (c) effects of different substances that can inhibit anammox reactions, 
and (d) introductory studies on mathematical modeling of the anammox process. 
The different seeding materials were activated sludge, denitrification sludge, anaerobic sludge, denitrifica-
tion sludge with kaldnes carriers, and anaerobic sludge with kaldnes carriers. Added substrate was 500 
mg/l NH4+-N and 50 mg/l NO2-N. In all samples, there was a steady decrease of pH-value. Ammonium 
and nitrite concentration decreased and anammox reaction seems to have occurred especially by the use of 
seeding materials on Kaldnes carriers. Multivariate analysis is a suitable tool for evaluation of different 
combinations of factors influencing anammox reaction. Temperature has a large influence on anammox 
activity. Many compounds could inhibit the anammox process; such as oxygen and low molecular organic 
substances, methanol, ethanol and acetic acid. Glucose had, however, no inhibition effect. Introductory 
studies on modeling of the anammox process indicated that the use of a two-stage model is suitable with 
the procedure as a first step diffusion through cell membranes followed by metabolism in the cell. 

Keywords: Anammox, CANON, deammonification, Start-up, optimization, multivariate analysis, 
inhibition, modeling 
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SAMMANFATTNING 

Forskningen grundas i huvudsak på användning av två reaktorer (CANON) med biofilmsteknik vid forsk-
ningsstationen vid Hammarby Sjöstadsverk. CANON är en enstegsteknik för deammonifikation med 
partiell oxidation av ammonium till nitrit (nitritation) följt av oxidation av kvarvarande ammonium med 
bildad nitrit till kvävgas (anammox). Studien har fokuserats på anammoxprocessen utförd med biofilm på 
kaldnessringar (bärarmaterial med stor specifik yta) utan tillförsel av syre. 

Studierna utfördes i laboratorieskala med diskontinuerliga mätningar av bildad kvävgas med hjälp av tryck- 
eller volymmätning. Drift av kontinuerliga reaktorer med nitritation/anammox följdes också upp med 
hjälp av konduktivitetsmätningar och olika våtkemiska analyser av oorganiska kvävefraktioner. 
Fyra huvudstudier har utförts med anammoxprocessen: A. inverkan av bakteriell startkultur för uppstart-
ning av anammox, B. multivariat analys av inverkande omgivningsbetingelser på anammoxreaktionen med 
användning av SIMCA och MODDE programpaket, C. inverkan av olika substanser som hämmar anam-
moxreaktionen och D. inledande studier om modellering av anammoxprocessen. 
Olika inympningsmaterial studerades för att starta upp anammoxprocessen, nämligen med aktivt slam, 
denitrifikationsslam, rötslam och slam från kaldnesringar (denitrifierande slam och anammoxbakterier). 
Som substrat för anammoxreaktionen användes 500 mg ammoniumkväve/l och 50 mg nitritkväve/l. I 
samtliga prover erhölls en stadig minskning av pH-värdet. Ammonium- och nitrithalter minskade vilket 
innebär att anammoxreaktionen erhölls och snabbast (såsom förväntat) med inympningsmaterial av 
anammoxbakterier från kaldnesringar. 
Multivariat analys är ett lämpligt verktyg för utvärdering av kombinationen av olika faktorer som påverkar 
anammoxreaktionen. Temperaturen har en stor inverkan på aktiviteten. Många föreningar kan hämma 
anammoxreaktionen både reversibelt och irreversibelt, såsom syre och lågmolekylära organiska ämnen 
som metanol, etanol och ättiksyra. Glukos hade dock ingen hämmande effekt.  Inledande studier av mo-
dellering av anammoxreaktionen visade att användning av en tvåstegsmodell är lämplig bestående av ett 
första steg med diffusion genom cellmembran följt av metabolism inuti cellen. 
 

Nyckelord: Anammox, Canon, deammonification, Start-up, optimering, multivariat analys, 
hämning, modellering 
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1 INTRODUCTION 

1.1 General Background 
Nitrogen and phosphorus are macro nutrient for 
plants. However, a large concentration of these 
nutrients release in nature will cause eutrophica-
tion, which means an increase in nitrogen or 
phosphorus occurring in water leads to an in-
crease of the ecosystem’s primary productivity 
(excessive plant growth and decay), and further 
results in a lack of oxygen and severe reductions 
in water quality, fish, and other animal popula-
tions (Wikipedia, 2009a). A large amount of 
nitrogen release in nature is from domestic waste 
water, industrial production and agriculture ferti-
lization. Wastewater from different factories has 
various nitrogen concentrations. For instance, 
wastewater from food production factory nor-
mally has NH4+-N concentration below 50 mg/l.  
Leachate from landfill has a high nitrogen con-
centration, for instance, nitrogen concentration in 
leachate used in Parkes (2007) studies had 3480 
mg/l NH4+-N. The traditional way for removal 
of nitrogen in WWTP is nitrifica-
tion/denitrification, which is a conventional 
method to remove nitrogen from sewage when 
nitrogen concentration is below 500 mg/l. Total 
nitrogen can be removed 70% ~ 95% by this 
method.  

Nitrification reaction consists of two steps. In the 
first step, ammonium is oxidized to nitrite by 
nitrosomonas sp. (Eq 1) and in the second step; 
nitrite is oxidized to nitrate by nitrobacter sp 
(Eq2). 
NH4++1.5O2 NO2-+2H++H2O              (Eq 1) 
NO2-+0.5O2 NO3-                                  (Eq 2) 
Denitrification is a bio-process of dissimilatory 
nitrate reduction that may ultimately produce 
molecular nitrogen through a series of interme-
diate gaseous nitrogen oxide products (Wikipedia, 
2009b). The anammox process, which means 
ANaerobic AMMonium OXidation, use ammo-
nium as an energy source and nitrite as an elec-
tron acceptor was first described by Broda in 
1977 based on thermodynamics. The anammox 
reaction was first observed in an industrial 
wastewater treatment in the Netherlands in 1986 
(Wikipedia, 2009). Although "missing" nitrogen 
was measured from practical experiences, it was 
not until 1990 that organisms responsible for the 
nitrogen removal were described. Today, it is 
recognized that about half of the nitrogen gas in 
the atmosphere has been produced by anammox 
bacteria and the release of nitrogen from oceans 
are about the same. There are three kinds of 
bacteria that can produce nitrogen gas by using 
ammonium and nitrite as substrates: Brocadia sp., 
Kuenenia sp. and Scalindua sp. (Kuenen, 2008). The 

Figure 1. Traditional method and anammox method to remove nitrogen (Karthikeyan & Joseph, 2006) 
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first two were found in wastewater treatment 
systems and the last one was found in marine 
ecosystems. With this new bacteria discovered, a 
new nitrogen cycle was formulated (Fig. 1). 
Anammox reaction is based on a new nitrogen 
cycle, which uses ammonium acting as electron 
donor and nitrite as electron acceptor, and con-
vert ammonium directly to nitrogen gas under 
anaerobic conditions (Eq 3). 
NH4+ + 1.32NO2- + H+   1.02 N2 + 0.26 NO3- 

+ 2H2O                                                     (Eq 3) 
In nitrititation anammox reactor, part of ammo-
nium in the influent will be oxidized to nitrite. 
The ideal ratio based on Eq3 between nitrite 
produced and remaining ammonium is 1.32. 
About 60% of oxygen can be saved in anammox 
process compared to conventional way of nitro-
gen removal. The emission of greenhouse gas can 
be reduced by 95% by anammox in WWTP. No 
carbon source is needed and less surplus sludge is 
produced in anammox reaction. However, com-
pared with other microorganisms, the growth rate 
of anammox bacteria is very slow. It takes about 
two weeks for anammox bacteria to divide once. 
Based on anammox reaction, several techniques 
have been developed in practice. 
A. Deammonification process 
Deammonification is a two-stage process, partial 
oxidation and anammox reaction. It could be 
performed in one reactor or two reactors. Firstly, 
part of ammonium is oxidized to nitrite. 
NH4+ +1.5O2  NO2-+2H++H2O            (Eq 4) 
Secondly, anammox bacteria use ammonium and 
nitrite as substrates and produce nitrogen gas, 
which should proceed under anaerobic condi-
tions. 
NH4+ + 1.32NO2- + H+   
1.02 N2+ 0.26 NO3- + 2H2O                     (Eq 5) 
In this process, nitrification bacteria and anam-
mox bacteria exist in the same reactor (Vazquez-
Padin, 2009). 
B. CANON process 
CANON stands for Completely Autotrophic 
Nitrogen removal Over Nitrite. The idea is to 
combine the ammonium oxidation to nitrite and 
anammox reaction into a single reaction (Vaz-
quez-Padin et al., 2008).  
NH3+0.85O2   
0.11 NO3-+0.44N2+0.14H++1.43H2O       (Eq 6) 

The CANON process has been tested both on 
laboratory scale and pilot scale operation plant. 
C. SHARON / Anammox process 
SHARON means Single Reactor System for High 
Activity Ammonia Removal over Nitrite. This is 
an effective way to remove nitrogen from nitro-
gen rich steam. Oxygen concentration is con-
trolled in a low concentration range (Eq 7). 
NH4++0.75O2+HCO3- 0.5NH4++0.5NO2-

+CO2+1.5H2O                                         (Eq 7) 
In this case, nitrate cannot be produced but only 
nitrite is produced in the process. Anammox 
bacteria can then use nitrite and ammonium to 
produce nitrogen gas. Compared to CANON 
process, a lower concentration of oxygen is used 
and there is no nitrate in the effluent. Now this 
technique is put into practice in Rotterdam 
WWTP.  
Strous (1999) study shows that the physical pH 
and temperature ranges for anammox are 6.7 to 
8.3 and 20 0C to 40 0C. It also shows that the 
anammox was completely inhibited by nitrite 
when nitrite concentration is higher than 100 
mg/l NO2--N. During the process operation, 
conductivity measurements can be used as an 
indicator to follow up the nitrogen removal 
process (Szatkowska et al., 2004). Both sus-
pended growth reactors and fixed film reactor are 
commonly used. Arrojo (2006) did research using 
anammox biomass granular in sequence batch 
reactor and the results showed that anammox 
activity of the biomass was around 0.4 g N /(g 
VSS day). Other studies have focused on mem-
brane anammox reactor due to that suspended 
granular biomass is easily washed away. With 
fixed biofilm reactor, retention time can be easily 
controlled (Fernandez, 2008). 
Technical application of anammox in municipal 
wastewater treatment has mainly been applied for 
supernatant, which is the liquid from dewatering 
of digested sludge, and with full-scale application 
at Rotterdam (Holland), Hattingen (Germany), 
Strass (Austria), and at Himmerfjärdsverket 
(Sweden).  

1.2 Introduction of experimental plant 
All the experimental works were done at Ham-
marby Sjöstad Research Station, Henriksdal 
WWTP in Stockholm. There were two CANON 
reactors. One was laboratory-scale pilot plant and 
the other was a column shaped pilot plant. Most 
of the lab work was done in these two reactors. 
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1.2.1 The laboratory-scale pilot plant 
The lab-scale pilot plant (Fig. 2) was built in 2001 
as a continuous reactor to treat high nitrogen load 
wastewater with low biodegradable organic mat-
ter. The lab-scale pilot plant consisted of two 
biofilm reactors with total volume of 15 L and 
40% of the volume was filled with kaldnes carri-
ers. Both of the two reactors were CANON 
reactors. Oxygen was supplied in the first reactor 
and a mixer was installed in the second reactor. 
The influent supernatant was diluted to 1:2 by 
water. 

1.2.2 Column shape reactor process 
The column shape reactor process (Fig. 3) was 
also a CANON process reactor. Its total volume 
was 22 L with a height of 1.80 m and its inner 
diameter was 0.124 m. The column was filled 
with 40% of kaldnes carriers and the flow was 
established as up flow from the bottom to the 
top. There was a belt shape heater wrapped 
outside the column to keep the temperature at 30 
°C. Oxygen was supplied inside at the middle and 
bottom of the column. The influent of column 
shape reactor was supernatant without dilution. 

1.2.3 Material 
Supernatant, the liquid after dewatering of di-
gested sludge was taken from Bromma WWTP 
and was the influent of the laboratory scale pilot 
plant and the column shaped reactor. The colour 
of fresh supernatant was yellow and it changed to 
black after one month. The possible reason is 
that there is residual biomass in the fresh super-
natant. 
After a period of time, sulphide is developed due 
to sulphate reduction and colour shows black. pH 

value of the supernatant was around 8.6, which 
did not change much even if supernatant was 
stored for one or two months. Conductivity of 
supernatant was 6-7 mS/cm. The ammonium in 
supernatant was 600-800 mg/l and nitrite was 
almost 0 mg/l.  
The anammox process reactors at Hammarby 
Sjöstad Research Station were biofilm reactors. 
Kaldnes ring which was biomass carriers and had 
a shape with diameter 10 mm and height 7 mm. 
Kaldnes carriers are made of polyethylene and 
with a density of 0.95 kg/m3. Their specific sur-
face area, when they were completely packed, 
equals to 500 m2 / m3. The biomass attached to 
kaldnes carriers in CANON is a two layers struc-
ture, which has nitrification bacteria outside and 
anammox bacteria inside. 

1.3 General aims of thesis 
Except for getting knowledge from literature 
review, practical work experience can be obtained 
from the lab work. For instance, doing spectros-
copic measurements of NH4+, NO2-, NO3- and 
COD; maintaining the reactors; cleaning of the 
reactors, pumps and tubes; keeping gas recircula-
tion work and using and calibration of pH, DO, 
conductivity electrodes. 

Figure 2: Lab scale CANON reactor 

Figure 3 Column shape CANON reactor
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From an engineering point of view, the start up 
and optimization part in this study were running 
in a black box frame. Black box is a technical 
term when the system is viewed in terms of its 
input, output and transfer characteristics without 
any knowledge. 
No inner working and knowledge are required for 
the study. If the study is only focused on what 
happened out from the box, people do not need 
to spend time to make clear internal process 
measurement, which makes study simpler.  
The main criticism of black-box testing is that it 
cannot fully test a system. In startup studies, 
several kinds of sludge were put into different 
vessels and pH value was controlled by adding 
base and acid solutions. Microorganism species 
inside the vessels, identification and competition 
were not considered in the study. In optimization 
part, pH, DO and temperature were the parame-
ters needed to be changed and to get higher 

nitrogen removal efficiency (Fig. 4). The internal 
bacterial metabolism was discussed later in the 
studies. 
From the scientific point of view, modeling of 
the anammox process was studied in a white box 
frame. White box testing uses an internal perspec-
tive of the system to design test cases based on 
internal structure (Wikipedia, 2009e). A hypothe-
sis model is built to simulate the growth proper-
ties of anammox bacteria (Fig. 5).  
The objectives of the thesis work are: 
A. Finding an optimum situation for anammox 
bacteria growth 
B. Optimizing CANON process by changing 
operational parameters 
C. Searching for optimal conditions of the proc-
ess to get the most efficient operation 
D. Choosing several potential inhibitors to per-
form toxicity analysis 

Figure 5. Model simulation in a white box frame 

Figure 4. Optimization of CANON process in a black box frame 
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E. Trying modelling of anammox process based 
on diffusion resistance through the cell mem-
brane 

2 START UP 

2.1 Background of start up study 
Anammox start up process always takes a long 
time due to the slow growth rate of anammox 
bacteria. The doubling time of anammox bacteria 
is several days under the optimal situation (Strous 
et al., 1998). Compared with other kinds of bacte-
ria, anammox bacteria take much longer time to 
reproduce. For instance, it takes only 30-60 min 
for the yeast to reproduce (Yoshioka, 1982). The 
first anammox bacteria observed was under 
anoxic conditions. Anammox bacteria plays an 
important role under anaerobic conditions in 
ocean sediment and it is now estimated that 
anammox bacteria contribute to 50% nitrogen 
loss from the ocean (Anammox online resource, 
2009). Since anammox sludge can survive in 
many different situations even if it grows in a 
slow growth rate, different sludge has been used 
in the anammox start up process combined with 
various technologies. Activated sludge combined 
with membrane technology was used in Wang’s 
study and result shows after 16 days operation 
that anammox activity appeared (Wang et al, 
2009). In Trigo et al. (2006) study, the reactor was 
seeded with anammox biomass under anaerobic 
condition combined with membrane technology. 
Van der Star (2008) used nitrifying sludge as 
inoculation sludge. Feeding synthetic medium 
described by Van de Graaf et al., (1997) is com-
monly used. Main composition of media is am-
monium sulfate and sodium nitrite. 
The most popular used anammox start up facility 
looks similar as UASB reactor (Fig. 6) (Jung, 
2007). The reactor is under anaerobic condition. 
Inlet is at the bottom of the reactor and outlet is 
at the top of the reactor. Up-flow can stir the 
media inside but sometimes a mixer is still 
needed. It is better to combine this type of reac-
tor and biofilm technology so that sludge will not 
be washed out. A warm water jacket is needed 
when the temperature is not high enough. Hy-
draulic retention time can be controlled and 
depends on different situations. The advantage of 
this facility is that no ions or chemicals are accu-
mulated in the reactor. Sludge granules are floated 
in the feeding media and have a larger granular 
surface to get the substrate from feeding media. 
However, if there is no biofilm, for instance, 
membrane or kaldnes carriers, the sludge can 
form granules which can be easily washed out. 

Start-up process normally takes more than 100 
days during the winter and several researchs only 
need 80 days. 
Many methods have been used to identify anam-
mox bacteria after a long period of start up 
process. The basic way is to compare the change 
of ammonium concentration in influent and 
effluent. If ammonium in effluent is reduced 
compared with influent, anammox bacteria prob-
ably exits in the reactor. SAA (Specific anammox 
activity) (Dapena-Mora et al., 2007) can be ana-
lyzed to check if there is anammox biomass in the 
reactor. Fluorescence In Situ Hybridization 
(FISH) analysis is also commonly used to identify 
species. 
Three types of inoculated sludge and another 
start up facility were used in my study. The aim of 
the research was to find out which types of in-
oculated sludge will show anammox activity easily 
after a period of time in this new facility and if it 
is possible to speed up anammox start up process 
by inoculating anammox biomass. 

2.2 Material and Methods in start up 
study 

2.2.1 Reactors for start up study 
Five reactors based on batch reactor experiments 
were done in the study (Fig. 7.). Each batch 
reactor was a 5 L vessel. The vessel was sealed 
with a plastic cup. All the vessels were put into a 
warm water bath and temperature was kept at 30 
ºC in the research period. The feeding media 
inside was stirred manually once per day.  

2.2.2 Material for start up study  
Three types of sludge and kaldnes carriers at-
tached with anammox sludge were used in the 
research. The anammox kaldnes carriers were 
taken from the column shape reactor at Harm-
marby Sjöstadsverket. Two kinds of bacteria, 
nitrification bacteria and anammox bacteria were 
attached to the kaldnes carriers. Each vessel was 
filled with 2.5 L feeding media and 1.5 L feeding 
sludge (nitrifying -activated sludge, denitrificaion 
sludge, anaerobic sludge and anammox biomass). 
The composition of the feeding media was tap 
water with 500 mg/l NH4-N and 50 mg/l NO2-N 
(ammonium hydrogen carbonate and sodium 
nitrite). According to equation 3, the ratio of 
NO2-N to NH4-N should be 1.32. However, the 
nitrite concentration is very important during the 
start up process because low concentration of 
nitrite will limit the growth rate and high concen-
tration of nitrite causes inhibition effects (Strous 
et al., 1999). In our case, excess ammonium 
concentration was used to speed up the process 
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(because high (>70mg/l) nitrite concentration 
will cause inhibition effect) (Strous et al., 1999). 
The other feeding sludge (nitrifying -activated 
sludge, denitrification sludge, and anaerobic 
sludge) were taken from Hammarby Sjöstadsver-
ket treatment line 1. Line 1 is a sewage aerobic 
treatment process with activated sludge, nitrogen 
and phosphorus biological reduction. It basically 
includes a pre-sedimentation tank, six biological 
process tanks (5 m3 each), a post sedimentatioin 
tan, a sand filter and a digester. Nitrifying-
activated sludge was taken from aerobic tank with 
oxygen 3ppm.  
Denitrification sludge was taken from anoxic tank 
and anaerobic sludge was taken from digester. 

 2.2.3 Method for start up study 
Suspended solid was measured on the first day 
after feeding media and sludge filling in the ves-
sels. Conductivity and pH were measured every 
week. pH was adjusted by adding base or acid to 
keep it around 7 to 8. pH value measurement and 
adjustment were performed at the same day. pH 
value was measured firstly. According to pH 

value, different amount of base was added into 
different vessels. Ammonium and nitrite were 
analyzed every two weeks. When ammonium and 
nitrite were getting lower, more ammonium salt 
and nitrite salt was added in the vessels up to 
original concentration. When the ammonium 
reduction rate was increased obviously, specific 
anammox activity will be checked to identify if 
there is anammox bacteria existing. 
The aim of vessel 1~3 was to find out which 
types of sludge can show anammox activity easily 
after a period of time. The aim of vessel 4 and 5 
is to check if start up process was speeding up by 
adding anammox biomass as part of inoculated 
sludge. 

2.3 Results and Discussions in start up 
study 
The process has been proceeding for 120 days. 
After one month, vessel 1 with activated sludge 
and vessel 2 with anoxic sludge formed granular 
sludge, which could be easily recognized by eyes. 
However, in vessel 4 and 5, the color of anam-
mox biomass changed from red (which is 

Figure 6. Start up reactor in 
Rotterdam (NL) (Van der 
Star,2008) 
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anammox bacteria color) to black after one 
month. That means anammox biomass could not 
adapt the sudden change condition. Inoculated 
anammox biomass was supposed to speed up the 
process. However, anammox biomass seemed to 
have lost its activity after one month. One possi-
ble reason could be that anammox biomass could 
not survive under limited substrate environment.  
The change of color from red to black indicates 
that hydrogen sulfide was formed. Hydrogen 
sulfide is a strong inhibitor for the anammox 
process. A possible mechanism for the loss of 
activity of the anammox bacteria may be (a) 
release of organic materials from bacteria so 
nitrate and nitrite are removed due to hetero-
trophic denitrification, (b) reduction of sulfate at 
nitrite and nitrate free conditions or release of 
sulfur containing substances from sludge with 
hydrogen sulfide formation, and (c) inhibition of 
anammox reaction by hydrogen sulfide. If this 
mechanism is correct an easy way to avoid the 
problem is to add enough nitrates to secure 
anoxic conditions.  
From Fig. 8, pH value dropped sharply after 50 
days. 0.1% NaOH was added to the vessels to 
maintain a stable pH situation. Although base was 
added once a week, pH in the first vessel and 
second vessel still dropped sharply. A probable 
reason is there is hydrogen sulfide produced in 
the reactor since the system is closed system 

under anaerobic condition although there is still 
air phase in vessels, no extra oxygen is supplied. 
In order to keep the amount of ammonium and 
nitrite in reactor enough for the biomass, ammo-
nium salt and nitrite salt were added once a 
month. Conductivity values increased when 
chemicals were added (Fig. 8.). Chemicals were 
added in reactors three times during three 
months (the peak after 38 days and at 80 days 
shown in the Fig. 9). Conductivity in vessel 4 at 
second month had dramatically increased due to a 
large amount of base was added in the vessel to 
adjust the pH. Sodium ion increases the conduc-
tivity value. 
Fig. 10a shows that ammonium was consumed 
very quickly in vessels 1 and 2 in first two 
months. In vessel 1, nitrite was used with a high 
rate while a large amount of nitrate was produced 
at the same time. From the nitrogen components 
analysis, it seems like there is anammox bacteria 
exists in vessel 1. However, according to anam-
mox reaction, pH should be increased when 
anammox bacteria act. Fig. 8 shows that pH was 
decreased during the whole experiment period. 
pH reduction was probably due to hydrogen 
sulfide production. Anammox bacteria could not 
be active while hydrogen sulfide presence.  
In vessel 2, ammonium, nitrite and nitrate had the 
same variation trend with vessel 1; it is unders-
tandable because denitrification sludge was taken 
from anoxic tank with a low oxygen concentra-
tion.  
In vessel 3, ammonium, nitrite and nitate were 
used quickly. It was easy to explain the consum-
ing of nitrite and nitrate because there could be 
denitrification bacteria existing in digested sludge.  
In vessel 4 and 5, ammonium was consumed 
rapidly in first month. The same decreased trend 
happened with nitrite in vessel 4 and 5. In vessel 
5 there was nitrate production in the first month, 
which was a good indication because nitrate is the 
by production for anammox reaction. The result 
above showed that anammox bacteria still had 
activity in the first month although the color was 
changing to black. However, anammox activity 
did not show in the last month. 

Table 1: Filling sludge of start up reactors

Vessel 1 2 3 4 5 

Filling Nitrifying-
activated 

sludge (1.5L) 

Denitrification 
sludge (1.5L) 

Anaerobic 
sludge (1.5L) 

Denitrication 
sludge (1L) + 

kaldnes carriers 
(0.5L) 

Anaerobic 
sludge (1L) + 
kaldnes carri-

ers (0.5L) 
SS ( g/l ) 1,45 2,9 5,46 1,84 2,615 

Figure 7. Start up reactors 
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The interesting result from the start up was am-
monium in the vessels was decreased sharply in 
the first two month but not in the last month. If 
there was anammox bacteria existing in the ves-
sels, the decreased rate should increase or at least 
be the same. There must be another possible 
mechanism which cause ammonium decreased.  

2.4 Conclusion and recommendation in 
start up study 
A. Compared with continuous reactor, batch 
reactor has several disadvantages. For instance, 
batch reactor causes chemical compound or ions 
to accumulate easily in the reactor. It will cause 
inhibition effects when the amount of chemical 
compound or ions reaches up to a certain level. 
pH value is always a indicator in CANON reac-
tion. Decreased pH value is normally due to high 

activity of nitrifying and increased pH value is 
resulting from high anammox activity. However, 
in our start up batch reactors, it is difficult to get 
a clear picture about pH change due to hydrogen 
ion accumulation in the reactor.  
B. Before being used in anammox start up reac-
tor, the sludge, extracted from the treatment line, 
should be left in another place for a period of 
time to avoid effect by products like H2S and 
CH4. 
C. At the beginning period of start up process, 
denitrification is the dominant reaction due to 
nitrite concentration and anaerobic condition. 
Nitrite should be added in the reactor more 
frequently than in the beginning period. 
D. Kaldnes carriers with anammox attached 
should be added in the vessels later in a month. 

Figure 8. Variation of pH value in Start-up reactors 

Figure 9. Variation of conductivity in Start-up reactors
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Figure 10. (A) ammoium variation (B) Nitrate variation (C) Nitrite variation (D) Ammonium & 
Nitrite removal rate 
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E. COD should be checked during the experi-
ment period since COD is a key factor for deni-
trifciation bacteria and also cause inhibition affect 
on anammox bacteria. 

3 OPTIMIZATION OF CANON 

PROCESS  

3.1 Introduction for optimization  
Optimization of a process means trying to find a 
methodology for improving the efficiency of a 
production process. In this study, to optimize the 
CANON system is to find high nitrogen removal 
efficiency by changing pH value, temperature and 
substrate concentration. The study worked in a 
black box frame without any study about internal 
reaction (Wikipedia, 2009c). Two softwares were 
used in optimization study, SIMCA and 
MODDE, which are produced by Umetrics 
Company in Sweden.  
The programs were designed based on multivari-
ate technology. Multivariate technology is a 
method of separating the information from the 
noise in data with many variables and presenting 
the results in a simple graphical format. Two 
basic approaches, design of experiments (DOE) 
and multivariate data analysis (MVA) are used 
commonly in this technology. SIMCA is a multi-
variate data analysis method which has been used 
as a standard tool for scientists, researchers and 
others who have a huge datasets to deal with. 
Trying to change data to information and helping 
to make decisions quickly based on appropriate 
multivariate analytical methods, for instance, 
Principal Components Analysis (PCR) and Pro-
jection to Latent Structures (PLS) (Montgomery, 
1997), can be easily achieved by SIMCA. A 
commercial version of SIMCA can be 
downloaded from Umetrics AB website. SIMCA 
software has been used in accretion formation 
study to describe response as a function of other 
process parameters. 
MODDE, which means modelling and design, 
designs a system by using both PLS and MLR 
method, and determine the goodness, predictabil-
ity and validity of the model (Owen et al., 2001)   
( Lopez Pedrosa et al., 2008). MODDE is applied 
in various applications, for instance, optimization 
in research process and in polymer supported 
catalysts (McNamara et al., 2004). MODDE was 
used in Marc study to optimize microwave-
assisted synthesis of 1, 2, 4-oxadiazoles. More 
studies have been done in recent years to opti-

mize fluid bed formulation of granules and su-
percritical fluid extraction of indole alkaloids 
(Tomuta, 2009 & Verma, 2008). 
A higher specific anammox bacteria activity is 
needed to achieve higher nitrogen removal rate. 
Large amounts of anammox biomass and low 
nitrogen load can help to get a higher efficiency. 
However, in practical application, nitrogen load 
from supernatant is approximately constant. 
Bacterial activity can be affected by various 
physical parameters. For instance by changing pH 
value, temperature and dissolved oxygen, bacteria 
may have different activities. In this case, trying 
to adjust the physical parameters to get higher 
nitrogen removal efficiency is an easy and direct 
way. A correlation between different parameters 
and efficiency should be known if one tries to 
change parameters to get high efficiency. 
In this study, the optimization was done in a 
black box frame. From engineering point of view, 
the study results were more clear and feasible.  

3.2 Optimization by SIMCA model 

Figure 11. Parameter variations in the operation 
table showed in SIMPCA MODEL 
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The aim of SIMCA modelling is to try to get 
knowledge of the relationship between variables, 
which are pH, DO, conductivity, redox potential 
value, temperature, influent nitrogen compounds, 
effluent nitrogen compounds and nitrogen re-
moval efficiency. 

3.2.1 Materials and Methods in SIMCA model 
Optimization of the process by SIMCA model-
ling was employed in lab scale anammox pilot 
plant. A routine measurement was done twice a 
week. pH value, conductivity, dissolved oxygen 
and redox potential value were measured every 
week. Ammonium in the influent, ammonium, 
nitrite and nitrate in the effluent were analyzed 
once a week according to different retention 
times. Nitrogen removal efficiency can be calcu-
lated by influent and effluent components. 
A. pH value was measured in influent, reactor 1, 
reactor 2 and effluent by a pH-meter model 
WTW pH 330. 

B. Conductivity was measured in influent, reactor 
1, reactor 2 and effluent by a conductivity meter 
model WTW cond330i. 
C. Dissolved Oxygen was measured directly in 
reactor 1 and reactor 2 by a DO-meter model 
WTW Oxi 330i. 
D. Temperature was measured directly in reactor 
1 and reactor 2 by a electrical thermometer model 
Labassco Hanna instruments HI 9063. 
Ammonium, alkalinity, nitrite and nitrate analysis 
has been carried out in the influent and effluent. 
The sample was filtrated with a 0.55 μm filter 
paper and then analyzed by Dr Lange Xion 500 
spectrophotometer. 
The process took place for 5 months from Janu-
ary to May, 2009. All the primary data was pre-
pared in an excel file. A SIMCA model was built 
based on excel file data. When excel data used in 
SIMCA program, X-variables and Y- variables 
ave to be defined. In my study, twenty-four X-

Figure 12. Relation between ammonium concentration and conductivity 

Figure 13. Relation between ammonium concentration and redox potential value in influent 
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variables, which were collected by measurement 
or analysis, were defined (Fig. 11). One Y- vari-
able was defined, which was efficiency. PLC 
model was chosen by program automatically. 
Two first components fit method was chosen to 
fit the model.  

3.2.2 Results and Discussion in SIMCA model 
Reactor operation results 
The program calculated mean values of each 
parameter and the ratio between standard devia-
tion and mean value.  
Results showed that average nitrogen removal 
efficiency was around 53% (Fig. 11). Conductivity 
value can be used as the experimental indicator, 
which means when ammonium concentration in 
the supernatant was high; the conductivity value 
was also high (Fig. 12). We tried to use redox 
potential value as an indicator but the result 
showed that redox potential value could not be 
used as the indicator (Fig. 13) because there is no 
apperant relation between redox potential value 
and ammonium concentration. The standard 
deviations of redox potential values are very high. 
One possible reason is that redox potential value 
should be used in batch reactor. In the conti-
nuous reactor, the reactor as indicator rather than 
in a continuous environment condition in reactor 
changes with the changes of influent. In the batch 
reactor, there is no disturbance of influent and 
redox potential value can indicate the changes in 
reactor. 
SIMCA model fit results 
Fig. 14 shows the summary of the model fit. R2Y 
stands for cumulative sum of squares of the 
entire Y’s which explained by all extract compo-
nents. Q2 is the fraction of the total variation of 
the X’s that can be predicted by a component, as 
estimated by cross-validation. R2Y (cum) is up to 
0.847 and Q2 (cum) is 0.583, which means the 
model fits the data well (Fig. 14). 
Generally speaking, the higher the value the two 
bars got, the better the model is. If the two bars 
did not get a higher value, there might be error in 
primary data. Outlier should be checked and 
excluded from model. In our case, R2Y and Q2 
got high values. No outlier was excluded. 
Observed vs. Predicted Plot is a tool to predicted 
values of efficiency. The plot shows the R2 is 
0.8486, which means that check the goodness of 
the modelling (Fig. 15.). It shows the observed 
and predicted values of efficiency. The plot 
shows the R2 is 0.8486, which means that data 
fits the model well. Fig. 16 shows the relationship 
between efficiency and other parameters. 

The variables distributed at different side of both 
x- axis and y- axis means there are negative rela-
tionships between them.  
In our case, a high temperature can increase 
efficiency because temperature and efficiency are 
at the same side. Increased dissolved oxygen in 
reactor 2 also helps the process to get a high 
efficiency. On the other hand, low conductivity 
and low alkalinity of effluent indicate that there is 
less ion concentration in effluent, which means 
the nitrogen removal process has a high effi-
ciency. In Fig. 17, different variables show its 
different importance by height. The variable with 
highest bar indicates strongest relation with Y- 
variable, the nitrogen removal efficiency. The 
cross line of the top part of bar is the possibility 
range for variables. From Fig. 16, NH4-N out, 
CON R2 and alkalinity out have a close relation-
ship with efficiency. HRT and T R1 also have a 
large influence on efficiency.  

3.2.3 Conclusions based on SIMCA model 
A. After the program calculation, the model fits 
quite well. R2Y (cum) is up to 0.847 and Q2 
(cum) is 0.583. 
B. The reactor operation results show again that 
conductivity can be a physical indicator to follow 
the process. A low ammonium and nitrate con-
centrations in effluent should be achieved to get a 
high efficiency.  
C. Ammonium, alkalinity and conductivity in the 
effluent are the most important variables to get 
high nitrogen removal efficiency. HRT and T also 
play important roles in the process. However, pH 
value does not show the importance as expected.  

3.3 Optimization by MODDE model 
The aim of MODDE model is to find a good 
combination of pH, temperature and NO2- for 
anammox bacteria growth. In the practical full 
scale waste water treatment plant, pH and tem-
perature can be changed by adding base or acid 
solution and installing a heater inside the system. 
NO2- can be controlled by adding dissolved oxy-
gen concentration in the treatment system. 

3.3.1 Materials and methods in MODDE model 
SAA analysis 
Anammox bacteria use ammonium and nitrite as 
substrate and produce nitrogen gas. Based on the 
volume of produced nitrogen gas, gas pressure 
was measured and specific anammox activity can 
be calculated.  
The measurement was performed in a vial with 
total volume of 38 ml. The vial was closed with a 
gas-tight coated septum capable of holding about 
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2 bars of pressure. The vial was inoculated with 
anammox biomass, in our case, 15 kaldnes carri-
ers attached with anammox bacteria were put 
inside the vial. The kaldnes carriers were washed 
and re-suspended in phosphate buffer (0.14 g/L 
KH2PO4 and 0.75 g/L K2HPO4). The total 
volume was 25 ml. The initial pH value was fixed 
at 7.8. The vials were placed in a thermostatic 
shaker, at 150 rpm and 30℃ until stable condi-
tions (no temperature vibrates) were reached. 
Then the substrates NH4Cl and NaNO2 were 
added and pressure was equalized to the nitrogen 
gas was tracked by measuring the one atmosh-
pere. The production of overpressure in the 
headspace with a time frequency depends on the 
biomass activity in each vial test. The final pH 
value was always measured in order to check that 
it was maintained in the optimal range for the 
anammox activity.  
After nitrogen gas pressure measurement, kaldnes 
carriers were taken out from the vial; and fol-
lowed by SS and TSS measurements. Specific 
Anammox Activity was calculated to estimate 
how much gram nitrogen can be removed by per 
m2 anammox bacteria per day.  
 

Defining factors  
The best anammox reaction conditions can be 
found by MODDE modelling. Considering the 
experimental set up, only several parameters can 
be adjusted during the process. pH value and 
temperature, and DO can be easily changed in 
the operation.  
Dissolved oxygen changes could affect nitrifica-
tion process in the reactors. The real effective 
factor is nitrite concentration for anammox 
bacteria since anammox bacteria taking up nitrite 
as substrate. pH value, temperature and nitrite 
concentration are the three defining factors used 
in MODDE modelling. 
The selected range for nitrite was 50-130 mg N/L 
(Table 2.). The upper level was selected to be 
representative of the ratio of nitrite concentration 
and ammonium concentration at 1.3. The lower 
level is the representative of the ratio at 0.7. The 
range for pH was 7-8.6. Although the process can 
be carried out at pH lower than 7 and higher than 
8.6, the process will be affected both by pH value 
and and free nitrous acid at low pH-values and 
free ammonia at high pH-values The range for 
temperature was 15-35 ºC. Temperature at 15 ºC 
is the real climate condition at the plant in winter.  

Figure 14. Summary of fit in SIMCA model 
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One variable was defined as a response, which is 
anammox bacteria activity. 
Defining responses 
During the modelling, a representative value 
symbol was put into defining factors. For in-
stance for the pH variable, -1 was put in the 
model instead of 7.0 and 1 was put in the model 
instead of 8.6. And MODDE software calculated 
automatically and got the zero value which equals 

to pH 7.8. After defining the variables and re-
sponse value, MODDE gave several recommen-
dations to select the model and design. In this 
case, the first recommendation was chosen and it 
was 17 runs. A worksheet was produced and 
according to the sheet, SAA tests were done. 

Figure 15.Observed vs. Predicted Plot 

Figure 16. SIMCA Model result 
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Table 2 : Variables range in MODDE model 

Abbreviation  Explanation  Range  Unit 
NO2

- Nitrite concentration 50-130  Mg/lNO2-N 
T Temperature 15-35  ℃ 

pH pH 7.0-8.6   
NH4

+ Ammonium concentration 70  mg/l NH4
+ -N 

Table 3. Worksheet in MODDE model 

No. 1 2 3 4 5 6 7 8 9 10 
T 15 15 35 35 15 15 35 35 25 25 
pH 7.0 8.6 7.0 8.6 7.0 8.6 7.0 8.6 7.0 8.6 
NO2

- 50 50 50 50 130 130 130 130 90 90 
NH4

+ 70 70 70 70 70 70 70 70 70 70 
SAA 0.412 0.138 1.253 1.958 0.039 0.083 1.717 1.506 0.445 0.499 

No. 11 12 13 14 15 16 17    
T 15 35 25 25 25 25 25    
pH 7.8 7.8 7.8 7.8 7.8 7.8 7.8    
NO2

- 90 90 50 130 90 90 90    
NH4

+ 70 70 70 70 70 70 70    
SAA 0.113 1.496 0.532 0.452 0.512 0.689 1.021    

Figure 17. Important variables 
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Figure 19. Summary of fit in MODDE program in optimization

Figure 18. Standard Residuals plot 
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3.3.2 Results and discussions based on MODDE 
model 
Experimental results and model fit results 
Table 3 shows test plan and results with tempera-
ture, initial concentration of nitrite and pH value 
as controlled variables. No. is the number of each 
individual test, controlled variables are coded and 
the response (SAA) is given in g N/ (m2 d). 
After lab experiment, the values of SAA were 
introduced in MODDE. Before doing the calcu-
lation, normal probability plot should be checked 
and outliers should be taken out. In the case of 
this experiment, the program helped to detect 
that No.17 was probably an outlier (Fig. 18). 
The model was fitted by MLR. The variability of 
the response explained by the model was 95% 
and variability predicted by the model was 41%. 
Moreover, the program estimated that model 
validity was about 78% and the reproducibility of 
the response was 96%. 
Fig. 19 shows the summary of fit plot. R2 is the 
percent of the variation of the response explained 
by the model. Q2 shows the percent of the varia-
tion of the response predicted by the model. It 
means that there is no lack of fit of the model 
when the model validity bar is larger than 0.25. 
Reproducibility bar represents the variation of the 
response under the same conditions (pure error), 
often at the centre points, compared to the total 

variation of the response. When the reproducibil-
ity bar is 1.0, the pure error is zero and it means 
that under the same conditions the values of the 
response are identical (Umetrics AB, 2003). 
MODDE model simulation results 
The only significant variable was temperature 
with confidence interval that did not cross zero 
(Fig. 21). 
When nitrite was fitted at mid point which is 90 
mg/l, a three dimensional surface plot can be 
produced by MODDE. In this study, the opti-
mum point to operate the reactor is at tempera-
ture 35 0C and pH 8.6 when nitrite is 90 mg/l 
(Fig. 21 (A).  SAA changed faster with tempera-
ture changes. pH change did not cause SAA 
significant variation (Fig. 22 (B)).  
When pH value was fixed at midpoint 7.8, 
anammox bacteria had an increasing activity with 
increasing temperature even if nitrite concentra-
tion was up to 130 mg-N/l (ratio between am-
monium and nitrite was 0.54). Nitrite can lead to 
inhibition when nitrite has a high concentration. 
In our case, nitrite did not cause any inhibition 
(Fig. 22). 
At a temperature fixed at 22.5℃, low nitrite 
concentration and high pH value was the best 
combination for anammox bacteria. High nitrite 
concentration at pH value 8.6 led to lowest activi-
ty for anammox bacteria. One possible explana-

Figure 20. Scaled and centred model coefficients with 95% confidence interval 
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tion is that a high nitrite concentration caused 
inhibition affect in certain conditions (Fig. 23). 

3.3.3 Conclusions in MODDE model 
A. The data fit the model very well with R2 (cum) 
95% and Q2 (cum) 40%. 
B.2 Nitrogen removal rate is strongly dependent 
on temperature. Increasing temperature can 
improve the efficiency of the process.  

C. pH value also plays an important role in the 
anammox process. In our study result showed, 
when the pH value is at the range 7.8-8.6, anam-
mox bacteria activity is not influenced by pH 
value.  
D. A high nitrite concentration can cause inhibi-
tion under certain conditions. 
 

Figure 21. (A) Three-dimensional surface plot, SAA in g N/(m2 d), pH and T as coded vari-
ables. Nitrite fixed at the central point. (B) Contour plot, SAA in g N/ (m2 d), pH and T as 
coded variables. Nitrite fixed at the central point. 
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3.4 Check of high temperature conditions 
by MODDE 

3.4.1 Introduction 
The temperature effects of anammox are as-
sumed to depend on several factors: the effect of 
a decreased amount of the product FA*FNA 
with temperature, increased rate of diffusion with  
a temperature through the cell membrane and the 
effect of changing bacteria activity by inhibition 
effect to enzyme activity. Normally, a high tem-
perature can speed up bacteria growth rate and 

reaction rate. However, a high temperature stud-
ied up to 45 ºC will reduce anammox activity or 
even cause inhibition to enzyme activity.  
The aim of the study on anammox bacteria activ-
ity at high temperature condition is to check the 
influence of anammox bacteria activity by chang-
ing temperature. 

3.4.2 Material and Methods 
Defining factors  
The theoretical ratio nitrite to ammonium was 
1.3. Keeping ratio at the best point, an optimum  

Figure 22.(A) Three-dimensional surface plot, SAA in g N/(m2 d), T and NO2- as coded vari-
ables. pH fixed at the central point. (B) Contour plot, SAA in g N/(m2 d), T and NO2- as coded 
variables. pH value fixed at the central point. 

Figure 23. (A)Three-dimensional surface plot, SAA in g N/ (m2 d), pH and NO2- as coded 
variable. Nitrite fixed at the central point. (B) Contour plot, SAA in g N/ (m2 d), pH and 
NO2- as coded variables. T fixed at the central point 
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temperature and pH range can be found. The 
selected range for nitrite was 100 mg N/L and 
the ammonium concentration was 70 mg N/l 
(Table 4.). From the MODDE program above, 
the higher temperature a higher SAA was ob-
tained for the anammox bacteria. So the range of 
temperature was 25-45 ºC. And pH was varied 
between 6.8 and 8.6. 
Defining responses 
One variable was defined as a response, which is 
anammox bacteria activity. 

3.4.3 Results and discussion   
Table 5 shows the worksheet of MODDE  
MODDE program took out the outlier No.11 
and was fit by MLR (Fig. 24.). The variability of 
the response explained by the model was 96% 

and variability predicted by the model was 80%. 
Moreover, the program estimated model validity 
about 98% and the reproducibility of the re-
sponse was 75%.  
The significant variables were T. The confidence 
interval did not cross zero (Fig. 25.). When nitrite 
was fitted at mid point, a three Dimensional 
surface plot (Fig. 26.) can be produced by 
MODDE. In our case, the optimum point to 
operate the reactor is at temperature 45 ºC and 
pH 7.8. The couture plot showed that anammox 
activity is increasing with increasing temperature 
in the pH value range from 6.8 to 8.6 (Fig. 26). 

3.4.4 Conclusions 
A. The model is very reliable with variability of 
the response 96% and variability predicted by the 
model 80 %. 

Table 4 : Variables range in MODDE model to check high temperature effect 

   Explanation  Range  Unit 
NO2

- Nitrite concentration 100  mg/l NO2-N 
T Temperature 25-45  ℃ 

pH pH 6.8-8.6   
NH4

+ Ammonium concentration 70  mg/ l NH4
+-N 

Table 5 : worksheet for MODDE program to check high temperature effect 

No. 1 2 3 4 5 6 7 8 9 10 11 
T 25 45 25 45 25 45 35 35 35 35 35 
pH 6.8 6.8 8.6 8.6 7.8 7.8 6.8 8.6 7.8 7.8 7.8 
NH4

+ 70 70 70 70 70 70 70 70 70 70 70 
NO2- 100 100 100 100 100 100 100 100 100 100 100 
SAA 0.498 1.524 0.578 1.453 0.564 1.808 1.205 1.252 1.514 1.172 1.760 

Figure 24. Summary of fit for MODDE program to check high temperature effect 
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B. Anammox bacteria can still get a higher spe-
cific activity when temperature is around 45 ºC. 
How ever, pH has limited effect at 6.8 and 8.6 
when temperature is above 40 ºC. 
C. Compared with the experiment at 30 ºC, the 
best pH range of anammox bacteria activity is 
from 7.0 to 8.0.  

4 INHIBITORS 

4.1 Introduction 
Inhibitors have various definitions in different 
research. For instance, enzyme inhibitor is a 
substance that binds to an enzyme and decreases 
the enzyme’s activity. Reaction inhibitor is a 
substance that prevents or decreases the rate of a 

Figure 26.(A) Three-dimensional surface plot, SAA in g N/(m2 d), pH and T  as coded vari-
ables.(B) Coutour plot, SAA in g N/(m2 d), pH and T as coded variables. 

Figure 25. Important Variables 
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chemical reaction. In this study, inhibitor of 
anammox bacteria is a reaction inhibitor. Differ-
ent chemical compounds absence might prevent 
or decrease the anammox activity. It might also 
happen that one chemical causes inhibition to 
anammox bacteria, but together with other in-
hibitors, this inhibition effect will get increased or 
decreased. Inhibitors are valuable experimental 
tools for the study of bacterial activities (Hall, 
1984). Acetylene and allylthiourea are the most 
commonly inhibitors used in studies of the mi-
crobial nitrogen cycle (Jensen et al., 2007). Single 
inhibitor research to enzyme or reaction has been 
done in many studies (Kaplan, 1948, Kobayashi, 
1998). Beltra (1988) study shows that chlorophe-
nols cause inhibition affect to activate sludge. 
Kazuihi study (2008) showed that methanol 
inhibition to anammox activity was irreversible. 
The study also showed that “methanol inhibition 
was not observed if anammox activity was quies-
cent when substrate for anammox was not sup-
plied” (Kazuichi et al., 2008). Three metabolic 
inhibitors (acetylene, methanol and allylthiourea 
[ATU]) were tested on the pathway of nitrogen 
gas production in Jensen’s study (2007). Acety-
lene and methanol can cause inhibition to anam-
mox and denitrifiers at dufferent concetrations. 
In CANON process which is under limited oxy-
gen concentration, two kinds of bacteria are 
growing on the inner surface of kaldnes carriers 
in multi-layer structure. Nitrifying bacteria is 

growing at outside layer, that is under aerobic 
condition and nitrifiers oxidize ammonium to 
nitrite and nitrate. The inside layer is under an-
aerobic condition, where anammox bacteria can 
use nitrite and ammonium to produce nitrogen 
gas. Low dissolved oxygen concentration in 
reactor, which is good for anammox bacteria due 
to less deep penetration of oxygen, but might 
result in oxygen deficient conditions for nitrifiers. 
Less nitrite will be produced and this leads to 
starvation for anammox bacteria. High dissolved 
oxygen concentration in the reactor helps oxygen 
to penetrate deeper into biomass, which might 
cause inhibition effect to anammox bacteria. 
Nitrite oxidizing bacteria have little possibilities 
to grow and are not expected in CANON reac-
tor. Long lasting high oxygen concentration in 
reactor will help nitrifies (AOB & NOB) becom-
ing the domain microorganism in the system. 
Dissolved oxygen is a sensitive parameter for the 
CANON system and it is good to test the inhibi-
tion effect on anammox bacteria. 
Anammox bacteria use hydrogen carbonate as 
carbon source for growth. A high organic matter 
may cause inhibition effect to anammox bacteria. 
However, it more depends on the ratio between 
carbon and nitrogen in the waste water. For 
instance, activated biomass needs C: N: P = 
100:5:1 and anaerobic sludge needs 
C:N:P=300~500:5:1. In anammox reactor, a high 
load of COD might lead to denitrifiers growth, 

Table 6: Inhibition caused by dissolved oxygen 

DO 0 mg/l 3 mg/l 6 mg/l 0 mg/l (After exposed 8mg/l DO for 30min) 

SAA (g N/m2.d) 0.72 0.46 0.43 0.71 

Percentage 100% 64% 58% 99% 

Table 7 : Effects on the SAA caused by methanol, ethanol, acetate and glucose  calculated as 
activity at a given concentration divided by the activity at no addition 

% Methanol Ethanol Acetate Glucose 
4 mg COD/l 34.8% 68% 107.0% 118.3% 

16 mg COD/l 24.8% 36.7% 68% 90.4% 

64 mg COD/l 19.2% 16.9% 47.6 99.8% 

64 mg COD/l 
(30min) 

15.9% 11.0% 56.4% 16.7% 

 Irreversible Irreversible Partially rev Irreversible 
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which brings competition of NO2- to anammox 
bacteria. A high COD load might also cause 
inhibition effect. In this study, four kinds of 
organic carbon materials were used to test inhibi-
tion, namely, glucose, acetate, ethanol and 
methanol.  
The inhibitor study was a black box study. 
Anammox bacteria were exposed of different 
inhibitors and specific anammox activity was 
tested. The result would show if a certain level of 
chemical causes inhibition to anammox bacteria 
and also which act as irreversible inhibitors. 

4.2 Material and Methods 
The anammox bacteria used in the inhibition 
experiment were taken from a column shape 
CANON reactor. The method to check if there is 
an inhibition effect was by comparing the differ-
ence between SAA at normal condition and in 
the absence of inhibitors. Five possible inhibitors 
were checked in the study: oxygen, glucose, 
acetate, ethanol and methanol.  
Dissolved oxygen was kept at 3 levels to check 
the effect: 0 mg/l (reference) 3 mg/l and 6 mg/l. 
To keep the phosphate buffer in anaerobic condi-
tion, nitrogen gas was supplied into the buffer to 
remove residual oxygen in buffer solution. The 
way to keep dissolved oxygen at 3 mg/l and 6 
mg/l was supplying oxygen into phosphate buffer 
before filling the vial. DO meter was used to 
control the dissolved oxygen level. 

Ethanol, methanol, acetate and glucose were kept 
to 3 levels, 4 mg COD/l, 16 mg COD/l and 64 
mg COD/l. Ethanol and methanol are toxic 
chemicals and can be easily volatile. The chemical 
was injected into vial to reach the different con-
centration levels.  
The way to check if the inhibitors are irreversible 
or not is to keep anammox bacteria exposed in 
the buffer with absence of inhibitors for half an 
hour. After exposure, SAA was checked at nor-
mal condition. 

4.3 Results and discussion 
When dissolved oxygen is higher than 3 mg/l, 
anammox specific activity is reduced by 50% 
(Table 6.). However, dissolved oxygen is a re-
versible inhibitor. SAA will be back to normal 
when there is no absence of oxygen. 
The results (Fig. 27 & Table 7) show that glucose 
did not cause any significant effect in the test 
range. Acetate had a moderate inhibition to 
anammox bacteria at higher concentration. 
Methanol and ethanol caused a significant effect 
when the concentration was 64 mg/l. After 
anammox bacteria exposing in the buffer with 
absence of methanol and ethanol for 30 minutes, 
the inhibition effect was still obvious even if 
there were no inhibitors present.  
 

Figure 27. Effects on SAA caused by methanol, ethanol, acetate, and glucose (biomass 
taken from column reactor) 
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4.4 Conclusions 
Inhibition test is an interesting topic on anam-
mox bacteria since there are not so many studies 
done before. The conclusions drawn from my 
study is shown below: 
A. Dissolved oxygen causes significant inhibition 
effect on anammox bacteria when dissolved 
oxygen is higher than 6 mg/l. However, dissolved 
oxygen is an irreversible inhibitor if anammox 
bacteria are exposed at high DO concentration 
less than half an hour.  
B. Glucose almost have no inhibition affect on 
anammox bacteria. 
C. Acetate cause partial inhibition when acetate 
concentration is higher than 50 mg/l. 
D. Methanol and ethanol cause significant inhibi-
tion to anammox bacteria and the inhibition 
effect is irreversible. 

4.5 Recommendations for future studies. 
More studies can be done for anammox inhibi-
tion test. 
A. Long time oxygen inhibition effect should be 
checked. If anammox bacteria are always exposed 
at high dissolved oxygen concentration, SAA 
should be checked if there is an inhibition affect. 
B. Carbon can be labeled differently in acetate, 
glucose and hydrogen carbonate. It is possible to 
check pathways of anammox bacteria using or-
ganic and inorganic carbon source. 
C. More compounds can be checked if there is 
inhibition to anammox bacteria.  For instance: 
nitrite cause inhibition effect when its concentra-
tion is up to a certain level (Tang, 2009). 
D. This study is based on black box study. More 
studies can be done to find out the inhibition 
reason in a white box frame.  
 
 

5 MODELLING OF THE ANAMMOX 

PROCESS BASED ON DIFFUSION 

RESISTANCE THROUGH THE CELL 

MEMBRANE.  

5.1 General information for modelling 
Modelling of bacteria growth in suspended 
growth reactors and fixed film reactors, for in-
stance, trickling filters, rotating discs, fluidized 
beds, are normally based on: 
A. An energy-rich substrate acting as an electron 
donor in oxidation-reduction processes. Energy 
rich compounds, for instance, organic com-
pounds, ammonium, nitrite, sulphides, will give 
enough energy for bacterial growth under certain 
conditions. 
B. A substrate acts as electron acceptor, for 
instance, oxygen, nitrate, nitrite, sulphate and 
organic materials. 
C. Diffusion of soluble substances into bacterial 
cells and the soluble substances can be bounding 
in the cell mass. 
There are three requirements for bacterial 
growth: 
A. The combined reaction of electron donor and 
electron acceptor must give energy, for instance, 
when Gibbs free energy is above zero, reaction 
can occur when there is no inhibition. 
B. The substances must be able to pass through 
cell membranes for metabolism inside the bacte-
rial cell. 
C. Enzymatic reactions inside the bacterial cell 
could be influenced by pH-value, temperature 
and different inhibition reactions, including 
substrate inhibition and competitive and non-
competitive inhibitions. 
Anammox bacteria have very special reaction 
mechanisms including the formation of hydrazine 
as an intermediate (Fig. 28). Therefore, mem-

 Figure 28 Catabolic schemes for the anammox process with hydrazin as the main 
intermediae.(Van der Star, 2008) 
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branes in the cell are very dense to comply with 
transport into, out from and accomplish metabol-
ism. Anammox bacteria are much related to the 
transport of substances that can penetrate 
through the very dense cell membranes either 
through the outer cell membrane of anammox 
bacteria or the special metabolism inside the cell. 
The model in different anammox development 
stages can be described as:  
A. A two-step process including the reaction 
process. The first part is diffusion of substrates 
for anammox reaction, which are mainly ammo-
nium and nitrite. The second part is metabolism 
inside anammox cell followed by transporting 
reaction products as nitrogen gas out from the 
cell. 
B. A hypothesis is that the transport of ammo-
nium and nitrite is in the form of free ammonia 
(FA) and free nitrous acid (FNA). This implies 
that effects of pH-value and temperature is not 
only a function of metabolic reaction conditions 
but also on the fraction of free ammonia 
(FA)/total ammonium-N and free nitrous acid 
(FNA)/total nitrite-N. 
C. Different inhibition reactions including sub-
strate inhibition related to too high concentra-
tions of free ammonia and free nitrous acid, 
reversible inhibition of anammox reaction oxygen 
and irreversible inhibition as methanol, ethanol 
and acetic acid. 
A model can be written as: 
Production of nitrogen gas by anammox bacteria 
= f (concentration of ammonium)* f (concentra-
tion of nitrite) * f (concentration of reversible 
inhibitors)* f (concentration of irreversible inhibi-
tors) * f (temperature) * f (pH-value). 
The temperature effects of anammox are as-
sumed to depend on several parts: 
A. The effect of a decreased amount of the prod-
uct FA*FNA with temperature. 
B. Increased rate of diffusion with temperature 
through the cell membrane. 
C. The effect of changing bacteria activity by 
inhibition effect to enzyme activity. 
The pH value effects of anammox are assumed to 
depend on two parts: 
A. The effect of changing amount of FA, FNA 
with changing pH. 
B. The effect of changing bacteria activity by 
inhibition effect to enzyme activity. 

5.2 Mathematical relationships 
Different mathematical relationships for model-
ling of the anammox process may be divided into 
A. diffusion relationships, B.chemical equilibrium 
relationships, C. metabolic relationships, and D. 
enzyme kinetics relationships. Suggestions for 
mathematical relationships are presented in Table 
8. 

5.3 Experimental possibilities for model 
evaluation 
The typical way of evaluation of the model would 
be to make analysis of different nitrogen frac-
tions. Chemical analyses of inorganic nitrogen 
fractions which are ammonium, nitrite, and ni-
trate are easily performed. Continuous equip-
ments also exist although they are quite expen-
sive. A special problem is the measurement of 
dinitrogen oxide (laughing gas) which is normally 
performed by using gas chromatography. Anoth-
er measurement possibility is the use of an elec-
trochemical sensor (similar principle as the oxy-
gen electrode). Anammox process is considered 
to be a two-step process with a first stage of 
ammonium (as FA) and nitrite (as FNA) trans-
ported by diffusion into anammox cells (meas-
ured as diminishment of ammonium and nitrite 
in solution or correlated parameters as conductiv-
ity) followed by metabolism in the anammox cell 
(measured by gas production measured as pres-
sure increase or formed gas volume). It is, there-
fore, considered that the anammox process 
should be followed by continuous measurements 
as conductivity (to follow up the first stage re-
lated lated to diffusion) and gas production (re-
lated to anammox cell metabolism). 
A reaction cell with a continuous conductivity 
meter and measurement of gas production can, 
thus, be suitable to follow-up the anammox 
process. Conductivity and gas pressure can be 
followed-up by electronic devices and the output-
signal for evaluation. If gas production is meas-
ured as volume it possible to measure gas com-
position or absorb gas components (use of 
different absorbing materials and for possible 
further analyses) before measurement of gas 
volume production. 
A batch measurement cell for measurement of 
the anammox process with a conductivity meter 
and measurement of gas production may be seen 
as a first step for evaluating the effects of differ-
ent environmental factors of the anammox proc-
ess. These environmental factors may include 
pH-value, temperature, concentration of ammo-
nium and nitrite, type of sludge, and different 
substances that may inhibit or stimulate the 
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anammox reaction. A more complex measure-
ment cell may include other measurement devices 
such as oxygen meter, pH-meter, redox potential 
meter, dinitrogen oxide meter. The discontinuous 
measurement device may in the future be devel-
oped for continuous measurements for control 
and optimization purposes. 

6 CONCLUSIONS 

Studies on anammox start up, optimization of 
anammox process by SIMCA and MODDE 

programs, inhibitors thesis study to thesis works 
and hypothesis modeling were done in the mas-
ter’s thesis study.  
Start up study 
A. Continuous reactor is better than batch reactor 
in start up process. Chemical compound or ions 
can easily be accumulated in the reactor and will 
cause inhibition effects when the amount of 
chemical compound or ions is increased up to a 
certain level. 

Table 8. Mathematical relationships 

Type of relationship Relationship Note 
Diffusion through cell 
membranes of ammo-
nium and nitrite 

Half-order reaction based on diffusion 
combined with zero order reaction: Diffu-
sion rate = k1 * (ammonium conc.)^0.5* 
(nitrite conc.)^0.5  

Suggested in Trela et al. 
(2008); Trela et al., (2009). 

Chemical equilibrium 
relationships of FA and 
FNA  

 
(FA = free ammonia; FNA = free nitrous 
acid; T = temperature K) 

Based on Anthonisen et al., 
(1976) 

Main metabolic reac-
tions 

Monod function based on electron dona-
tor (ammonium) and electron acceptor 
(nitrite) 

Typical approach, as in 
IAWQ- models 

Cell synthesis Small effect on cell components for nitro-
gen removal, possible use for seeding, 
production of nitrate during cell synthesis 

Modelling based on 
stoichiometry and seeding 
models 

Effect of pH-value Combination of metabolic reactions and 
chemical equilibrium (FA; FNA) 

Used in Trela et al., (2009) 

Effect of temperature Combination of metabolic reactions and 
chemical equilibrium (FA; FNA) 

Used in Trela et al., (2009) 

Effect of oxygen Probably reversible inhibition of Anam-
mox reaction but important in single stage 
deammonification as supply of nitrite as 
electron acceptor for anammox reaction 

Many studies available 

Substrate inhibition Assumed to occur if accumulation of 
ammonium or nitrite occurring inside 
cells due to less metabolic rate than trans-
port rate due to diffusion through mem-
branes. 

Different substrate models 
are available based on en-
zyme kinetics  

Other inhibitors Assumed to occur for low molecular 
substances especially in molecular form  

Different enzyme kinetic 
models based on competi-
tive/uncompetitive inhibi-
tion 
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B. Before being used, sludge should be taken out 
from the treatment line and be left in another 
container for a period of time to avoid by prod-
uct influence on the growth of anammox bacte-
ria.  
C. At the beginning period of start up process, 
denitrification is the main reaction due to nitrite 
concentration and anaerobic condition. Nitrite 
should be added in the reactor more frequently in 
the beginning period. 
D. pH value is decreased after one month. The 
best solution is by reducing retention time (conti-
nuous reactor) or adding base.  
E. Anammox bacteria should be added in the mid 
time of start up process instead of at the begin-
ning of the process. 
Optimization study 
A. The model results show again that conductivi-
ty can be a physical parameter to follow the 
process. A low conductivity value in reactor 2 and 
the effluent means low ammonium and nitrate 
concentrations in effluent need to be achieved to 
get a high efficiency.  
B. Ammonium and conductivity and alkalinity in 
the effluent are the most important three va-
riables. HRT and T also play important roles in 

the process. However, pH value does not show 
the importance as previously thought. 
C. Nitrogen removal rate is strongly depending 
on temperature. Increasing temperature can 
improve the efficiency of process.  
D. When pH is between 7.8 and 8.0, anammox 
activity is increasing with the increasing of tem-
perature. However, when temperature is up to 
45℃, anammox activity is getting lower at pH 8.6 
than at pH 7.8. 
Inhibitors checking study 
A. Dissolved oxygen, ethanol, acetate and metha-
nol have large influences on anammox specific 
activity. 
B. Methanol and ethanol show irreversible effect 
on anammox bacteria. Acetate shows partially 
reversible effect and DO shows reversible effect. 
A hypothesis model study 
A model can be written as: 
Production of nitrogen gas by anammox bacteria 
= f (concentration of ammonium)* f (concentra-
tion of nitrite) * f (concentration of reversible 
inhibitors)* f (concentration of irreversible inhibi-
tors) * f (temperature) * f (pH-value).
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APPENDIX I LAB REACTOR OPERATION DATA FOR SIMCA MODEL 

Days HRT 
(days) 

pH in pH 
R1  

pH 
R2  

pH 
out  

DO R1 
(mg/l) 

DO R2 
(mg/l) 

T R1 
(˚C) 

T R2 
(˚C) 

CON in 
(μm/cm) 

0  3,0  8,04 7,46 7,58 8,26 0,5 1,1 21,2 22,8 3,29 
2  3,0  8,28 7,69 7,76 8,23 0,7 1,2 20,2 21,9 3,35 
3  3,0  8,3 7,47 7,67 8,2 0,5 0,75 22,3 23,8 3,46 
4  3,0  8,11 7,54 6,89 8,14 0,65 0,55 24,5 25,8 3,41 
7  3,0  8,28 7,63 7,05 8,2 0,52 0,65 23,3 24,7 3,12 

9  3,0  8,29 7,63 7,83 8,13 0,7 0,8 23,7 25,6 3,02 
11  3,0  8,26 7,76 7,92 8,22 1 0,75 22 23,8 3,46 
14  3,0  8,31 7,8 7,9 8,21 0,75 0,75 24,8 25,9 3,2 
16  3,0  8,43 8,26 8,26 7,81 0,75 0,7 22,3 24,3 3,09 
18  3,0  8,27 8,09 7,61 7,67 0,8 0,7 26 27,5 3,02 
21  3,0  8,24 8,14 7,66 7,72 0,6 0,7 28,2 28,9 2,94 
23  3,0  8,32 7,98 7,48 7,7 1,1 0,7 22,3 25,4 2,9 
24  3,0  8,24 7,93 7,17 7,25 0,9 0,7 25,8 27,5 2,98 
27  3,0  8,33 7,93 7,61 7,57 0,9 0,75 22,9 24,5 2,9 
29  3,0  7,9 7,89 7,62 7,13 0,8 0,9 21,2 22,6 3,19 
31  3,0  8,21 7,97 7,76 7,81 0,75 0,65 23,2 24,7 3,07 
34  3,0  8,11 7,78 7,59 7,82 0,6 0,5 22,5 24,2 2,97 
38  3,0  8,32 7,87 7,61 7,65 0,9 0,8 21,3 22,9 2,71 
41  3,0  8,18 7,9 7,65 7,7 0,8 0,6 22,9 24,4 2,89 
59  3,0  8,35 8,09 7,83 7,85 0,95 0,9 19,3 20,3 2,68 
62  3,0  8,32 8 7,78 7,76     19,3 21 2,68 
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Days HRT 
(days) 

pH in pH 
R1  

pH 
R2  

pH 
out  

DO R1 
(mg/l) 

DO R2 
(mg/l) 

T R1 
(˚C) 

T R2 
(˚C) 

CON in 
(μm/cm) 

81  3,0  8,11 8,08 7,9 7,89 0,38 0,42 20,2 20,3 3,25 
84  3,0  8,41 8,25 8,01 8,21 0,32 0,22 19,5 21 3,07 
88  3,0  7,98 8,13 7,95 8,07 0,07 0,25 20,4 21,9 3,19 
91  3,0  8,12 8,07 7,87 7,85 0,7 0,4 19,5 20,7 3,1 
97  3,0                    
102  3,0  8,28 8,46 8,2 8,25 0,2 0,34 18,7 20 3,25 
103  3,0  8,24 8,15 7,95 7,93 0,27 0,39 18,8 19,6 3,24 
105  3,0  8,07 8,13 7,9 7,91 0,01 0,09 19 20,3 3,13 
109  3,0  8,27 8,38 8,16 8,31 0,21 0,25 19,1 19,8 2,93 
111  3,0  8,34 8,15 7,93 8,08 0,33 0,26 19,2 20,3 3,05 
115  3,0  8,072 8,28 8,06 8,071 0,2 0,24 19,6 20,8 3,04 
118  3,0  8,02 7,99 7,78 7,89 0,06 0,28 19,5 20,4 2,99 
125  3,0  8,28 8,12 7,9 8,14 0,05 0,3 17,1 18,5 2,95 
128  3,0  8,43 8,18 7,92 8,13 0,12 0,15 16,3 17,3 2,82 
135  3,0  8,25 8 7,9 7,82 0,27 0,37 19,4 20,1 2,54 
149  3,0  8 7,92 7,79 7,8 0,38 0,31 18,4 19,6 3,71 
171  3,0  8,19 7,45 7,72 7,81 0,39 6,84 17,3 18,4 3,5 
173  3,0  8,18 7,83 7,44 7,32 0,67 0,39 18,7 19,6 3,4 
179  3,0  8,15 7,78 7,59 7,6 0,27 0,44 17,9 19,4 3,42 
183  3,0  8,09 7,78 7,57 7,45 0,05 0,3 17 18 3,52 
184  3,0  8,09 7,86 7,68 7,56 0,46 0,38 19 19,7 3,51 
185  3,0  8,1 7,61 7,58 7,53 1 0,26 18 19,6 3,39 
194  3,0                    
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Days HRT 
(days) 

pH in pH 
R1  

pH 
R2  

pH 
out  

DO R1 
(mg/l) 

DO R2 
(mg/l) 

T R1 
(˚C) 

T R2 
(˚C) 

CON in 
(μm/cm) 

204  5,8  8,02 7,07 7,02 7,21 1,33 1,2 25,3 19,6 3,35 
207  4,3  8,13 7,3 7,08 7,33 1,46 0,36 25,7 19,4 3,37 
211  4,3  8 7,37 7,06 7,72 1,34 0,4 25,4 20,3 3,64 
214  3,0  0,4  25,5 20,6 3,7 2 0,32 25,6 20,5 3,5 
217  3,0  8,02 7,68 7,61 7,58 0,92 0,42 25,5 20,6 3,7 
228  2,0  6,82 7,06 7,83 7,61 0,84 0,29 26 21,1 0,96 
233  2,8  8,13 7,15 7,44 7,62 1,98 5,19 28,8 19,9 3,46 
237  3,0  7,99 7,81 7,46 7,61 0,33 0,35 26,1 23,5 3,41 
241  3,0  8,06 7,6 7,46 7,41 0,58 0,2 19,8 22,6 3,29 
243  3,0  8,12 7,8 7,62 7,63 0,4 0,16 22,7 20,3 3,25 
248  3,0  8 6,88 6,92 6,71 2,22 0,43 16,6 18,6 3,3 
251  3,0  8,1 6,56 6,56 6,56 0,58 0,28 16,3 18,3 3,26 
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Days CON R1 (μm/cm) CON R2 
(μm/cm) 

CON out (μm/cm) Red in (mV) Red R1 
(mV) 

Red R2 
(mV) 

Red out 
(mV) 

0  3,22 1,4 2,26 -105,9 -111,1 -93,3 -84,2 
2  3,21 2,16 2,12 -38,1 -51,9 -39,6 -90,6 
3  3,09 1,74 2,22 -171,8 -173,6 -142,1 -119 
4  3,19 1,86 2,05         
7  2,84 2,07 2,03 -142,1 -140,9 -120,3 -118,7 
9  2,77 2,01 1,98 -108,1 -114,2 -91,5 -58,1 
11  3,04 2,1 2,1 -174,9 -173,2 -137 -152 
14  3,07 2,28 2,24 -202,2 -201,8 -171,8 -159,6 
16  2,97 2,22 2,22 -195,7 -199,7 -169,3 -111,1 
18  2,83 2,03 2 -117,5 -132,4 -108,2 -101,3 
21  2,71 1,98 1,91 -170,7 -168,5 -133,7 -128,3 
23  2,42 1,62 1,59 -187,6 -171 -147,5 -252,7 
24  2,09 1,08 1,06 -257,3 -212,5 -145,2 -246,1 
27  1,95 1,21 1,2 -197 -115,8 -130,2 -249,2 
29  2,32 1,57 1,48 -205,2 -187,4 -165 -234 
31  2,41 1,8 1,8 -193,6 -180,9 -165,8 -142,6 
34  2,02 1,69 1,61 -156,2 -135 -127,1   
38  1,92 1,46 1,41 -19,6 -41,5 -48,6 -81,9 
41  2,33 1,78 1,59         
42  2,33 1,82 1,67 -137,7 -124,4 -111,9   
45  2,28 1,92 1,85 -142,8 -139,9 -134 -106,3 
46  2,43 1,93 1,84 -188,2 -174,1 -148,4 -97,3 
52  2,31 1,96 1,91 -122,3 -171 -127,7 -135,4 
59  2,45 2,03 1,95 -34,1 -129,8 -97,7 -76,4 
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Days CON R1 (μm/cm) CON R2 
(μm/cm) 

CON out (μm/cm) Red in (mV) Red R1 
(mV) 

Red R2 
(mV) 

Red out 
(mV) 

77  2,81 2,45 2,4 -191,3 -210,1 -184,9 -388 
81  2,67 2,32 2,31 -69,1 -74,4 -95,1 -81,7 
84  2,83 2,41 2,36 -123,6 -170,1 -126 -155,8 
88  2,84 2,48 2,43 -142 -220,4 -173,2 -294 
91  2,8 2,4 2,4 -228,6 -245,2 -215,7 -144,8 
97                
102  2,74 2,46 2,42 -28,4 -236,7 -186,1 -345,2 
103  2,9 2,51 2,4         
105  2,93 2,61 2,57 -126,4 -173,4 -124,5 -342,3 
109  2,77 2,56 2,51 -36,7 -70,9 -73,2 -345 
111  2,84 2,52 2,56 -41,3 -55,7 -70,8 -338,5 
115  2,62 2,38 2,44 -26,7 -127,2 -58,7 -43,7 
118  2,76 2,4 2,43 -4,7 -67,7 -71,2 -333,4 
125  2,8 2,43 2,39 -193,2 -199,5 -160 -303,4 
128  2,72 2,45 2,43         
135  2,35 1,99 1,96 -101,2 -125,3 -25,1 -16,3 
149  2,52 2,41 2,43 -131,2 -200 -230,1 -341 
171  1 0,9 1,3 38,1 34,7 78,2 52,2 
173  2,5 1,5 1,3 -143,5 0,5 15,2 9,7 
177  2,38 1,84 1,76 -25,1 -33 -28,3 1,1 
179  2,42 1,42 7,89 -2,9 1,7 10,5 16,9 
185  2,23 1,94 1,91         
194                
200  1,3 0,91 0,9         
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Days CON R1 (μm/cm) CON R2 
(μm/cm) 

CON out (μm/cm) Red in (mV) Red R1 
(mV) 

Red R2 
(mV) 

Red out 
(mV) 

204  0,98 0,86 0,86 -246 129 147 147 
207  1,18 0,81 0,87 12 27,4 34,3 20,2 
211  1,45 0,31 0,9 98,5 94,1 86,6 55,8 
214  2,28 1,61 1,48 83,4 66 66,1 178 
217  2,47 2,17 1,92 79 62,4 62,8 184 
228  0,98 3,39 1,31         
233  0,87 0,89 0,9 71,9 80,8 84,2 -287,8 
237  1,77 1,41 1,33         
241  1,89 1,5 1,52         
243  2,76 2,02 2,03         
248  2 0,92 1,54         
251  2,35 1,12 1,06         
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Days Alk in 

(mmol/l) 
Alk out 

(mmol/l) 
NH4-N in 

(mg/l) 
NH4-N out 

(mg/l) 
NO2-N out 

(mg/l) 
NO3-N out 

(mg/l) 
Efficiency 

0                
2  34,4 16,6 452 109     0,76 
3                
4  29,4 14,4 385 147 3,94 3,58 0,60 
7                
9  64,6   766         
11                
14                
16  31,6 18,6 323 195 0,93 1,04 0,390186 
18                
21  25,7 17 331 179 1,06 2,24 0,449245 
23                
24                
27  35,1 10,8 355 55,4 0,99 1,9 0,835803 
29                
31                
34  29,3 15 309 125 2,02 2,83 0,579773 
38                
41  25,5 16,4 270 128 4,22 1,95 0,503074 
42        133 0,133 1,06   
45                
46  26,6 18,3 309 156 6,4 1,49 0,469612 
59                
62  26,8 19,7 276 146 2,41 2,32 0,453877 
81  33 24,3 337 217 1,72 1,8 0,345638 
84  32,5 23,9 342 221 1,89 1,29 0,344503 
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Days Alk in 
(mmol/l) 

Alk out 
(mmol/l) 

NH4-N in 
(mg/l) 

NH4-N out 
(mg/l) 

NO2-N out 
(mg/l) 

NO3-N out 
(mg/l) 

Efficiency 

91  32,4 22 329 179 4,17 2,83 0,43465 
97  31,1 17,9 295 153 18,6 3,54 0,406305 
102                
103                
105  34,2 25,9 332 224 1,65 1,67 0,315301 
109                
111  37 25,1 339 285 0,56 1,8 0,15233 
115                
118  28,4 26,4 406 214 3,2 0,63 0,463473 
125                
128  33,3 27,9 312 221 0 0 0,291667 
135                
149                
171                
173      410 102 1,58 11,8 0,718585 
177                
179    12,4 389 162 15,8 7,98 0,522416 
184                
185  33,8 2,62 427 229 1,41 11,2 0,434169 
194  26,9 3,82 367 38,3 3,14 0 0,887084 
200  23,3 6,6 388 32,4 0 1,3 0,913144 
204                
207  33,5 8,69 415 0 0,3 19,3 0,952771 
211  33,8 16,225 455 81,25 2,8 13 0,786703 
214                
217  37 22,5 521 264 1,98 11,7 0,467025 
228                
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Days Alk in 
(mmol/l) 

Alk out 
(mmol/l) 

NH4-N in 
(mg/l) 

NH4-N out 
(mg/l) 

NO2-N out 
(mg/l) 

NO3-N out 
(mg/l) 

Efficiency 

233    6,98   0 0 29,2   
237                
241                
243  29,7 17,4 382 164     0,570681 
248                
251  31 8,43 364 162 22,4 48,3 0,360714 
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APPENDIX II INHIBITION RAW DATA 

  P (mV) Bottle Toxic 
Concentration (mg 

COD/L) 
t (min) 1 2 3 4 5 6 1 Reference   

0 1,3 8 3 3,7 3,6 2 2 Reference   
43 8,8 17,1 11 10,2 10,5 7,7 3 Glucose 4 
80 13,2 23,5 16,6 13,6 15,7 11,4 4 Glucose 16 

120 19,3 29,9 25,3 21 17,7 22 5 Glucose 64 
140 21 34,2 25,3 21 25,3 22 6 Acetic acid sodium 4 

 

  P (mV) Bottle Toxic 
Concentration (mg 
COD/L) 

t (min) 1 2 3 4 5 6 1 Methanol 4 
0 11 2,2 2,5 1,7 2,9 1,9 2 Methanol 16 

30 16,9 7,7 8,7 6,2 7,2 5,5 3 Methanol 64 
60 17,3 8,6 10,2 8,9 8,8 6,8 4 Ethanol 4 
90 18,9 10 12 13,1 10,6 7,2 5 Ethanol 16 

121 18,5 9,2 11,1 16,1 10,3 8 6 Ethanol 64 
151 18,3 9,1 11 18,5 10,3 7,8       
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  P (mV) Bottle Toxic Concentration 
t (min) 1 2 3 4 5 6 1 Methanol 4  (mg COD/L) 

0 2 5,5 1,9 2,1 2 1,9 2 Methanol 16  (mg COD/L) 
32 10,2 8,6 8,9 6,8 8 5 3 Methanol 64  (mg COD/L) 
63 8,6 11,1 10,2 9,8 6,7 6,7 4 Reference   

102 10 11 11 16 9,3 8,1 5 Oxygen 3  (mg O/L) 
139 12,7 13,5 10,4 21,2 13,2 13,9 6 Oxygen 6  (mg O/L) 

 
 
 

  P (mV)         

t (min) 1 2 3 4 5 6 Bottle Toxic Concentration (mg O/L) 
Exposure 

(min) 
0 1,8 2,5 4 2 2 1,9 1 Reference     
29 8,8 9 9,5 7,1 7,9 8 2 Reference     
63 11,4 9 9,1 6,9 9 7,7 3 Methanol 64 30 

101 14,5 7,7 10,3 7 11,5 8,8 4 Ethanol 64 30 
140 20,6 15 10,8 8,1 15 9,5 5 Acetate 64 30 
160 23,3 17,2 10,3 8,2 15,1 10 6 Oxygen 9 30 
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