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A CRONYMS AND ABBREVIATIONS
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Acid capacity
Anaerobic ammonium oxidation
Biological oxygen demand
Completely Autotrophic Nitrogen Removal Over Nitrite
Chemical oxygen demand
Composite face centered
Dissolved oxygen
Free ammonia
Fluorescence in situ hybridization
Free nitrous acid
Projection to latent structure
Multiple linear regression
Ammonium nitrogen
Nitrogen in nitrite form
Nitrogen in nitrate form
Oxidation reduction potential
Person equivalent
Specific Anammox activity
Sequenced batch reactor
Single reactor system for High activity Ammonium Removal Over
Nitrite
Single stage Nitrogen removal using Anammox and Partial
nitritation
Response surface modelling
Total nitrogen
Total phosphorus
Upflow anaerobic sludge blanket
Waste water treatment plant
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A BSTRACT
Novel biological process of ammonium removal from wastewaters has been discovered
recently and is known as Anammox process. The process gives possibility to substantially cut
the aeration and carbon source requirements for treatment of wastewater with high
ammonium concentration.
During the period of about 8 month one stage deammonification reactor was followed up
with regular measurements and analyzes. Strong correlation of conductivity to the
concentration of inorganic nitrogen in the outflow was observed.
Application of oxidation-reduction potential (ORP) as a control tool for following
Anammox process was studied. In the systems where dissolved oxygen (DO) in reactor was
on the levels close to zero the end of Anammox reaction was possible to detect using ORP.
The evaluation of influence of total nitrogen levels, temperature and the ratio between free
ammonia (FA) and free nitrous acid (FNA) on rate of Anammox process was made using the
method of determination of specific Anammox activity (SAA) by measurement of nitrogen
gas pressure .
The application of Anammox process for treatment of wastewaters polluted with the high
concentrations of ammonium ions in Ukraine was evaluated by determination of SAA with
the nitrogen gas volume measurement method. Primary study on application of Anammox
process for regeneration of clinoptiolite saturated with ammonium was done.
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S AMMANFATNING
En ny biologisk process för ammoniakreducering från avloppsvatten har nyligen upptäckts
och har fått namnet ”Anammoxprocessen”. Processen gör det möjligt att kraftigt minska
aeration och behovet av kolkälla för att rengöra avsloppsvatten med hög koncentration av
ammoniak.
Under en 8-månadersperiod har ett specifikt steg i ammoniakreduktionsprocessen varit
uppföljd med regelbundna mätningar och analyser. Kraftig korrelation mellan konduktivitet
och koncentration av oorganiskt kväve observerades. En bakteriekultur användes som ett av
stegen i ammoniakreduceringen för att göra olika forskningar av styrning och användning av
Anammoxprocessen.
Användbarheten av redoxpotentialen som en verktyg att styra Anammoxprocessen
studerades. När koncentrationen av upplöst syre i systemet var nära noll observerades en
snabb höjning av redoxpotentialen när koncentrationen av nitrit föll ner till 4,67-6,1 mg/l.
När upplöst syre låg på en nivå av ungefär 0,2 mg/l noterades ingen respons.
Studien av Anammoxprocessen är beroende av nivåerna av totalkväve, temperatur och
proportionen mellan fri ammoniak (FA) och fria nitrösa syror (FNS). Detta bestämdes
genom användning av metoden specifik Anammoxaktivitet (SAA) där man mäter kvävgasens
tryck. Resultaten visade att i temperaturer mellan 15 till 37°C ökar Anammoxbakeriens
aktivitet med ökande temperatur. Ökning av aktivitet observerades även för temperaturer
mellan 22,5-30°C då totalkvävekoncentrationen gick upp till 500mg/l. Minskning av kvoten
FA/FNS från 30 till 0,3 ledde till exponentiell ökning av SAA. Systemen med totalkväve
ökade till 700mg/l och när FA/FNS minskade till 0,003 minskade även SAA.
Användandet av Anammoxprocessen för rengöring av avsloppsvatten med hög
koncentration av ammoniak i Ukraina utvärderades genom att finna SAA med metoden av
kvävegasvolymsmätning. Resultaten har visat att Anammoxprocessen kan vara användbar för
rengöring av soptippsfiltrat på Lviv´s soptipp.
Primär forskning i användning av Anammoxprocessen för regenerering av klinoptiolit
mättad med ammoniak var gjort.
Nyckelord:
Anammox;
Soptippsfiltrat; Klinoptiolit
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Redoxpotential;
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1.

I NTRODUCTION
In order to understand the importance of the work and explain why such
an aims of work were set it is essential to briefly describe environmental
problem, which is caused by pollution of water bodies with nitrogen,
used methods of nitrogen removal and introduce the process on
monitoring and application of which this work was based – Anammox.

1.1.

Environmental problem caused by pollution of water
bodies with nutrients
In the middle of the 20-th century it was started to recognize that the
pollution of water objects led to different environmental problems. Since
then the increase of chemical nutrients (mainly nitrogen- and
phosphorus containing substances) started to be called eutrofication.
Eutrofication also can be referred to the natural process, where
floodwaters are bringing substantial amount of organic material and
nutrients to the lakes and oceans but mainly it is caused by human
activities.
The inflows of nutrients, caused by human activities are divided onto the
inflows from point and non-point sources. Inflows from non-point
sources among others include runoff from agriculture and pasture lands,
urban runoff from un-sewed areas, sewage system leachate and
atmospheric deposition. Among the point-source contamination the
main inflows comes from wastewater treatment facilities (treating both
industrial and municipal wastewater), runoff and leachate from waste
disposal systems.
The main impact of higher nutrients availability is enhanced growth of
aquatic vegetation or phytoplankton. The direct impact of this is
deterioration of water quality. Water becomes cloudy, its color changes
to green, yellow, brown or red. That leads to loss of value of many water
objects since the possibilitie to use them for recreation, fishing and
aesthetic enjoyment are hindered. Using that water for drinking purposes
requires more extensive treatment. Another direct hazard that started to
be recognized only recently is the production of toxins by significant
proportion of cyanobacteria (Chorus et al, 1999). These toxins can cause
health problems and can enter the body through skin contact or through
contaminated water consumption.
Indirect impact of higher nutrients availability is that competition for
dissolved oxygen increases, since more phytoplankton consumes more
oxygen. This leads to the death of many marine organisms which in turn
leads to even higher oxygen requirement because of organic material
decomposition. Low oxygen availability leads to so called “bottom
death” where the concentration of oxygen is sufficient for life of most
organisms just in higher levels of water depth, while on the bottom
oxygen-dependent organisms can not survive.
Growth of algae that play an important role in eutrofication problem is
described by Leibdig’s law of limiting substances. It says that for growth
of algae the relation of nitrogen to phosphorus should be 7:1 on the
weight basis (Wetzel, 2001).
While phosphorus is generally a limiting element in freshwater systems, it
is widely abundant in marine systems, where nitrogen is limiting in turn.
Increase of nitrogen loading leads to increased number of cyanobacteria
which are capable to fix nitrogen from the air, so the total nitrogen
inflow will be even higher.
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Due to understanding of nutrients affect on eutrofication and
deterioration of water quality in many water objects, the importance of
nutrient removal is widely understood nowadays. The adoption of new
European legislation (European Commission, 1991) by member states
have introduced new limits for discharges of nutrients from municipal
waste water treatment plants (WWTPs). The current version of the
Directive requires removal of the nitrogen to the level of 10 mg total
nitrogen (TN) per liter and the phosphorus to 1 mg total phosphorus
(TP) per liter and minimal percentage of reduction is 80% for
agglomerations of over 100 000 people equivalent (p. e.) for wastewaters
discharged in sensitive areas.
Most of the new wastewater treatment plants are constructed to be
capable to remove phosphorus and nitrogen containing substances from
wastewaters and the old ones are being reconstructed in order to meet
the new regulations.

1.2.

Methods of nitrogen removal in wastewater treatment

In most cases nitrogen is removed from wastewater using biological
methods. Two main ways to remove nitrogen using biological methods
are: transformation of different forms of nitrogen into nitrogen gas and
assimilation of nitrogen by biotic organisms for the purpose of body
building. The second way is used as the main method mostly for treating
small amounts of wastewater using such methods as constructed
wetlands, biofilters, etc. For big amounts of wastewater mainly
transformation to nitrogen gas is used. However, minor assimilation of
nitrogen by auto- and heterotrophic bacteria occurs in this case also.
Nitrogen is coming to wastewater treatment plants in the form of
ammonium, urea and in the organically-bounded form. Nitrogen is one
of the elements that build amino acid molecules, from which all the
proteins are built and it is released in the form of ammonium ion during
aminoacids biological degradation by heterotrophic bacteria
(ammonification process) in WWTPs or in the sewage system on its way
to them.

1.2.1.

Nitrification
Nitrification is a biological process of transformation ammonium form of
nitrogen into nitrite and nitrate form.
The first step is the transformation of ammonium to nitrite and it is
called nitritation. This step is mainly performed by bacteria belonging to
genera Nitrosomonas and simplified equation of the process that excludes
cell synthesis is:


Nitrosomonas
NH 3  1.5O2 

 NO2  H 2O  H 

(1)

As it is seen from the equation (1), 1 hydrogen ion is released from the
transformation of 1 ion of ammonium, so pH drops during this process.
The second step is the transformation of nitrite to nitrate and it is called
nitratation. The main group of bacteria responsible for nitratation belongs
to genera Nitrobacter and a simplified equation of the process that
excludes cell synthesis is:


Nitrobacter
NO2  0,5O2 
 NO3



(2)

As it is seen from equation (1) and (2) both processes require oxygen and
so are run in aerobic zone of WWTP. According to above mentioned
equations in order to oxidize 1 g of NH4-N (nitrogen in ammonium
form) into nitrogen in nitrite form (NO2-N) 3.16 g of oxygen is required,
while for the second step of nitrification 1.11 g is required (Ahn, 2006).
2
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Both Nitrosomonas and Nitrobacter are autotrophic bacteria and they use




HCO3 from the wastewater as a carbon source. Also HCO3 reacts
with the hydrogen ions, produced according to the equation (1) to form
carbon dioxide and water. Overall, for oxidizing 1 mg of ammonium
nitrogen to nitrate 7.07 mg of alkalinity as CaCO3 is required.

1.2.2.
Denitrification
Denitrification is the process of biological reduction of nitrite and nitrate
ions into dinitrogen gas. This process is performed by heterotrophic
bacteria mainly from gram-negative alpha and beta classes of
Proteobacteria. The process is run in anoxic conditions so that nitrite and
nitrate can substitute oxygen as an electron acceptor. Since heterotrophic
bacteria are involved in transformation, they use external carbon as a
carbon source for gaining energy and building cells. Usually easily
degradable organic substances that come with wastewater are used as a
carbon source but often an additional external carbon source (mainly
methanol) has to be added in order to reduce all the nitrite and nitrate.
Simplified equation of nitrate reduction with use of methanol as carbon
source is:
Pr oteobacteria
5CH 3OH  6 HNO3 
  5CO2  3 N 2  13H 2 O (3)

According to complete equation of denitrification that includes cell
synthesis described by (Ahn, 2006), 2.47 mg of methanol is required for
reduction of 1 mg of nitrate to dinitrogen gas. Also, 1 mol of alkalinity is
produced in the process of conversion of 1 mol of nitrate
(Szatkowska, 2007).

1.2.3.
Anaerobic ammonium oxidation (Anammox)
The novel biological process of biological nitrogen removal has been
discovered recently. The process makes use of autotrophic bacteria that
are capable to oxidize ammonium using nitrite as an electron acceptor:




NH 4  NO2  N 2  2 H 2 O

(4)

The first experimental conformation of anaerobic ammonium oxidation
by microorganisms was performed and described by Mulder et al (1995).
Microbiology and biochemistry of new culture that belonged to the order
of Planctomycetales was studied and new bacteria received name
“Candidatus Brocadia anammoxidans”. Later, bacteria with another DNA
structure were discovered that also were able autotrophicly oxidize
ammonium and were named “Candidatus Kuenenia stuttgartiensis” (Jetten et
al, 2002). It was proven that these bacteria are responsible for up to 3050% of nitrogen removal in marine sediments (Dalsgaard et al, 2003;
Kuypers et al, 2003).
The process is totally anaerobic and is reversibly inhibited by dissolved
oxygen. As long as nitrite is used as a substrate in Anammox process,
autotrophic nitrite oxidation by Nitrobacter is undesireble. Additional
aeration need is reduced because of the fact that only 57% of ammonium
is oxidized to nitrite comparing to traditional nitrification/denitrification
process. In general it was reported (Siegrist et al, 2008) that energy
required for treatment of ammonium-rich wastewater can be halved
when using Anammox process.
Anammox does not require external carbon source, since autotrophic
bacteria are involved and they assimilate hydrocarbonate as the carbon
source for the purpose of building their cells.
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The advantages of Anammox gave rise to application of it in different
processes having in common that ammonium is partially oxidized to
nitrite followed by Anammox process which transforms nitrite and
ammonium into nitrogen gas.
The disadvantage of the Anammox process is quite low bacteria growth
rate. Commonly recognized Candidatus B. anammoxidans doubling time,
which is deduced from maximum growth of denitrification rate, is 11
days (Strous et al, 1998). That leads to long start-up periods; start-up
periods from 2 month to 3.5 years were reported (Szatkowska, 2007),
where most of applications had start-up periods over 1 year. However
new studies that used fluorescence in situ hybridization (FISH) method
for analyzing number of bacteria has shown that providing the right
conditions doubling time can be lowered to 3.6-5.4 (Tsushima et al,
2007) and even to 1.8 days (Isaka et al, 2005). However, such results
were not reached during long-time experiments.

1.3.

Applications of
wastewater treatment

nitrogen

removing

processes

in

Described methods of biological nitrogen transformation are used in
wastewater treatment in different combinations which is broader
described further.

1.3.1.

Application of combined nitrification/denitrification
processes in wastewater treatment
Removal of nitrogen containing substances from wastewater usually is
done by integration of nitrification and denitrification processes in
classical activated sludge process. There are two main methods how to
perform that. The first one is to have denitrification stage after aerobic
zone – then all the readily biodegradable organic substances are reduced
in aerobic zone and substantial amounts external carbon need to be
added in order to completely reduce nitrite and nitrate.
The other option is to have denitrification stage before aerobic zone –
then internal carbon source can be used but in this case substantial
pumping (up to 400% of incoming flow) of the wastewater leaving
aerobic zone need to be done in order to bring enough nitrate and nitrite
into anoxic zone.
In the case when sequenced batch reactor is used, alternation of aerobic
and anoxic phases (Zeng et al, 2008) and step-feed technology (Lee et al,
2007) can ensure that both nitrate and carbon source demands are met
and reduce external carbon source requirements substantially or
completely.
The
other
method
that
makes
use
of
autotrophic
nitrification/heterotrophic denitrification is Single reactor system for
High activity Ammonium Removal Over Nitrite (SHARON®). The
main point here is to reduce substantially requirements for aeration and
external carbon by removing the stages of conversion of nitrite to nitrate
by Nitrobacter and from nitrate back to nitrite by heterotrophic
denitrification bacteria. This is done by selection where conditions –
temperature, pH and dissolved oxygen (DO) – are kept on the levels that
are favorable for development of Nitrosomonas culture while suppressing
development of Nitrobacter. The process is run with lowered sludge
retention time so Nitrobacter are efficiently washed-out from the reactor.
The system consists of one reactor, where aerated and anoxic conditions
are created sequentially, so both nitrification and denitrification process
can be run. Full-scale application of the reactor in Rotterdam,

4
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Netherlands has proven that the process allows to decrease needs for
aeration on 25% and need of BOD on 40% (Mulder et al, 2001).

1.3.2.
Application of Anammox process in wastewater treatment
Taking into consideration the advantages of Anammox process it is not
strange that it gave rise to extensive research in the field of theory and
application of the process. Many technologies were established which
made use of Anammox process. All of them can be divided into two
groups – two- or one-step systems.
As it can be deduced from the definition, two-step systems have two
separate steps, where in the first one ammonium is partially converted to
nitrite in aerated environment and in the second one Anammox process
is favored by decreasing dissolved oxygen to the level of 0.3 mg/l and
lower. Two-step processes can be run either in two separate reactors or
in one reactor where DO level is altered.
When talking about one-step processes it is implied that nitrification and
Anammox processes are run simultaneously in one reactor. Since these
two processes require different DO levels, establishment of biofilm
system is essential. The biofilm in one-stage deammonification process
consist of two layers - inner layer consist of Anammox bacteria and
outer of Nitrosomonas. In this case outer layer protects inner one from
high level of dissolved oxygen and produce enough nitrite for running
Anammox in inner layer. It is common to establish two-layer biofilm on
plastic carriers which have big specific area. The same process is called
Completely Autotrophic Nitrogen Removal Over Nitrite (CANON) by
many scientists (Jetten et al, 2002; Ahn, 2006; Liu et al, 2008), while
others (Furukawa et al, 2006) prefer the name “Single stage Nitrogen
removal using Anammox and Partial nitritation” (SNAP) and others
(Läckeby Water Group, 2007) has registered process under trademark
DeAmmox®.

1.4.

Areas of Anammox processes application
Currently, the main two areas of application of Anammox process are
treatment of digested sludge reject water (that is often called
supernatant) and treatment of landfill leachate.
Anaerobic sludge digestion is a well-known process which is used all
over the world to reduce sludge volume, remove odors and produce
biogas – environmental-friendly fuel. During the process of anaerobic
digestion most of organic matter is transformed into methane gas and
carbon dioxide. As it was already mentioned above, during the process
of proteins digestion nitrogen is converted from organic into ammonium
form. After the digestion sludge is dewatered and the solid phase is used
either in agriculture or as an organic material for covering the landfills.
The liquid phase has high levels of ammonium and low biological
oxygen demand (BOD) (Szatkowska, 2007).
The usual way to treat supernatant was using nitrification/denitrification
process of the main wastewater treatment plant, so it was pumped to the
inflow of the plant. It was reported (Janus et al, 1997) that nitrogen that
comes with supernatant makes up to 25% of all the nitrogen coming into
WWTP and increases the requirements for aeration. More economical
way to handle supernatant is to treat it separately. However, supernatant
has very low BOD level so treatment of it with conventional
nitrification/denitrification process requires addition of large amount of
external carbon source, since a proper C:N ratio is needed for
denitrification (Plaza et al, 1990). It was tested and proved by many
researchers that application of partial nitrification/Anammox process
5
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can effectively treat supernatant with lower aeration requirements and
without addition of carbon source (Gut, 2006).
Leachate from landfills is created during biological degradation of
organic waste and from precipitation waters. As the nature of creation of
such wastewater is the same as of supernatant, their properties are
similar. Landfill leachate usually also has high concentration of
ammonium – up to 3100 mg ammonium nitrogen (NH4-N) per liter
(Ganigué et al, 2008); as well as high alkalinity, low BOD level, and low
concentrations of nitrite and nitrate (Ruscalleda et al, 2008). However,
concentration of ammonium and BOD are very dependent on the age of
waste – the older the waste – the lower the concentrations are. Also,
landfill leachate usually has high concentration of mineral salts, which is
not usual for supernatant. Treatment of landfill leachate using Anammox
process has been successfully tested (Hong-guo et al, 2006; Ruscalleda et
al, 2008) using sequenced batch reactor (SBR) and upflow anaerobic
sludge blanket (UASB) reactors with TN removal efficiency reaching
80%.
Anammox also found its application in such areas as treatment of
piggery manure (Hwang et al, 2006), digested fish canning effluent
(Dapena-Mora et al, 2006), tannery wastewaters (Paques, 2007). It was
reported that potato starch (Abeling and Seyfried, 1992) and
slaughterhouse wastewaters (Siegrist et al, 2006) have high
concentrations of TN, which makes Anammox possible process of
treatment of such wastewaters.

1.5.

Parameters that influence Anammox process
Identification of the parameters that have influence on performance of
the industrial process is an important task that allows operating it with
minimal cost and maximum performance. This is applicable also to
biological processes that are used in wastewater treatment.
Generally, all the factors that influence performance of Anammox
process as well as any other biological process could be divided into
three groups:
 Inhibition factors
 Substrate availability
 Temperature
The main factors having inhibition effect on Anammox activity are DO,
organic compounds with low molecular size (Güven et al, 2004, Isaka et
al, 2008). Also, nitrate, sulfide, phosphate and acetate were identified to
be inhibiting Anammox process in lower or higher concentrations
(Strous et al, 1999; Dapena-Mora et al, 2007). Mechanical stress was also
discovered as an inhibitory factor (Arrojo et al, 2006).
Ammonium and nitrite are the main substrates for Anammox bacteria so
increasing availability of this substrate should increase the activity of
bacteria because of increased diffusion both into the depth of biofilm
and through cell membrane of bacteria. At the same time higher
concentrations of ammonium and nitrite were identified as inhibiting for
activity of Anammox bacteria (Strous et al, 1999; Dapena-Mora et al,
2007). However the results of the two studies identified different
concentrations of ammonium and nitrite that decrease activity of
Anammox bacteria. Results of SAA made by Dapena-Mora et al (2007)
showed 50% decrease in activity when concentration of ammonium and
nitrite nitrogen rose to 770 and 350 mg/L respectively. Strous et al
(1999) observed no inhibition by ammonium to concentrations up to
6
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980 mg NH4-N/L and total loss of activity at concentration of nitrite 98
mg NO2-N/L. Fux et al (2004) also reported serious inhibition of
Anammox activity when the concentration of nitrite stayed at the level of
30-50 mg NO2-N/L during six days.
As well as the rate of chemical reactions, the rate of biological
transformation is dependent on temperature. Generally saying, increase
of temperature increases both the rate of chemical and biological
processes. The only limitation is that increase of temperature to high
levels can be harmful for biological organisms.
The influence of temperature on biological processes as well as on
chemical ones can be expressed as activation energy. Hao et al (2002)
used modified Arrhenius equation (5) to model the performance of
CANON process with temperature as one of the variables:

SAAT  SAA293  e



Eact ( 293T )
R293T

(5)

Where SAAT – specific Anammox activity at the temperature T;

SAA293 – specific Anammox activity at the temperature 293 K;
Eact – activation energy of Anammox reaction;
R – ideal gas constant, equals 8.32 J/(mol K).
Activation energy can be calculated from this equation and was used as
an identification of temperature influence on Anammox as well as other
biological processes.
Strous et al (1999) reported the activation energy of Anammox process
to be 70 kJ/mol – the same as for nitritation process. Dosta et al (2008)
calculated activation energy of Anammox process to be 63 kJ/mol both
for granular biomass and biomass on carriers.
The influence of temperature on rate of Anammox process was studied
before by several authors and increase of it up to the levels of 40 °C led
to increase of rate of Anammox in most studies. The further increase of
temperature to 45 °C showed negative effect on activity (Dosta et al,
2008). However, Dalsgaard and Thamdrup (2002) were working with
establishment of temperature dependence of Anammox bacteria from
marine sediments and reported the highest activity at the temperature of
15 °C and loss of activity with the temperatures higher than 30 °C.
Similar results were obtained by Rysgaard et al (2004) who was also
working with Anammox bacteria from marine sediments.
Bator (2006) studied the performance of CANON process as a function
of temperature, incoming ammonium and DO with the use of MODDE
program which give possibility to study cumulative effects of several
parameters on response of interest (Anammox activity in this case).

1.6.

Application of Oxidation Reduction Potential (ORP) in
biological nutrients removal

Oxidation Reduction Potential (ORP) or Redox is an electrochemical
parameter that shows the activity of oxidizers and reducers in respect to
their concentration. Positive values of ORP show that oxidizing
substances (the ones that attract electrons, electron acceptors) are
dominant in the analyzed environment and negative values shows that
reducing conditions (electron donors) prevail.
There is variety of ORP sensors available (Kölling, 2000) but the one
which is most widely used is platinum electrode. It uses a small platinum
surface to accumulate the charge without reacting chemically and
7
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compares this charge to the one obtained from the reference junction
(Myronl, 2008). The Redox potential is generated by transfer of
electrodes from metal electrode into solution and vice versa. The current
depends on the redox species present in solution, there concentration,
material of electrode, pH and temperature (Kölling, 2000). The reference
to which all redox potential are related is the standard hydrogen
electrode.
Measurement of ORP has been used in wastewater treatment since
1940’s when practical electrodes were developed to control the level of
aeration (Rohlich, 1948 cited in Cecil, 2003) but was abandoned when
good quality DO electrodes started to be available. In late 80’s and
beginning of 90’s the use of measurement of ORP in wastewater
treatment increased again because of its use in nutrient removal systems.
For example in the work described by Watanabe (1985) it was used for
an efficient dosing of carbon source in denitrification step.
ORP electrodes were first studied at Harvard University and these
studies showed a strong correlation of ORP and bacterial activity. After
these and other studies certain set-points of ORP were established as
standards for drinking water, public pools and spas (Myronl, 2008).
ORP has found its application in such industries as metal finishing,
bleach production, poultry processing, fruit and vegetable washing, pulp
bleaching in paper industry and others. It is also used as a measure to
control chlorination and ozonation process during drinking water
preparation. In the area of wastewater treatment ORP is used in
biological nutrient removal systems, sewage prechlorination and
dechlorination, chromate or cyanide reduction (Buddhavarapu and Innis,
2006).
For the current study the area of the biggest interest is an application of
ORP in biological nutrient removal and its application and results are
discussed in more detail further.
Classical biological nutrient removal systems based on activated sludge
process consists of anaerobic, anoxic and aerobic stages. When oxidation
conditions of aerobic stage can be controlled using DO parameter, its
application for control of anoxic and anaerobic stages is not possible
because of low levels of DO. In this case ORP can be more efficient
because it has both positive and negative scale and can be applied in lowor no-oxygen systems. In anoxic and anaerobic environments it may
significantly change its value to response of changed biochemical
conditions, where DO shows very little or no change (Holman and
Wareham, 2003).
Different ranges of ORP have been reported as the ones required for
efficient nitrification/denitrification process to take place (Ridenoure,
2004). Holman and Wareham (2003) also discussed that during the last
years the shift was made from controlling specific values of ORP to
analyzing change of ORP with the time. This is mainly because of the
fact that many substances in the activated sludge process change ORP
value. It has been reported by Holman and Wareham (2003), Tanwar et
al (2008), Ridenoure (2004) and Zeng et al (2008) that the same
processes often can occur at different absolute values of ORP but show
the same response in the form of change of ORP.
Based on the above consideration, the control of biological nutrients
removal and nitrification/denitrification process in particular which uses
analyzes of ORP profile as well as pH and DO profile has been
established, tested and applied in full-scale (Demoulin et al, 1997). It was
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Fig. 1. Exaggerated ORP profile for an intermittent aeration
wastewater treatment system without P removal (after: Ridenour
2004).
reported by Holman (2003) that application of on-line control of
nutrient removal system can provide up to 30% energy savings if
compared to strict time-based operation.
In biological treatment change of pH and ORP refers often to flow of
biological reactions in an aerobic/anoxic process. The parameter ORP is
dependent on temperature and also reflects the concentration of DO,
organic substrate, activity of microorganisms, mixed liquor suspended
solids, toxic compounds in a reactor as well as some operational
conditions as under- and overloading and under- and overaeration
(Tanwar et al, 2008).
Further, two ORP profiles will be analyzed. The first one (Fig. 1) was
presented by Ridenoure (2004) and explains in theory the change of
ORP during nitrification/denitrification process.
With the beginning of aeration ORP increases rapidly because of
increasing DO concentration. As it was already mentioned above, DO
increases ORP because of increasing oxidizing ability of the solution.
When the conversion of ammonia to nitrite stops because of ammonia
depletion or insufficient alkalinity, oxygen uptake by nitrifiers decreases
which leads to higher DO levels and ORP correspondingly. This
moment is seen on ORP profile as the rapid increase of ORP and often
is called “Ammonia elbow”. Before this “chemical oxygen demand
(COD) elbow” may be observed sometimes, which indicates the
depletion of readily degradable COD. With the start of anoxic phase
ORP decreases rapidly as the response to decreased DO level. When
denitrification process stops ORP begin to decrease even faster and
characteristic “Nitrate knee” is observed.
The same or similar profile was observed by many researchers (Holman
and Wareham, 2003; Guo et al, 2007; Tanwar et al, 2008; Zeng et al,
2008). Some of them (Guo et al, 2007; Zeng et al, 2008) used also pH
profile to identify characteristic points of the end of biological reactions.
This allowed overcoming limitations of alkalinity and carbon source
availability on nitrification/denitrification process because of use of wellcontrolled alternating aerobic/anoxic SBR or use of step-feed
technology.
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Fig. 2. Profiles of change of ammonia, nitrite, nitrate and
DO (a) and pH and ORP (b) with the time in alternating
aerobic/anoxic SBR (after: Zeng et al 2008).
The profiles experimentally obtained by Zeng et al (2008) are presented
on Figure 2 a-b. In this case aerobic and anoxic phases have been
repeated twice. As it is seen from the graph of ORP (Fig. 2b), no “COD
elbows” or “Ammonia elbows” were observed on ORP profile both
during the first and the second aerobic phase. But because of keeping
track of pH “ammonia elbow” was clearly identified in the second
aerobic phase (arrow B on Figure 2 b). It agrees also with rapid increase
of DO which is marked with arrow B on Figure 2 a. “Ammonia elbow”
was not identified in the first aerobic stage because it was not planned to
decrease ammonium to the minimum already in the first aerobic stage.
pH in aerobic stage decreases because of decrease of alkalinity and
“ammonium elbow” is observed because it starts to increase when
nitritation process stops as a result of CO2 stripping. During anoxic
phase pH increases due to alkalinity production by denitrifiers.
“Nitrate knees” were identified clearly in both cases by rapid decrease of
ORP and pH stabilization and are marked by arrows A and C on
Figure 2 a-b. All the characteristic points identified are in agreement with
measurements of concentrations (Fig. 2 a).
The other option of nitrate depletion identification is the use of on-line
nitrate selective electrodes. Meijer et al (2002 cited in Borglund, 2004)
discussed that in comparison with nitrate-selective electrodes ORP
electrodes have advantages that they are cheap, reliable and require little
maintenance, while nitrate electrodes are expensive, require high-cost
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maintenance and are not accurate with measuring concentrations of
NO3-N lower than 0.5 mg/L.
The research on ORP application in nutrient removal systems was
applied in full-scale at several WWTPs.
At the Ejby Mølle WWTP, Denmark (300 000 p. e.) operated by the
Odense Water Ltd. the system with alternating aeration is used for the
purpose of efficient nitrogen removal. Application of new control
system that uses ORP measurement at the Ejby Mølle WWTP was
described by Cecil (2003). On-line measurement of ORP potential is
used in the system for determining the point in time when all nitrate is
depleted and on-line ammonium selective electrode is used for
determining the point in time when all the ammonium is depleted. When
nitrate concentrations drop to low levels the sharp decrease of ORP
from around 0 to -100 mV is observed as was described above. After
application of such a control system the average concentration of TN in
the outflow went from 4.7 down to 2.1 mg/L and it is believed that the
decrease of 1 mg/L is reached due to the new control system
introduction and the rest due to the weather and load differences of the
periods compared. Reduction due to the new control system gave
possibility to reduce tax fees for nitrogen discharge by 48 000 USD
which gives the investment pay-back time of 2 years.
Two examples of full-scale plants that use not direct values of ORP but
rather change of ORP or derivative ORP for controlling biological
nutrient removal systems are WWTP in Hardenberg, Netherlands
(Janssen et al, 2002) and Käppala, Sweden (Borglund, 2004). The systems
of nutrient removal in both plants operate according to the same
principle of regulating the loading with nitrate. ORP potential is
continuously measured in the end of anoxic zone, where nitrate
reduction occurs. If the ORP value decreases, which means that the
concentration of nitrate decreases also, then the pumping of wastewater
from aerobic zone, rich on nitrate is increased. In the contrast, when
ORP increases, then the pumping decreases, which allows decreasing the
energy requirements. Application of such system at Käppala WWTP
allowed increasing TN removal from 75% to over 80% and cost
effectiveness of biological nutrient removal system (Käppalaförbundet,
2007).
It was also reported that ORP has been used as a tool for controlling
operation of SBR reactor for separate treatment of filtrate water (Haker,
1999). However, in this case classical nitrification/denitrification process
is run, instead of partial nitritation/Anammox, which is discussed in this
work. There were found no studies explaining application of ORP in
partial nitritation/Anammox process.

1.7.

Removal of ammonium from solutions using ion
adsorption on clinoptiolite

Clinoptiolite is a mineral that belongs to the group of natural zeolites and
has a complex formula (Na3K3)(Al8Si40O96)·24H2O (Langwaldt,
2008). It has been known for its selective adsorbing properties, where
adsorption of ammonium was the main interest. According to (Breck,
1974; Suhr, 1980; Langwaldt, 2008) the order of ion exchange preference
for different cations by clinoptiolite decreases in the sequence:
Cs+>Rb+>K+>NH4+>Ba2+>Sr2+>Na+>Ca2+>
(6)
>Fe3+>Al3+>Mg2+>Li+
Because of ammonium ion position in the sequence, it can be efficiently
adsorbed by clinoptiolite. The only ion that is commonly present in
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water and wastewater and has higher selective adsorbing properties is
K+.
Application of ammonium removal by adsorption on clinoptiolite for
treatment of water and wastewater have been extensively studied
(Semmens et al, 1977; Demir et al, 2002; Farkašet al, 2004; Rahmani et
al, 2004; Rahmani and Mahvi, 2006; Langwaldt, 2008) and applied in full
scale (Suhr, 1980). Adsorption capacity of clinoptiolite of 4.219.5 mg NH4+/L was reported in above mentioned studies and it mainly
was found to be dependent on the size or particles of clinoptiolite where
finer adsorbent showed higher capacity; concentration of ammonium,
where higher capacities were reached with more concentrated solutions;
and origin of clinoptiolite.
The classical way to regenerate clinoptiolite after saturation or when
certain concentration in the outflow is reached is by washing it with
NaCl solution in Ca(OH)2 (Breck, 1974; Suhr, 1980) or water with
increased pH (Demir et al, 2002) or without pH adjustment (Rahmani,
2004). Different concentrations of NaCl were used in different studies
for regeneration. If ammonium adsorption by clinoptiolite is applied in
the full scale, ammonium is removed further from spent regenerant by
air striping, which results in high costs for regeneration.
The possibility of clinoptiolite regeneration by nitrification bacteria was
also tested (Semmens et al, 1977; Rahmani and Mahvi, 2006) and
regeneration up to 99.8% was reached (Rahmani and Mahvi, 2006).

2.

A IMS AND OBJECTIVES OF THE T HESI S
Control of Anammox process as well as one-stage deammonification
process is an important task for achieving high performance and
treatment efficiency. One of the most important parameters is
concentration of nitrogen in different forms and alkalinity of the
wastewater. The usual way to monitor these parameters is to make
regular analyses of the wastewater by spectrophotometric method
entering and leaving the process. Sometimes concentrations in different
zones of one process are important also and need to be analyzed.
However, when continuous monitoring of the process is needed,
spectrophotometric method of determination brings high costs for
making the analyses and wasting a lot of time. Monitoring of nitrogen
forms concentrations is especially essential because deammonification
process consist of two separate processes which are either altered or run
simultaneously. Changing from aerobic to anaerobic operation in the
right time allows reducing cost and increasing performance of the
process.
Measuring of ORP has been used in wastewater treatment technologies
as the tool for monitoring and controlling the processes of biological and
nutrient removal. There were found no studies on application of ORP
for monitoring and control of ammonium removal systems with
Anammox process. Considering the advantages of the application of
ORP measurement and control of nutrient removal system with classical
nitrification/denitrification, it was decided to investigate the possibility
of use of ORP measurement for CANON and Anammox processes.
All the researchers who studied ammonium and nitrite inhibition of
Anammox process mentioned above in chapter 1.5 use concentration of
ammonium and nitrite nitrogen in mg/L or mmol when referring to
inhibition of Anammox activity. However Anthonisen et al (1976) who
studied nitritation and nitratation concluded that unionized free
ammonia (FA) and free nitric acid (FNA) concentration rather then total
12
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ammonia or nitrite ion concentrations, inhibit nitrification. The same can
be valid for Anammox process. Also, there were found no studies that
analyzed the activity of anaerobic oxidizing bacteria in multivariable
system that includes relation FA/FNA as one of the parameters.
Based on above listed considerations it was decided to study more
dependence of Anammox performance on different factors.
Temperature, TN and the ration between FA and FNA were chosen as
the three parameters that may have strong influence on Anammox
process.
As it was previously described in chapter 1 of this work, Anammox
process has found its widest application in the area of treatment of
supernatant and landfill leachate. It was decided to study if Anammox
process can be applied for treatment of such waters in Ukraine.
The specifics of Ukrainian situation are that usually domestic and
industrial wastes as long as hazardous wastes are stored at the same
landfills. Together with the fact that usually no separate municipal waste
collection system is available it is possible that any substances or ions are
present in leachate from such landfills which can inhibit nitrification or
Anammox process.
As long as there are not so many anaerobic digestion plants in Ukraine,
the one situated near chosen landfill was selected as a source of
supernatant. Anaerobic digestion plant treats sludge of WWTP of
company “Enzym” and has the capacity of production of 600 m3 of
biogas per hour. The company produces baking yeast while most of
research on Anammox process is with its application as treatment
method of supernatant coming from digestion of sludge from municipal
wastewaters treatment, so it may be interesting to study if supernatant
coming from yeast production industry has some specific characteristics.
Taking into consideration the above mentioned discussion the task of
identification of possible inhibitory effects of landfill leachate and
anaerobic sludge reject water was set as a goal.
As long as Ukraine has high deposits of natural sorbents, including
clinoptiolite, it was decided to perform preliminary study on combining
adsorption of ammonium on clinoptiolite and biological regeneration by
Anammox process.
For all the tests that were planned to be done in this work continuous
access to Anammox culture was needed. So, operation of pilot
installation that works as one-stage deammonification process in order to
keep and develop the culture was considered to be essential. Also, in this
way, future research could be continued. Operation of the plant can also
yield in better understanding of the process and identification of the
parameters of process monitoring.
Aims:
 Make use of measurements of physical parameters (DO,
Conductivity, temperature and pH) to monitor the performance of
one-stage deammonification process;
 Investigate the possibilities of monitoring and control of Anammox
process using ORP;
 Investigate the dependence of SAA from TN, FA/FNA and
temperature;
 Find possible applications of Anammox process in Ukraine;
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 Perform preliminary study on possibility of biological clinoptiolite
regeneration using Anammox process.
Objectives:
 Monitor and control the performance of one-stage deammonification
reactor. Measure physical parameters and analyze different forms of
nitrogen together with acid capacity of incoming and outgoing
wastewater;
 Analyze obtained data to find the correlation between physical
parameters and performance of the reactor;
 Perform the batch tests on monitoring the Anammox process using
measurement of ORP (Redox);
 Plan the experiments on investigating SAA dependence from TN,
FA/FNA and temperature using program MODDE;
 Perform the batch tests on SAA determination using measurement of
gas pressure with different TN, FA/FNA and temperature values;
 Analyze the data obtained from batch tests using program MODDE
and the method of Multiple Linear Regression;
 Perform the batch tests on SAA determination using measurement of
the volume of produced gas using leachate and anaerobic sludge
reject water as substrates brought from Ukraine as well as supernatant
from Bromma WWTP solution and water solution of ammonium and
nitrite;
 Perform 3-days batch test of one-stage deammonification of landfill
leachate brought from Ukraine. Analyze SAA of bacteria biomass
after the completion of the test to identify the influence of toxic
substances that can be contained in leachate;
 Analyze the possibilities of application of Anammox process in
Ukraine based on obtained results;
 Perform batch tests on clinoptiolite regeneration by Anammox
bacteria.

3.

M ATERIALS AND METHODS : GENERAL DESCRIPTION
In this chapter the general materials and methods will be described. The
materials and methods which are specific for accomplishing different
aims of the thesis will be described further in corresponding chapters.

3.1.

Hammarby Sjöstad research station

All the experimental work of this Thesis was done at Hammarby Sjöstad
research station. The station was built in 2003 by Stockholm Vatten AB
at the top of Henriksdal Mountain, in which the second biggest
underground WWTP in Northern Europe is situated. The station was
built in order to investigate new technologies of wastewater treatment. It
consists of 5 different treatment lines which treats the volume of 150
person equivalent of wastewater. The facility serves both for the purpose
of education, testing new technologies of wastewater treatment and
optimizing and improving the old ones.
Since January 1st 2008 the facility is owned by IVL Swedish
Environmental Research Institute and KTH and both run research
projects using the facility. Since spring 2008 all the experimental work
for research on Anammox process of Land and Water Engineering
department, KTH is done at this facility.
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3.2.

Experimental installation (“Column”)
The work on this Thesis was based on experimental installation which is
called “Column” further in the text. The reactor has cylindrical form and
is made of stainless steel with the inner diameter 0.124m and height 1.8m
which results in the volume of about 22L. The “Column” was filled with
9 litres of Kaldnes rings originating from full-scale one-stage
deammonification reactor treating digested sludge reject water in
Himmerfjärden WWTP. Kaldnes rings are used as a carrier for biofilm
because of its big specific surface area. Kaldnes rings used were made
from polyethylene and had dimensions of 10mm in diameter and 7 mm
in height with specific surface area of 500 m2/m3. The reactor was fed
from the bottom with supernatant and the outflow was from the top of
the reactor. Oxygen supply was done from the bottom using aquarium
aerator. No additional mean of mixing the rings was used.

3.3.

Supernatant characteristics
Experimental pilot plant “Column” was fed with anaerobic sludge reject
water (supernatant) that was brought from Bromma WWTP. The same
supernatant was used in experiments described in chapters 4, 5 and 7. As
long as 7 m3 of supernatant was brought 2 times during the period of
experimental work using truck and taking into account that the
concentration of ammonium and acid capacity of supernatant was
changing with the time (because of minor digestion of organic material
present in supernatant and exposure to air) concentration of ammonium
and acid capacity of supernatant were analyzed regularly. COD was
analyzed several times during experimental work and it had the average
value of 345 mg/L O2 with minimum at the level 200 mg/L O2 and
maximum 400 mg/L O2.

3.4.

Instruments for measuring pH, conductivity, DO, ORP
and temperature

Measurement of pH, conductivity and DO was used in experimental
work for almost all research topics of the Thesis. Measurement of ORP
was used in experimental work that is described in chapter 5.
The below instruments were used for measuring following parameters:

 pH – WTW pH 330 together with electrode WTW SenTix 41;
 Conductivity – WTW Cond 330i together with electrode WTW Tetra
Con 325
 DO – Hach Lange HQ30d together with electrode Hach Lange LDO
101
 ORP – WTW pH 330i together with electrode Hamilton Polyplast
ORP P/N 238385/01
 Temperature – WTW Cond 330i together with electrode WTW Tetra
Con 325 or Hach Lange HQ30d together with electrode Hach Lange
LDO 101

3.5.

Determination of concentrations of different forms of
nitrogen, COD and acid capacity (AC)

For analysing concentration of ammonium, nitrite and nitrate nitrogen as
well as COD and acid capacity (AC) spectrophotometer Dr Lange Xion
500 was used. When doing all the analysis except COD, samples were
previously filtrated through 0.45 µm paper.
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Below is the list of standard cuvettes produced by Hach Lange GMBH
which were used for analysis together with the range possible to analyse
with it:
 NH4-N – LCK 303, 2-47 mg/L
 NO2-N – LCK 342, 0.6-6 mg/L
 NO3-N – LCK 340, 5-35 mg/L
 AC – LCK 362, 0.5-8.0 mmol/L Ks4.3
 COD – LCK 514, 100-2000 mg/L O2
If sample with the concentration higher than the range was analysed it
was previously diluted by distilled water. All analyses were done
following standard procedure supplied with every cuvette package.

4.

O P ERATION OF PILOT INSTALLATION “C OLUMN ”
4.1.

Methodology of pilot installation operation
Operation of the plant included regular measurement of physical
parameters inside the “Column” as well as in the inflow to and outflow
from it, analyses of acid capacity and different forms of nitrogen in the
inflow and outflow, and control of hydraulic retention time (HRT),
temperature and DO in the reactor if needed.
Measurement of conductivity, pH, temperature and DO was made in the
reactor. In the inflow and outflow DO and temperature were not
analyzed because they were considered to be not important.
ORP was measured only till 5th of March in the inflow to, outflow from
and inside the reactor. Afterwards it was not measured because further
literature study of the topic has shown that the change rather than
absolute value is important; that ORP is very dependent on DO level
and can be applied for nitrogen forms identification only when DO is
very low; and the fact that up to few hours is needed for stabilization of
ORP (Mosey, 1985) which was observed also by Borglund (2004).
AC, NH4-N, NO2-N and nitrate nitrogen (NO3-N) were analyzed in the
outflow from the reactor. In the inflow analyzes of NO2-N and NO3-N
were made just 2 times and the concentrations of these forms of
nitrogen was very low, so further analyzes in the inflow were not done.
Temperature inside the reactor was controlled and it was decided to keep
the temperature in the range 28-30 °C. However, in some cases the
temperature limits were temporarily crossed.
The full data of measurements and analyzes that were done within the
Master Thesis project and cover the period from 1st of October 2008 till
29th of May 2009 is presented as an Appendices I and II. However, only
the data got after the change of culture 5th of March is analyzed in the
following chapter.

4.2.

Results
The results of the “Column” operation were measured physical
parameters and analyzed concentrations of different nitrogen forms and
AC. This massive data is easier to interpret if it is in the form of graphs
of parameters change with time. Such a graphs for concentration of
different forms of nitrogen (Fig. 3), pH (Fig. 4), DO (Fig. 5),
conductivity (Fig. 6), alkalinity (Fig. 7) and temperature (Fig. 8) were
made. Efficiency of nitrogen removal was calculated and is also
presented as a graph (Fig. 9).
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Fig. 3. Concentration of different forms of nitrogen in the inflow,
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Fig. 5. DO concentration inside the reactor.
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Fig. 6. Measurements of conductivity in the inflow, outflow and
inside the reactor.

4.3.

Discussions and conclusions.
From the graphs of nitrogen forms concentration changes (Fig. 3) and
change of efficiency of nitrogen removal (Fig. 9) it is seen that the
operation of the reactor can be divided into three phases. The first one
from 10.03.2009 to 06.04.2009 can be described as the phase of stable
good removal of nitrogen. The second one from 06.04.2009 to
08.05.2009 can be described as the phase of decrease of nitrogen
removal by Anammox and increase of conversion to nitratation. During
this phase the concentration of nitrate in the outflow from the reactor
steadily increases. The possible reason for this could be too high DO in
the reactor. This guess is supported by the fact that the efficiency slightly
increased when DO in the reactor was decreased during 21-24.04 to the
level of 0.74 (Fig. 5). Considering this after 08.05.2009 the liquid in the
reactor was changed to supernatant diluted 1:5 and reactor was run with
limited oxygen supply in order to decrease the activity of bacteria,
responsible for nitratation which resulted in increase of efficiency and
stabilization of it on the level of 50-60%.
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Fig. 7. Alkalinity in the inflow to and outflow from the reactor
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Fig. 8. Temperature inside the reactor
Analyzing alkalinity changes with the time (Fig. 7), it can be concluded
that the inflow alkalinity was always stable with the average value of
61.54 mmol/L, minimum value of 57.7 mmol/L and maximum of
64.75 mmol/L. Alkalinity in the outflow varied more and usually was
below 10 mmol/L but there was no lack of alkalinity observed. Decrease
of alkalinity observed is explained by the fact that 2 mol of alkalinity is
required for oxidation of 1 mol NH4+ to NO2-. Decrease of alkalinity
cause decrease of pH in the reactor (Fig. 4).
Conductivity was used as the parameter that can give the general view of
removal of nitrogen performance in previous studies (Szatkowska, 2007).
From the graph of conductivity change (Fig. 6) it is also seen that after
07.04.2009 conductivity in the reactor and in the outflow start to
increases until it reaches the level of around 3.2-3.7 and stays stable at
that level which agrees with the graph of nitrogen forms in the outflow
(Fig. 3).
Decrease of conductivity during the process reflects the decrease of
inorganic salts content in the liquid. The higher the concentrations of
inorganic salts – the higher the level of conductivity is. During the
nitritation process both HCO3- and NH4+ ions are removed and NO2ions are produced. During Anammox process transformation of NH4+
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Fig. 9. Efficiency of nitrogen removal.
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Fig. 10. Conductivity vs. Ninorg in the outflow.
and NO2- ions into nitrogen gas further removes inorganic salts from the
solution and correspondingly decreases conductivity level. Taking into
account these considerations the plot of measured conductivity versus
concentration of inorganic nitrogen (obtained as a sum of analyzed
NH4-N, NO2-N, NO3-N) in the outflow was made (Fig. 10).
It is seen from the graph that primary identification of inorganic nitrogen
can be done quite good using the measurement of conductivity,
especially with low inorganic nitrogen concentration in the reactor. Using
such a curve it is easy to identify the points that lay far from the line and
these are probably outliers (mistakes in measurement or analyze). For
example, two points that lie far above the curve and have corresponding
concentration of around 200 mg/L are points when the Column was
refilled with diluted supernatant. Then, alkalinity in the reactor was
higher than normal, which increased conductivity of the liquid.
Having the temperature and conductivity of a liquid, the value of
inorganic salts content can be calculated using the formula proposed by
Fair et al (1968 cited in Szatkowska, 2007):
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Fig. 11 Conductivity vs. Ninorg in the outflow.
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C dissolvedsalts [mg / L]  (4.5 10 5 )(1.02)T 25  Cond [ S / cm]

(7)

Using this formula the theoretical concentration of dissolved salts in the
liquid was calculated from values of conductivity and temperature of the
reactor volume. The theoretical values were compared with the
experimental ones (Fig. 11). The graphs showed good agreement of
theoretic and experimental data.

5.

C ONTROL OF A NAMMOX PROCESS USING ORP
5.1.

Methodology of experiments

Experimental work on finding correlation between ORP values and the
course of Anammox reaction was based on the series of batch
experiments using experimental installation (Fig. 12), where the reactor
was not closed and the solution was exposed to air. The reason why the
conditions were not kept totally anaerobic, even though the Anammox
process was evaluated, was because the operation of one-stage
deammonification process with alternating aeration was aimed to model.
In such an operation aerobic and anoxic phases are altered allowing
oxidation of ammonium to nitrite prevail in the first phase and
Anammox in the second one.
With these experiments the aim was to identify the characteristic ORP
curve and study the flow of Anammox reaction with the conditions
when the concentration of ammonium is much higher than the one for
nitrite. For the first four tests nitrification activity was sufficient to
remove dissolved oxygen from the liquid completely. With the fifth test
the aim was to study ORP curve in conditions where low dissolved
oxygen concentration is present.
For every test about 250 ml of Kaldnes rings were used. The rings for
the first three tests were taken from the “Column” pilot reactor
described in chapter 3.2 at that time when the reactor was running with
low efficiency and the biomass quality could be identified as poor. The
fourth test was done after changing the culture in the “Column” with the
Kaldnes rings originating from full-scale CANON installation at
Himmärfjärden WWTP. For the fifth test Kaldnes rings with low
nitrification activity were used in order to not totally remove DO from
the liquid. Kaldnes rings were washed two times with the water and two
times with supernatant. Kaldnes rings were put into the reactor and
450 ml of undiluted supernatant was added. A magnet was put into the
reactor and the magnetic stirrer was turned on. pH, Redox, DO and
conductivity electrodes were immersed into the reaction solution. The

Fig. 12. Experimental installation for establishing ORP, pH,
conductivity and DO profiles.
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Table 1. Initial concentrations of ammonium and nitrite in the
reactor.
1

2

3

4

5

NH4-N, mg/L

~ 900

~ 900

~ 900

~ 900

382

NO2-N, mg/L

15

15

22

20

25

reaction volume was deaerated till the level of about 0.5 mg/L using
nitrogen gas line.
During the process of DO decrease the reactor was heated to the
temperature of 22 °C and maintained at that level until the end of
experiment. This was done in order to eliminate the change of measured
parameters because of temperature change.
For the first two experiments further DO measurement was not done
because it was believed that it would not increase because all the oxygen
that dissolves in the solution would be consumed by nitrifiers. For the
rest of experiments all of above mentioned parameters were checked till
the end of experiment every 2-10 min and all the data were filled in into
Microsoft Excel sheet.
About 15-20 min after the DO level was stabilized, there were added
about 5-7 ml of concentrated nitrite solution in order to reach desired
concentration in the reactor. The initial concentrations of ammonium
and nitrite for all the experiments are collected in Table 1.
The first 4 experiments were running during 166-268 min and this time
varied and depended on the response ORP curves obtained. Analyzes of
nitrite concentrations were done when the ORP profile started to change
rapidly. For the forth experiment analyze of nitrite was performed few
minutes after addition of nitrate and two times during running the test.
Concentration of ammonium was not analyzed because it was in excess
and didn’t limit the process.

5.2.

Results
The graphs of ORP, pH, conductivity and DO profiles for experiments
1-5 were made on the same chart in order to compare the changes of
different parameters (Fig. 13 a-e). The measured concentrations of nitrite
for tests 1-4 are presented at two points and for the 5th one as a curve.

5.3.

Discussion and conclusions
The graphs for the first four experiments (Fig. 13 a-d) have shown the
similar shapes of response curves for all the parameters measured. It was
observed that pH decreases slightly with the decrease of DO in the
reactor in the beginning of experiments. After DO decreases to zero pH
stabilizes and doesn’t change much during the time of experiment.
Conductivity is stable before nitrite is added and increases sharply with
the addition of nitrite (the first vertical line on the graphs). With the time
conductivity decreases as ammonium and nitrite are removed from the
solution.
ORP sharply decreases in the beginning of experiment. This can be
explained by the facts that DO has strong influence on ORP, which was
discussed by Adamchuk and Gabrys (2008). In the first four experiments
DO drops lower the detection limit of instrument mainly because it is
consumed by nitrifiers and their activity is enough for consuming all
incoming oxygen from the air. After addition of nitrite ORP increases
because of increased DO (some dissolved oxygen comes with added
nitrite solution). After reaching the peak which is about 25 mV from the
point when nitrite was injected, ORP decreases rather sharply and
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stabilizes on the level comparable to the one when nitrite was added.
The ORP profile of the fourth experiment (Fig. 13 d) is a bit different,
because ORP does not stabilize but rather changes up and down. But the
main characteristic point of 4 ORP profiles is that after passing some
time ORP starts to increase sharply. In these points concentrations of
nitrite were analyzed and they laid in the range of 4.67-6.1 mg/L. Also,
because of higher initial concentration of nitrite in the third experiment,
rise of ORP is observed further in time then for the first two ones. In
the third and the fourth experiment, where DO was monitored all the
time it is also seen small increase in DO up till 0.05 mg/l. This can be
explained by the fact that the conditions changed closer to oxidizing,
which gave the possibility for some oxygen from the air to dissolve in
the water without being consumed by nitrification bacteria.
The fifth experiment (Fig. 13 e) doesn’t show any corresponding changes
of ORP with the flow of Anammox reaction. This may be explained by
the fact that with DO = ~0.2 mg/L ORP doesn’t fall to the levels where
any change can be detected. Considering this, it may be concluded that
measuring online ORP potential can serve as the signal of the end of
Anammox reaction only when DO is very close to zero. This can be
achieved either in the two-stage deammonification process or in onestage process with alternating phases if nitrification activity is high
enough to lower DO to the level close to zero during anoxic stage.
Measurement of pH does not give any information about the flow of
Anammox process, which agrees with theory because no change is
expected during the Anammox process.

6.

E VALUATION OF FACTORS INFLUENCING SPECIFIC
A NAMMOX ACTIVITY (SAA) USING SU RFACE
MODELLING

6.1.

Methodology

Methodology of experiments on evaluation of factors influencing
specific Anammox activity (SAA) includes determination of SAA using
method of gas pressure measurement and the use of computer program
MODDE which are explained in detail further.

6.1.1.

Determination of SAA using measurement of gas pressure
The methodology used for determination of SAA using measurement of
gas pressure is well known and is adapted from the one explained by
Dapena-Mora (2007). The principle of methodology is based on the fact
that with transformation of nitrogen from different forms into nitrogen
gas the pressure inside gas volume of close system should increase
proportionally to the amount of nitrogen, converted to nitrogen gas.
The methodology was developed by Dapena-Mora (2007) by
transformation of the one used for determination of activity of bacteria
capable to digest biomass in anaerobic conditions with production of
biogas.
The tests were performed in glass bottles of total volume of 38 ml with
13 ml of gas phase. In order to keep pH at the sstable level during the
tests, substrate was prepared using phosphate buffer (0.14 g/L KH2PO4
and 0.75 g/L K2HPO4). pH of newly prepared buffer is around 7.8 and
it was modified to desired level by addition small quantities of HCl or
NaOH.
The tests were always started by filling the bottle with 15 Kaldnes rings
with attached bacteria, which were previously washed twice with
prepared buffer and filling the bottle with buffer, so the increase of mass
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of bottle was 24 g. Here it is worth mentioning that the number of 15
rings was chosen because of the fact that it is the maximum number of
rings which could fit inside 25 ml of liquid. It is also assumed that the
density of both liquid and rings with attached biofilm was equal to 1
g/ml, so the weight could be used instead of volume.
Then, the bottle was closed tightly with cap with rubber septum so no
gas leakage could occur. The cap had a hole in the top so there was
possibility to access the volume of the bottle with needle through the
septum.
For the purpose of removing all the oxygen from the gas phase of the
bottle, a needle connected to nitrogen gas line was inserted through
rubber septum of the bottle for the time of 5 minutes. Another needle
was inserted to remove the gas from the free volume of the bottle.
After removing the oxygen, the bottle was put into the thermostatically
controlled water bath (model Messgeräte Werk Landa MS/2) for the
time of 5 minutes to stabilize the temperature inside the bottle on
desired level. Then the bottle was removed from the water bath and
0.5 ml of nitrite and 0.5 ml of ammonium solution was added using
syringe with needle through rubber septum. The concentrations of
solutions were of order 50 from the desired concentration in the bottle.
After addition of ammonium and nitrite substrate the volume of liquid
phase and Kaldnes rings became 25 ml and the volume of gas phase 13
ml correspondingly.
After addition of substrate the needle without syringe was inserted
through septum to remove extra pressure. The time when extra pressure
was removed was taken as the zero-time. Gas pressure inside free
volume of the bottle was measured directly after removing extra pressure
using pressure transducer produced by Centrepoint Electronics that is
capable of measuring overpressure in the range from 0 to 5 psi.
The bottle remained in the water bath all the time of the tests and
removed periodically (every 15-40 min depending on the temperature) to
measure extra pressure inside the bottle. The tests lasted for 45 min-2
hours depending on the temperature at which the tests were performed.
Usually 4-6 bottles were used simultaneously so the total time of
experiments could be reduced.
Pressure transducer gave response in mV, which could be transformed
to mm Hg by multiplication by 2.65. The transformation from the
pressure in mm Hg to the conversion of nitrogen from ammonium and
nitrite into nitrogen gas by Anammox bacteria in mg N/L could be
performed using ideal gas law with equation:

p mmHg

 0.012
1000
760
 28 
m
0.082  (273.15  t )
0.025
Where pmmHg - overpressure in the bottle, mm Hg;
760 – conversion coefficient to convert from mm Hg to atm.;
0.012 – volume of the gas phase in the bottle, L;
0.082 – universal gas constant R, L·atm·K-1·mol-1;
t – temperature, °C;
28 – molar mass of nitrogen gas;
1000 – conversion from g to mg;
0.025 – volume of liquid phase of the bottle, L.
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Transformation of every value using formula (8) was done with further
plotting it as a function of time. Points that laid on straight line were
 using standard Microsoft
then used to determine average removal rate m
Excel function SLOPE. This value was used for determining SAA:

m  0.025  60  24
1000  0.0125

Where m - average nitrogen removal rate, g N·L-1·min-1;
SAA 

(9)

0.025 – volume of liquid phase of the bottle;
60·24 – number of minutes in 1 day;
1000 – conversion from mg to g;
0.0125 – surface area of 15 Kaldnes rings (the value obtained taking into
account the fact that Kaldnes rings specific area was 0.5 m2/m3 and that
15 rings occupied the volume of 25 ml).

6.1.2.

Application of program MODDE for the purpose of building
model of dependence of SAA from different parameters
For the purpose of planning the experiments on evaluation of influence
of temperature and substrate availability on SAA program MODDE
ver. 7.0 developed by Umetrics AB was selected. This program gives an
opportunity to determine the dependence of several responses of the
system on different factors (up to 20) using minimum number of
experiments. The program is a powerful tool for modelling and
optimization of the processes (Umetrics, 2009) so it has many functions
and possibilities that were not used in this study. In this section only
features and functions that were used are explained.
The work with the program starts with running Project Design Wizard,
where user first of all define all the factors that will be used in the model,
together with minimum and maximum values and units of factor. In this
work temperature, total nitrogen and FA/FNA value were defined as the
factors together with the limits that are discussed in chapter 6.1.3. For
TN and temperature mg N/L and °C were defined as units
correspondingly, while no units were defined for FA/FNA value.
Instead, it was chosen to use logarithmic transformation (10Log(X))
from the list of options “Transform” of tab “Advanced” of Factor
Definition dialog. It allows using absolute values of FA/FNA in all the
dialogs but the model is fitted using logarithmic value of this factor. For
two other parameters no transformation was chosen.
In the next dialog at least one response has to be identified. The only
response that is interesting in this study is SAA, so it was specified
together with g N/m2 d as the units.
Response surface modelling (RSM) was chosen as the type of model that
is going to be used. MODDE can use different number of experiments
to build the model. The higher the number of experiments – the more
accurate model will be built and the more time and resources will be
spent for building the model. In this work Composite Face Centered
(CCF) and Fully Factorial model were used. The first one uses results of
16 experiments (if two central points are used) and the second one 30 (if
three central points are used).
In the next step the program will create a worksheet with a plan of
experiments. It means that the program creates the set of experiments
where different conditions are to be applied to the system. A set of
experiments proposed by MODDE is a combination of different values
of factors lying either at the ends or in the middle of the factor range.
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After proposed experiments are made, the values of responses are filled
in into the worksheet.
After all the experiments are done and the data is filled in into the
program, the model needs to be fitted to the data. MODDE can fit the
model to the data either using Multiple Linear Regression (MLR) or
Projection to Latent Structure (PLS) method. In this work MLR method
was used. To fit the model menu entry Analysis->Fit need to be chosen.
The result of fitting the model is a Summary Plot which is a bar diagram
that shows how good the model is fitted to the data. For every fitted
response Summary plot displays 4 bars. The first bar “R2” shows the
fraction of variation of the response explained by the model. In other
words it means how good the experimental data agree with the one that
model will give.
The second bar “Q2” shows the fraction of variation of the response that
can be predicted by the model, or which part of responses can the model
predict. These two values usually are numbers between 0 and 1, even
though negative values of Q2 are possible for very poor models. Values
close to 1 both for R2 and Q2 identify very good models with good
predictive power.
The third bar is Model validity and it is the measure of validity of the
model. When the Model Validity bar is larger than 0.25 there is no lack
of fit of the model (the model error is in the same range as the pure
error).
The forth bar is Reproducibility and it is the measure of the variation of
the response under the same conditions compared to the total variation
of the response.
In general, the higher the four bars are – the better the model is. If the
model cannot be fitted well to the data which results in small values of
described four bars, it may mean that some of the values obtained during
the experiment are “outliers”. That means that there could be some
major error done during the experiment which led to the big change in
response. For example for determining SAA with pressure measurement
such an error could be caused by bad sealing of the bottle (which
resulted in gas leakage) or by making an error in counting the number of
Kaldnes rings that were put inside the bottle.
Outliers can be identified by using Normal Probability Plot of Residuals.
On this plot Deleted Studentized Residuals are plotted on a cumulative
normal probability scale. As the rule of thumb the points should lay on
the straight line which is called Normal Probability Line. If some point
deviates from Normal Probability Line or have large absolute values of
studentized residuals i.e. higher then ±4 standard deviations then it is a
possible outlier.
If the possible outlier is detected then either the experiment for that
point can be made once again, or the point can be excluded from the
model. If some point was excluded from the model, the model has to be
refitted again.
After the fitting process the model is ready to be used. When the model
is fitted well it means that it can calculate the response for every point of
the ranges of factors that were defined when designing the model. For
example in our case good fitted model means that we can calculate SAA
with any TN, FA/FNA and temperature (from the ranges that were used
for designing the model). That function is available from the menu
Prediction->Predictions List and was used for making 2D plots
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Table 2. The ranges of TN, FA/FNA and T used in two sets of
tests.
1st set of tests
TN, mg/L

FA/FNA

Min

100

Middle

300

Max

500

2nd set of tests
T, °C

TN, mg/L

FA/FNA

T, °C

0.3

15

300

0.003

22.5

30

22.5

500

0.3

30

3000

30

700

30

37.5

described in chapter 6.3. This function also gives the higher and the
lower possible value of response from the 95% confidence level.
The other function that was used is Coefficient Plot that can be accessed
from Analysis-Coefficients-Plot menu. This plot displays the coefficients
for the selected response with confidence level as error bars. The higher
the absolute value of the coefficient of factor – the higher influence has
this factor on the response. However, if the factor has rather high
absolute value of the coefficient but one of its error bars are close to
zero line, it is possible that the factor does not have strong influence on
response or influence the response both positively and negatively over
the analyzed range.
One of the most useful features of the program is the possibility to
present the response as a 3D surface with two factors used as variable. It
gives possibility to quickly assess the influence of factors on the response
and identify the values of the factors where desired minimum or
maximum of response is observed. It is also good for presenting a lot of
data in the form that is easy to understand. This function can be found
under menu Prediction-Contour Plot Wizard. There both 3D Surface
and Contour, 4D Contour and 4D Surface graphs can be built.

6.1.3.

Establishment of factors influencing SAA using surface
modelling
As was already mentioned in chapter 2, the cumulative influence of TN,
FA/FNA and temperature on SAA was decided to be analyzed. The
ranges of investigation for two tests are specified in table 2. It was
decided to use the values of FA/FNA parameter in logarithmic scale in
order to have wider range of values for investigation. The first set of
tests did not show the maximum value of SAA and it was decided to
perform the second set of tests and move the range into the direction of
increase of SAA.
Using instructions described in chapter 6.1.2 the Project Design Wizard
was run in program MODDE and TN, FA/FNA and T were specified
as factors with corresponding minimum and maximum values. For the
first set of experiments CCF model with two central points was used (16
experiments). Experimental work for the second set consisted of 17
experiments. Fully Factorial model with two central points was used in
order to make use of that data of the first set of experiments that lay in
the range of the second set. Values for NH4-N, NO2-N and pH were
chosen so, that TN and FA/FNA would be the ones needed for
experiment. FA and FNA concentrations were calculated using formulae
(10) and (11) correspondingly, which were for the first time obtained and
described by Anthonisen et al (1976).

10 pH

FA 
e

6344
T

 10

 C NH 4 N

(10)

pH
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Table 3. List of parameters of the first set of experiments
Name of
experiment

TN,
mg/L

FA/FNA

C(NH4-N),
mg/L

C(NO2-N),
mg/L

SAA,
gN·m-2·d-1

N1

100

0.3

15

6.26

50

50

1.06

N2

100

0.3

N3

500

0.3

30

5.93

50

50

2.74

15

6.26

250

250

1.14

N4

500

N5

100

0.3

30

5.93

250

250

5.15

3000

15

8.27

50

50

0.71

N6
N7

100

3000

30

7.95

50

50

2.57

500

3000

15

8.27

250

250

0.71

N8

500

3000

30

7.95

250

250

3.99

N9

300

30

15

7.26

150

150

0.87

N10

300

30

30

6.93

150

150

3.92

N11

100

30

22.5

7.09

50

50

1.33

N12

500

30

22.5

7.09

250

250

2.28

N13

300

0.3

22.5

6.09

150

150

2.63

N14

300

3000

22.5

8.10

150

150

1.74

N15

300

30

22.5

7.09

150

150

2.05

N16

300

30

22.5

7.09

150

150

2.08

1

FNA 
e

6.2.

 2300
T

10

T, °C

pH

 C NO 2 N

(11)

pH

Results
This section is divided into two parts where results of two sets of tests
presented separately.

6.2.1.
First set of tests
The list of the experiments of the first set together with the values of T,
TN, FA/FNA, pH, NH4-N and NO2-N that used in experiments and
determined SAA are presented in Table 3.
After fitting model with data using MLR method the system identified
experiment N2 as an outlier. After excluding that experiment from the
data processed with MODDE and refitting the model Summary Plot for
the model was displayed (Fig. 14.). Values for bars in Summary Plot are:
R2>0.99, Q2=0.98, Model Validity=0.61, Reproducibility>0.99. All these
values show that the model is fitted well to the data and is able to explain
1,00

0,80

0,60

R2
Q2
Model Validity
Reproducibility

0,40

0,20

0,00
SAA

Fig. 14. Summary plot for the first set of experiments
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0,40
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0,00
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TN*TN

T*T
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TN

T

-0,40

Fig. 15. Scaled and Centered coefficients for the first set of
experiments
and predict SAA within the range of experiments with high precision.
After fitting the model the Coefficient Plot was displayed in order to
evaluate which factors influence SAA and how much (Fig. 15.)
The absolute values of factor coefficients are: βT=1.48, βTN=0.39,
βFA/FNA=-0.39.

a)

b)

c)

Fig. 16. Dependence of SAA from temperature and FA/FNA value
at the fixed levels of TN: a)TN=100 mg/L; b)TN=300 mg/L;
c)TN=500 mg/L.
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a)

b
)

c)

Fig. 17. Dependence of SAA from TN and FA/FNA value at the
fixed levels of T: a)T=15 °C; b) T=22,5 °C; c) T=30 °C.
For further analysis of the model 3D Surface plots were built. On the
Figure 17 a-c the graphs of SAA dependence from TN and FA/FNA
with temperatures fixed at the levels of 15, 22.5 and 30 °C are presented.

6.2.2.
Second set of tests
The list of the experiments for the second set together with the values of
T, TN, FA/FNA, pH, NH4-N and NO2-N that used in experiments and
determined SAA are presented in Table 4. The data that was taken from
the first set of experiments is highlighted with grey color.
After fitting model with data using MLR method Summary Plot for the
model was displayed (Fig. 18.). Values for bars in Summary Plot are:
R2=0.96, Q2=0.79, Model Validity=0.74, Reproducibility=0.97. All these
values show that the model is fitted well to the data and is able to explain
and predict SAA within the range of experiments with rather high
precision. However, the model was fitted worse than in the first set of
tests.
After fitting the model Coefficient Plot was displayed in order to
evaluate which factors influence SAA and how much (Fig. 19.).
The absolute values of factor coefficients are: βT=2.48, βTN=-0.36,
βFA/FNA=-0.39.
For further analysis of the model 3D Surface plots were built. On
Figure 20 a-c the dependence of SAA from T and FA/FNA with TN
fixed on the levels of 300, 500 and 700 mg/L are presented.
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Table 4. List of parameters of the second set of experiments.
Name of
experiment

TN,
mg/L

FA/FNA

T, °C

pH

C(NH4-N),
mg/L

C(NO2-N),
mg/L

SAA,
gN·m-2·d-1

N1

300

0.003

22.5

6.09

150

150

2.6611

N3

300

0.003

37.5

5.26

30

270

7.5448

N5

500

0.003

30

5.53

30

470

4.482

N7

700

0.003

22.5

5.77

30

670

1.2359

N9

700

0.003

37.5

5.46

30

670

7.4883

N10

300

30

30

6.93

150

150

2.6333

N11

300

0.3

30

6.28

50

250

5.3778

N13

500

0.3

22.5

6.39

100

400

1.9708

N14

500

0.3

30

5.93

250

250

5.1452

N15

500

0.3

37.5

5.97

150

350

7.8343

N17

700

0.3

30

6.61

30

670

4.3435

N19

300

30

22.5

7.09

150

150

2.064

N20

300

30

30

6.93

150

150

3.9237

N21

300

30

37.5

6.79

150

150

5.7699

N22

500

30

22.5

7.09

250

250

2.2825

N23

500

30

30

6.93

250

250

4.1915

N24

500

30

37.5

6.97

150

350

7.1502

N25

700

30

22.5

7.77

30

670

1.6768

N27

700

30

37.5

7.47

30

670

4.9433

N28

500

0.3

30

5.93

250

250

5.2258

N29

500

0.3

30

5.93

250

250

4.539

On Figure 21. a-c the graphs of dependence of SAA from TN and
FA/FNA with temperatures fixed at the levels of 15, 22.5 and 30 °C are
presented.

6.3.

Discussions and conclusions
The same as with presenting results of two sets, the discussions and
conclusions for two sets are done separately.

6.3.1.
First set of tests
According to the Coefficient Plot (Fig. 15) the highest influence on
response has temperature. Two other factors used – TN and FA/FNA –
1,00

0,80

0,60
R2
Q2
Model Validity
Reproducibility
0,40

0,20

0,00
SAA

Fig. 18. Summary plot for the second set of experiments
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3

2

1

0

TN*FA/FN~

T*FA/FN~

T*TN

FA/FN~*FA/FN~

TN*TN

T*T

FA/FN~

TN

T

-1

Fig. 19. Scaled and Centered coefficients for the first set of
experiments
also has influence on SAA but to a lower extent.
The interactions between factors also correspondingly have influence on
SAA. It is also seen from the plots that in general increase of
temperature and total nitrogen has positive effect on SAA and increase
of FA/FNA leads to decrease of SAA. From the values of factor
coefficients we can say that the average influence of TN and FA/FNA
on absolute value of SAA is the same.

a)

b
)

c)

Fig. 20. Dependence of SAA from temperature and FA/FNA value
at the fixed levels of TN: a)TN=300 mg/L; b)TN=500 mg/L;
c)TN=700 mg/L
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Fig. 21. Dependence of SAA from TN and FA/FNA value at the
fixed levels of TN: a)T=15 °C; b) T=22.5 °C; c) T=30 °
The fact that the temperature has the biggest influence on SAA can also
be seen from the graphs at the Figure 16. The shape of the graphs of
SAA increase with the increase of temperature is more or less the same
for different conditions (FA/FNA and TN). On Figure 22. the graph for
dependence of SAA from temperature with TN and FA/FNA value
fixed in the middle positions is presented along with the 95% confidence
4,5

4

3,5

SAA, gN/(m2 d)

3

2,5

2

1,5

1

0,5

0
10

15

20

25

30

T, C

Fig. 22. SAA as a function of temperature with TN fixed at
300 mg/L and FA/FNA fixed at the value of 30. Dashed lines
identify 95% confidence interval.
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Fig. 23. Relative increase of SAA depending on temperature for
different TN and FA/FNA values: a)TN=100 mg/L;
b)TN=300 mg/L; c)TN=500 mg/L; d)FA/FNA=0.3;
e)FA/FNA=30; f)FA/FNA=3000
interval.
To determine the separate influence of temperature on SAA the graphs
of relative increase of SAA with increase of temperature were build
where TN and FA/FNA were fixed at lower, central and higher levels
(Fig. 23 a-f). The lowest SAA of every series was taken as the base.
As it can be seen from above showed graphs, temperature has different
influence on SAA depending on TN and FA/FNA value. The highest
relative increase of SAA is observed with high TN values. Increase in
temperature from 15 to 30 °C can result in increase of SAA by 251484%, which corresponds to average increase of SAA by 8.7-12.5% per
1 °C.
For graphs presented on Figure 23 a-f activation energies were calculated
using formula (5) and ranged from 67 to 86 kJ/mol. This agrees with the
values of 70 kJ/mol obtained by Strous et al (1999) and are close to
63 kJ/mol obtained by Dosta et al (2008).
As long as usually it is not reasonable to heat incoming wastewater
because of high energy needs, it is important to maintain other
parameters that influence SAA on the optimum levels. From the
Figure 17 it is seen that decrease of FA/FNA value always causes
increase of SAA in the ranges investigated. The growth of SAA is not the
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Fig. 24. Relative dependence of SAA from FA/FNA value at
TN=300 mg/L
same with different temperatures and TN. To show this, graphs of
relative SAA growth (center point taken as a base) with decrease of
FA/FNA were built for 15, 22.5 and 30 °C and TN that equal to
300 mg/L (Fig. 24).
As it is seen from the graphs, with increase of temperature dependence
of SAA from TN slightly decreases.
From Figure 17 a it is seen also that the influence of TN on SAA is not
the same for different temperatures. For the temperature of 15°C SAA
reaches the maximum values when TN is in the range of 300-350 mg/L.
It can be better seen from the graph presented on Figure 25.
For the temperatures 22.5 and 30°C increase of TN in the range of
experiment leads to increase of SAA (Fig. 26 a-b).
Graph of SAA dependence on TN for the temperature 22.5 °C (Fig. 26a)
shows that the maximum of SAA is reached when TN is in the range of
450-500 mg/L. For the temperature of 30 °C (Fig. 26 b) the maximum
1,05
1

SAA/SAA cent

0,95
0,9
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0,8

FA/FNA=0,3
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0,75
0,7
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Fig. 25. Relative dependence of SAA from TN with T=15 °C
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Fig. 26. Relative dependence of SAA from TN: a)T=22.5 °C;
b)T=30 °C
of SAA was not reached.
Figures 25 and 6.26 a-b shows that inhibition by total nitrogen is strongly
dependent on the temperature and it moves to the higher levels of TN
when the temperature is increased.

6.3.2.
Second set of tests
Summary Plot of the second set of tests (Fig. 18) shows that the model
was fitted well to the data. If it is compared with the one, obtained for
the first set of tests, then it is seen that R2 and Reproducibility bars are
slightly lower for the second set and Model Validity is slightly higher. Q2
value for the second set is substantially lower, which results in higher
error of prediction.
Coefficient Plot of the second set of tests (Fig. 19) agrees with the
Coefficient Plot of the first set of tests that the temperature is the factor
that influences SAA the most. However, the influence of TN and
FA/FNA is evaluated in another way. First of all, due to higher error of
prediction, the error bars of the factors TN and FA/FNA are wider, so
the upper limits are close to the zero line. Second, as it will be seen later,
these factors do not have the same influence on SAA in the different
ranges of values. The interactions between factors are not important
since the error bars are too wide and always either cross the zero line or
are close to it.
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3D Graphs of SAA dependence on T and FA/FNA for the second set
(Fig 20) are similar to the ones for the first test (Fig 16) in the terms of
temperature dependence. In order to illustrate this, the graphs of
temperature dependence were built for both tests on the same chart for
TN fixed at 300 mg/l and FA/FNA at 30 (Fig. 27 a) and TN fixed at
500 mg/l and FA/FNA at 0.3 (Fig. 27 b).
The graphs show that the data of both tests are consistent and SAA
continues to increase almost linearly with the increase of temperature up
to 37.5°C. Investigation of higher temperatures is considered to be
unreasonable because usually temperatures of supernatant and landfill
leachate never reach higher values. 95% confidence interval is much
wider for the second set of tests than for the first one because of lower
Q2 value of the model.
The same types of graphs as presented on Figure 27 were built to
compare SAA dependence on TN and FA/FNA (Fig. 28 and 29). From
these graphs it is seen that in the second set of tests the maximum of
SAA was reached both in the range of TN and FA/FNA. Decrease of
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9
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Fig. 27. SAA as a function of temperature. Dashed lines
identify 95% confidence interval: a) TN=300 mg/L,
FA/FNA=30; b) TN=500 mg/L, FA/FNA=0.3
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SAA with high values of TN can be explained by inhibition. The general
conclusion of both set of tests is that the optimum level of TN depends
on the temperature and FA/FNA but lies in the range of 400-500 mg/l.
However, such a high levels of TN are not feasible to maintain in
industrial applications. Keeping TN in the continuous working reactor at
such levels means that outflow from the reactor will have the same high
concentration of nitrogen and the goal of application of Anammox
process is to reduce the level of TN in wastewater as much as possible.
This result also means that the lower is designed concentration of TN in
outflow from the reactor – the longer hydraulic retention time in the
reactor should be.
Based on results of both sets of tests it can be concluded that the
optimum values of FA/FNA lays in the range of 0.1-1 for most cases.
Based on equations (10) and (11), FA and FNA depend on
concentrations of ammonium and nitrite correspondingly together with
the value of pH. Increase of pH leads to higher values of FA/FNA
when the concentrations of ammonium and nitrite are kept constant.
That means that in order to reach low FA/FNA values there should be
as little ammonium as possible, as much nitrite as possible and low pH.
This conclusion is valid only for Anammox process. In one-stage
6

First set SAA
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Fig. 28. SAA as a function of FA/FNA. Dashed lines identify
95% confidence interval: a) TN=300 mg/L, T=22.5°C;
b) TN=500 mg/L, T=30°C
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deammonification system conditions have to be suitable for running
both Anammox and nitritation.
In one-stage deammonification system values of FA/FNA in the range
of 0.1-1 are usually not accessible. First of all, ammonium removal in
one-stage deammonification process is usually limited by nitrification
(Szatkowska, 2007). That means that nitritation runs slower than
Anammox process and most of nitrite that is produced is assimilated
immediately. In order to increase the concentration of nitrite in the
system, the rate of nitrification process need to be increased. This can be
done by increasing DO in the reactor. As long as Anammox is inhibited
by DO, increase of DO will lead to decrease of SAA. Finding the
balance between nitritation and Anammox rate so the proportion of
nitrite to ammonium is highest but concentration of nitrite is not too
high to cause inhibition is important task which influence the overall
deammonification efficiency.
pH is important parameter not only for Anammox but also for
nitritation. Higher levels of pH are needed for nitritation mainly because
of alkalinity requirements. During nitritation process pH is decreased
due to alkalinity consumption. Keeping outflowing TN concentration on
minimum level causes maximum drop of pH, which in turn is preferable
6
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Fig. 29. SAA as a function of TN. Dashed lines identify 95%
confidence interval: a) T=22.5°C, FA/FNA=30; b) T=30°C,
FA/FNA=0.3
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for Anammox process.
When two-stage deammonification system is used, low levels of
FA/FNA can be reached if nitrite, produced in preceding nitritation
reactor (SHARON process is usually used in this case to avoid
nitratation to happen), and ammonium in supernatant are dosed to
Anammox reactor so that desired ratio between ammonium and nitrite is
reached. pH can also be lowered because requirement of alkalinity of
Anammox process is extremely low comparing to nitrification.
In order to achieve low levels of FA/FNA and high TN the
combinations of concentrations and pH were used that led to rise of
concentrations of FNA to the levels that were reported to be inhibiting
Anammox process (Jung et al, 2007). However, no inhibition was
observed both in the first set of experiments where FNA of
0.58 mg N/L was used for some experiments and in the second one,
where maximum FNA of 3.83 mg N/L was used. Minimal pH of 5.26
was used and no inhibition was observed as well. The explanation to
absence of inhibition by such high concentrations of FNA and low pH
can be that outer layer of nitrification bacteria protected Anammox
bacteria from such extreme environments. So, in order to investigate
inhibition effects of FNA and pH as well as to design full-scale plants,
long-term experiments in pilot plants have to be made.
The other minor conclusion that is deduced rather from running
experiments than from evaluating the results is that Anammox bacteria
are not sensitive to increase of pressure up to 0.3 bar. This conclusion
was deduced because of the fact that overpressure inside the bottles in
some experiments rose to 34.5 kPa and no decrease of activity was
observed. It is logical as long as Anammox bacteria were found in ocean
sediments, where the pressure is much higher. This can be useful for
creating Anammox reactors that works in overpressure conditions to
avoid leakage of oxygen inside the reactor.

7.
IN

P OSSIBILITIES OF A NAMMOX PROCESS APPLICATION
U KRAINE

7.1.

Description of Lviv municipal solid waste landfill
Municipal solid waste landfill of Lviv is situated 5 km from the border of
b)

a)

Fig. 30. Experimental installation for measuring SAA using
measurement of volume of nitrogen gas: a) scheme; b) photo.
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the city and occupies the area of 33 hectares. It has started its operation
in 1956 and according to the national legislation had to be closed in
1981. However it is still in operation and is the only landfill around the
city. There are no special facilities to handle industrial and hazardous
wastes in the region, so these kinds of wastes are also stored at the same
landfill. Except around 9 million tonnes of municipal solid wastes,
wastes from galvanic industry, acid houdrons and other wastes that can
cause serious environmental and health problem were accepted to the
landfill.
Village of Velyki Hrybovychi is situated less than 1 km from the landfill.
The landfill was not properly managed during its operation, which
caused problems with odours and pollution of ground water. Last years
the government began to put more and more attention to environmental
problems connected to the landfill, mainly because of complains and
strikes of citizens of nearby villages.
The current long-time plan is to build modern municipal solid waste
handling facility and close landfill that is in operation. Further the landfill
has to be covered with 3 m of clay and ground and vegetation has to be
planted above. Building of biogas collection system and covering landfill
with 0.5 m of clay is now in process.
Leachate from landfill is collected in the system of trenches that are
made around the landfill and pumped into small artificial pond where it
is stored. Regularly leachate is transported by sanitation trucks to the
inflow of municipal WWTP.

7.2.

Methodology
In this study experiments on assessment of possibility of Anammox
process application in Ukraine were mainly based on determination of
SAA using volume of produced gas. Methodology of performing these
experiments as well as the overall methodology of the work are
described further.

7.2.1.

Determination of SAA using measurement of the volume of
produced nitrogen gas.
Another method of measuring SAA is a measurement of the volume of
nitrogen gas, produced during removal of ammonium and nitrite.
Methodology was first described by Adamczyk and Gabrys (2008) and
developed further in this study.
The scheme and the photo of experimental installation that was used are
presented on Figure 30 a-b.
The experiments started with preparation of solution with concentration
NH4-N of 75 mg/l and NO2-N of 50 mg/l. When the experiments were
run with water solutions, corresponding amounts of NH4Cl and NaNO2
salts were diluted in water. When the experiments were run with
supernatant, landfill leachate or activated sludge reject water, the
substrate was diluted in order to lower the concentration of ammonium
nitrogen to 75 mg/l and then NaNO2 salt was added.
As was mentioned above, Anammox process is inhibited by dissolved
oxygen, so in order to remove it to the low level, solution was deaerated
using nitrogen line to the level of DO around 0.5 mg/l. Additionally,
temperature of the solution was adjusted in order to meet room
temperature (20.6 – 20.9 °C).
Burette B was filled with the water and turned upside down into the glass
filled with water GW. It is worth mentioning that Adamczyk and Gabrys
(2008) used 10% NaOH solution instead of water. In this work it was
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considered unnecessary to use base, since removal of CO2 from the
solution is very low, comparing to the volume of nitrogen produced.
300 ml of Kaldnes rings (around 300 pcs.) were used for every test.
These rings were taken from experimental installation “Column”
described in chapter 3.2. Kaldnes rings were washed by tap water twice
and then twice more with the prepared solution. Then the 600ml glass
bottle GB was filled with prepared solution leaving around 15 ml of free
volume to the top. Magnet M was put inside the bottle. The bottle was
set on the base of magnetic stirrer MS and the stirrer was turned on. The
bottle was hermetically closed by the cap C with connected rubber line
RL to the bottom of burette B. Silicon, which is used for construction,
and rubber gaskets were used for the means of sealing.
When the bottle was closed timer was started and excess of water from
burette B was removed till the level of 24-25 ml by opening the valve V.
This level was noted down and used as the 0-level (referred further as
V 0 ).
With the production of nitrogen gas inside the bottle, excess of gas was
self-removed by rubber line into burette B so the level of the liquid
inside the burette dropped. The level of the liquid in burette B was noted
every 2-10 min depending on the gas production speed.
The experiment was stopped when the gas production reached a stable
level.
Specific Anammox activity is defined as transformation of nitrogen from
different forms into nitrogen gas during 1 day on the biofilm area of
1 m2, referring to bacteria attached to carriers or per gram of volatile
suspended solids, when granular sludge is used. For determination of
SAA using measurement of volume of gas produced such a formula was
used:

SAA 

n N 2  M N 2  60  24

(12)

Vrings  s

where:

n N 2 - number of mol of nitrogen gas produced by all the rings in the
bottle per 1 min;
M N 2 – molar mass of nitrogen gas, which is equal to 28 g·mol-1;

Vrings - volume of rings used for the test, L. In our case equals to 0.3 L;
S – specific surface area of Kaldnes rings, m2/L. In our case equals to
0.5 m2·L-1;
60 and 24 stands for number of minutes in 1 hour and number of hours
in 1 day.
The reason why number of mol is used for determination of SAA and
not directly the volume of the gas, how it was in the work of Adamczyk
and Gabrys (2008) is that the pressure inside free volume of burette is
not always the same, and correspondingly number of mol of nitrogen in
1 ml of free volume is different in the beginning of the test and in the
end.
Number of mol of nitrogen gas was calculated using ideal gas law from
pressure and volume:

pV  n N 2 RT

(13)

Where p – pressure inside free volume of burette;
V – volume of nitrogen gas;
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n N 2 – number of mol of nitrogen gas produced by all the rings in the
bottle;
R – universal gas constant, equals to 8.314 m3·Pa·K-1·mol-1;
T – absolute temperature.
Pressure of the gas inside free volume of burette was calculated using the
formula:

p  p atm    g  hw

(14)

Where patm - atmospheric pressure. It was not measured and was
assumed to be the same as a standard atmospheric pressure that is equal
to 101325 Pa;
 - density of water. Is equal to 1000 kg/m3;
g – standard gravity which is equal to 9.81 m/s2;
hw – height of water level in burette above the level of water in glass. It
was measured that 1 ml in burette corresponds to 1.28·10-2 m.
In order to identify volume of nitrogen gas produced by Anammox
bacteria in burette first we need to recalculate the zero-level because of
change of volume of the air that was initially present in burette because
of pressure change:

V 0 l  (25  V 0  5)  (

p0
 1)  V 0
p

(15)

Where p0 – pressure in the free gas volume in the beginning of the test;
p – current pressure in burette;
25 – used for transformation of reading into volume of gas;
5 – volume above the “25” mark.
Volume of nitrogen gas in burette that was produced by Anammox
bacteria is calculated then as:

V  V 0 l  Vl

(16)

Where Vl - reading of the actual level of liquid in burette from 0-25
scale.
So, to get the final formula for calculation of mol of nitrogen gas
production formulae (13) – (16) are put together:

1,28 

 p atm    g  Vl 

100 



R  (273,15  t )

n N2



 25  V 0  5











0 1,28

 p atm    g  V 

0
100



 1  V  Vl

 p   g  V  1,28

 atm 

l

100



1000000

(17)

Where t – room temperature, °C;
1000000 – ml to m3 conversion coefficient.
Formula (17) can be somehow simplified by substitution constants by
correspondent values:
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n N 2  101325  125.568  Vl  

 30  V 0







 1  V 0   Vl
l



8314000  (273,15  t )

 125.568  V
  101325
101325  125.568  V

0

(18)

Further, the graph of change of produced mol of nitrogen gas with the
time was plotted. Then the standard mathematical function of Microsoft
Excel program SLOPE was used for the data, corresponding to stable
increase of production of nitrogen gas to get value n N 2 and finally,
formula (12) was used to calculate SAA.

7.2.2.
Analysis of possibilities of Anammox application in Ukraine
5 L sample of landfill leachate was collected from temporary storage
pond as was described in chapter 7.1. 25th of March 2009. It is worth
mentioning that usual day temperature was around 8-12 °C so that was
the period of snow melting. That is why it is considered that
concentration of ammonium and other substances and ions is on its
lower levels, if comparing it with other periods of year.
From the conversation with management of company “Enzyme” it was
figured out that they experienced problems with anaerobic digester
during the time of visit to Ukraine, so it was stopped for maintenance.
Instead of anaerobic sludge, reject water sample from primary
sedimentation sludge was supplied 26th of March with the volume of 1 L.
Both samples were frozen for storage and transportation.
In order to investigate the possibility of application of Anammox
process for treatment of described wastewaters, specific Anammox
activity was determined using method of measuring volume of produced
nitrogen gas described in chapter 7.2.1. Two non-filtrated samples
brought from Ukraine were used as substrate, as well as water solution of
ammonium and nitrite and supernatant from Bromma WWTP. Water
solution and supernatant were used as a comparison for two samples,
brought from Ukraine. All the substrate were analyzed twice (except of
the one coming from “Enzyme” company because of lack of substrate)
using every time new portion of Kaldnes rings.
For the purpose of testing possibility of application of one-stage
deammonification process for treatment of landfill leachate described
above on medium-level of exposure, 300 ml of Kaldnes rings were left in
4440 ml of leachate with applied mixing that was also supplying oxygen
to the system for the time of 3 days. Measurements of DO, pH,
conductivity and temperature were done every day and concentrations of
different forms of nitrogen were analyzed in the end.
Further, SAA was determined using the rings that were used in above
described batch test to ensure that it didn’t drop a lot comparing to the
results obtained earlier. Water solution of ammonium and nitrite was
used as a substrate.

7.3.

Results
Results of analysis of the samples, brought from Ukraine are collected in
Table 5.
The graphs of nitrogen gas production with the time using different
substrates were built and SAA were calculated from the graphs
(Fig. 31 a-g).
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Table 5. Properties of 2 samples of wastewaters analyzed for
the possibility of Anammox process application.
Lviv landfill leachate

Reject water from primary sludge
dewatering, “Enzyme”, Lviv

Conductivity, mS·cm-1

6.55

6.23

pH

7.82

7.38

COD, mg O2/L

593

346

NH4-N, mg/L

175.3

75

NO2-N, mg/L

<0.5

<0.5

NO3-N, mg/L

<5

<5

Acid capacity, mmol

13

23.3

Calculated values of SAA for tests with different substrates are on
comparable level and the results of SAA calculation as well as the
average values are presented in Table 6.
Results of measurements of DO, T, pH and conductivity as well as
results of analysis of different forms of nitrogen after 3-days batch test
are presented on Figure 32.
During retention of 300 ml Kaldness rings in landfill leachate for 3 days
about 87% of nitrogen was removed with average removing rate of
4.59 gN·m-2·d-1.
The graphs of nitrogen gas production by rings used in 3-days batch test
are presented at Figure 33 a-b. Average value of two SAA measured was
3.07 gN·m-2·d-1

7.4.

Discussions and conclusions

As it is seen from the graphs of nitrogen gas production (Fig. 31 a-g), the
production of nitrogen gas does not start immediately and usually have
stabilization phase of around 10-20 min. This stabilization phase is
different in every test and it is considered to be dependent on the initial
level of DO inside the bottle. It is well-known that Anammox process is
inhibited by high level of DO and it takes time for nitrifiers to consume
all DO from the liquid.
After passing the stabilization phase the production of nitrogen gas starts
to increase exponentially followed by stabilization phase with almost
constant nitrogen production. SAA was identified using data of that
phase.
Results of experiments, presented above showed that Anammox process
could in principle be applied for treatment of some wastewaters
analyzed.
If we look on the results of SAA determination using volume of
produced nitrogen gas measurement, we can see that values of SAA for
water solution and primary sludge reject water are almost of the same
magnitude, while for landfill leachate lay on a bit higher and for
supernatant on a bit lower level.
However, results of SAA measurement with used methodology show
only short-time effect and inhibition by some parameters can rise up
later in operating the plant.
The second experiment with 3-days batch test of nitrogen removal from
leachate landfill allowed evaluating presence of inhibitors in the middleterm time scope. Such a high average removing rate showed that the
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bacteria had not been subject to any inhibition. Also, it allowed
evaluating not only Anammox step but also nitritation step.
There should be some explanation done for the values of physical
parameters measured concerning this experiment. First of all oxygen was
brought to the system only by mixing and it is extremely hard to find the
position where mixing is enough and DO lays in desired level of 2-4 mg
O2/l. So, it was adjusted on the first day to increase DO and on the
second one to decrease it. However, the high level in the end of
experiment is observed because nitrification step had stopped till then as
long as all of ammonium was consumed. That is why without any uptake
of oxygen it stabilized on quite high equilibrium level.
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Fig 31. Graphs of nitrogen gas production with the time together
with calculated SAA (in gN·m-2·d-1) using different substrates: a)
and b) water solutions; c) and d) supernatant; e) and f) landfill
leachate; g) primary sludge reject water
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Table 6. SAA values, obtained with use of different substrates.
SAA, gN·m-2·d-1

Substrate

Test 1

Test 2

Average

Water solution

4.22

4.29

4.25

Supernatant (Bromma
WWTP)

3.66

3.92

3.79

Landfill leachate (Lviv
municipal landfill)

4.81

4.76

4.79

Primary sludge reject
water (ZAT “Enzym”)

4.24

-

4.24

200

9

180

8

160

7

140

6

120

5

100

4

80

3

60
40

2

20

1

0
5-Apr

6-Apr

6-Apr 7-Apr

7-Apr

8-Apr

8-Apr 9-Apr

Conduct., mS/cm2; pH; DO, mg
O2/L

concentration, mg/L; temperature,
C

Concerning conductivity, there is quite constant decrease of it in those
three days which shows that fewer ions were available in the solution.
The ions that were removed are hydrocarbonates (mainly in nitrification
step), ammonium and nitrite.
pH was at quite stable level with some fluctuations during the
experiment. It may be explained by high buffer capacity of the liquid.
Otherwise, the level of pH had to decrease during ammonium removal,
as it was observed in the other experiments of this work.
Determination of SAA of bacteria that were used in batch test (Fig. 33)
showed lower average value than was obtained during the tests with
different substrates (Fig. 31). However, second test showed result
comparable with the previous tests. Even getting lower SAA than it was
expected still does not prove that any inhibition took place. Clear
difference between the first and the second test shows that bacteria were
recovering their activity with the time, which could be changed during
the period of insufficient substrate availability.
In general, the tests with measuring volume of nitrogen gas production
together with batch test has shown that in principle all of described
substrates can be treated with Anammox process.
However, the concentration of ammonium in primary sedimentation
reject water is considered to be quite low to apply Anammox process for
treatment of it. Because of low growth rate of Anammox bacteria higher
concentration of ammonium is needed for sustaining the culture.
Otherwise, the bacteria would be washed away with the time. However,
rather high concentration of ammonium in primary sludge reject water
can be a sign that there will be even higher concentration in anaerobic
sludge reject water. So, it would be recommended to investigate
possibility of application of Anammox process for treatment of

NH4-N
NO2-N
NO3-N
t
Cond
pH
DO

0
9-Apr

Fig. 32. Results of measurements and analysis of landfill leachate
during 3 days retention with Kaldnes rings.
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Figure 33. Graphs of production of nitrogen gas using Kaldnes
rings used in batch test with the time together with calculated SAA
(in gN·m-2·d-1) using water solution as substrate
supernatant when the anaerobic digester starts working again.
Concerning treatment of landfill leachate, the results have proven that
application of Anammox process is possible, however further research is
needed to investigate the possibility and specific running requirements in
detail.
Concerning collection system of leachate it would be recommended to
build another collection system, which would decrease possibility of
penetration of leachate to ground waters and increase efficiency of
leachate collection. Current system of tranches considered to be not
efficient since much of leachate can penetrate the ground and reach
ground waters. Covering of landfill with clay should decrease penetration
of precipitation waters into the waste mass and correspondingly to
decrease dilution of leachate. The possibility of separate treatment of
parts of leachate should be also taken into account. Leachate that is
coming from old parts of landfill should have low ammonium
comparing to new parts, so avoiding mixing these streams concentration
of ammonium in leachate that is treated with partial
nitritation/Anammox process should increase.
Determination of SAA measuring volume of nitrogen gas showed to be
a rather fast technique comparable with the one that uses measurement
of pressure as was described in chapter 6.1.1. The advantage of method
is that it does not require expensive equipment but disadvantage is that
big volume of Kaldnes rings and substrate has to be used. Also, it is
easier to make several experiments simultaneously if the method of gas
pressure measurement is used.

8.

P RELIMINARY STUDY ON POSSIBILITY OF
BIOLOGICAL CLINOPTIOLITE REGENERATION BY
A NAMMOX BACTERIA
8.1.

Materials and methods
8.1.1.

Clinoptiolite
Clinoptiolite from Sokyrnytske deposit, Ukraine, was used in the tests.
Sorbent was supplied in unqualified size and the maximum size of the
granule was 5 mm. The experiment was based on 4 tests, which were run
using slightly different methodology in order to determine the one the
most suitable for regeneration with Anammox bacteria. For the first 3
tests unmilled clinoptiolite was used and for the forth one it was milled
so the maximum size of granule was 1 mm. 30 g of clinoptiolite was used
for every test.
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8.1.2.
Ammonium solution.
For every test 0.5 L of ammonium concentration of 1000 mg NH4-N/L
was prepared by dilution of correspondent mass of NH4Cl salt in tap
water.
8.1.3.
Anammox culture.
For all the tests Kaldnes rings from one-stage deammonification reactor
Column described in chapter 3.2 were used as an Anammox culture.
8.1.4.

Regeneration solution
For the first test tap water as regeneration solution was used, while for
the following tests 6 g/L solution of NaCl was used. Such a
concentration was chosen because it was reported (Liu 2008) that up to
this concentration Anammox activity is not affected.

8.1.5.
Methodology of experiments
The first step of every test made within this study was saturation of
clinoptiolite with ammonium. The first difference between the tests was
in the way clinoptiolite was saturated. For the first three ones
clinoptiolite was put into burette with diameter of 1 cm and length of 36
cm and ammonium solution was circulating from the bottom to the top
of burette during 130-180 min. Decrease of ammonium concentration
was measured by decrease in conductivity. In the fourth test milled
clinoptiolite was put into the ammonium solution and mixed with the
use of magnetic stirrer during 120 min. Concentration of ammonium
after the end of saturation was analyzed for tests 2 and 4.
After saturation with ammonium ions clinoptiolite was filtrated in 1st, 2nd
and 4th test, washed with 50 ml of water and put into 600 ml glass bottle.
Further, the attempts of biological regeneration of clinoptiolite were
made using the method of measuring the volume of nitrogen gas
produced described in chapter 7.2.1. For the third test clinoptiolite was
left in the burette, washed with 50 ml of water and further was
regenerating by pumping regeneration solution through it from and into
the glass bottle used for SAA measurement.
All the parameters of performing the tests are collected in Table 7

8.2.

Results
Results of clinoptiolite saturation as a change of conductivity is
presented on the Figure 34.

Table 7. Parameters of performing the tests on clinoptiolite
regeneration by Anammox.
Test

N1

N2

N3

N4

Unmilled
30 g

Unmilled
30 g

Unmilled 30 g

Milled 30 g

Column
saturation

Column
saturation

Column saturation

Mixing with
magnetic
stirrer

Regeneration
solution

Tap
water

Tap water

Tap water

6 g/L NaCl
solution

Regeneration
method

Direct
contact in
the bottle

Direct
contact in
the bottle

Pumping of
regeneration liquid
through the column

Direct
contact in
the bottle

Measurement of
conductivity

+

+

+

-

Analyze of
ammonium after
saturation

-

+

-

+

Clinoptiolite
Method of
saturation

50

Monitoring and application of Anammox process in one stage deammonification system

Results of ammonium concentration analyze for the second experiment
was 750 mg NH4-N/L and for the fourth experiment 585 mg NH4-N/L,
which corresponds to exchange capacity of 5.36 mg NH4+/(g clinopt.)
and 8.89 mg NH4+/(g clinopt.) respectively.
For tests N1 and N2 it was observed that production of nitrogen gas
goes slowly so it was left overnight. The drop of water level in burette
was 0.5 ml and 15.7 ml respectively.
For test N3 it was not possible to remove all the air from the column
with clinoptiolite so it was removed from time to time which made
impossible analyzing gas production inside the bottle. However, if even
the gas production was going it was not fast, otherwise gas bubbles could
be visually seen inside the bottle.
For the test N4 the gas production started and was going much faster
which could be seen both visually and by the drop of water level in the
burette. For the first 40 min of operation 1.2 ml of nitrogen gas was
produced. After leaving it overnight, it was observed that more than 25
ml of nitrogen gas was produced. The analysis of nitrite concentration in
the solution showed that all of it was removed by Anammox reaction.
The regeneration of clinoptiolite in this case was limited by nitrite and
amounted to 18.54 %.

8.3.

Discussion and conclusions
The conductivity decrease curves (Fig. 34) show that it was not possible
to reach equilibrium concentration in the liquid-clinoptiolite system
during 180 min. It is believed that the main reason for this was the big
size of clinoptiolite particles.
The difference between the gas production in the first and the second
test showed that NaCl presence in the regeneration liquid has positive
effect on ammonium desorption and removal by Anammox
correspondingly. The difference between the first two tests and the
fourth one showed that with smaller sizes of clinoptiolite particles the
adsorption capacity increases which agrees with other studies (Demir et
al, 2002; Rahmani et al, 2004).
The results of test 2 and 4 shows that in principle regeneration of
clinoptiolite with Anammox process is possible. However, the result of
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Fig. 34. Decrease of conductivity during clinoptiolite
saturation in tests 1-3
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test 2 shows that only about 7% of ammonium present in the
clinoptiolite was removed.
Also, it was observed that the direct long-term contact of clinoptiolite
with Kaldnes rings removes much of biofilm from it, with high
probability because of mechanical friction.
Combination of ammonium adsorption on clinoptiolite and regeneration
by Anammox could in principle be used for ammonium removal from
the main stream of wastewater. In such a system clinoptiolite would be
used for adsorbing part of ammonium from wastewater and further
regenerated by Anammox. Theoretically such a system could in principle
decrease aeration and carbon source requirement.
However, it was reported (Fernandez, 2008) that clinoptiolite can be
used as a media for building Anammox granular sludge because the
concentration of ammonium is always higher in clinoptiolite than in the
liquid which attracts Anammox bacteria to clinoptiolite’s surface.
Considering this, if the clinoptiolite/Anammox system of ammonium
removal form the main stream of the wastewater would be applied, the
possible problem would be attraction of Anammox bacteria to
clinoptiolite and further wash out by wastewater.
Further extensive research in the topic is needed in order to develop the
system where Anammox could be used for regeneration of clinoptiolite.

9.

C ONCLUSIONS
This work involved different studies on monitoring and application of
Anammox process in the system for one-stage deammonification. That
is why more detailed description of conclusions made can be found in
discussion and conclusions sections of chapters 4-8. Shortly
summarizing these chapters, the main conclusions can be underlined as
following:
 Anammox process can be successfully applied for deammonification
of supernatant with high efficiency.
 Conductivity was identified as the physical parameter that gives
possibility to assess in general treatment efficiency without
performing analyses.
 ORP was identified as a promising parameter for control of flow of
Anammox process when low level of DO is kept in reactor.
 Temperature has the highest influence on SAA from the parameters
investigated in this work.
 In the ranges of TN from 100 to 500 mg/L and FA/FNA from 0.3
to 3000 these parameters have the same absolute influence on SAA,
where increase of TN usually leads to increase of SAA and increase
of FA/FNA decreases SAA. SAA increase exponentially with
decrease of FA/FNA.
 Maximum of SAA is reached with different TN values, when
temperature differs. In general, the higher the temperature – the
higher TN values can be tolerated.
 Operation with TN higher than 500 mg/L and FA/FNA lower than
0.1 leads to inhibition even with temperatures 30-37.5 °C.
 Similar SAA was observed for water solution, supernatant, leachate
and primary sludge reject water when the concentrations of
ammonium and nitrite were the same, where the highest SAA was
observed for leachate and the lowest – for supernatant.

52

Monitoring and application of Anammox process in one stage deammonification system

 Based on short- and middle-term studies one-stage deammonification
process can be successfully applied for treatment of leachate from
Lviv municipal landfill.
 Primary results have shown that Anammox process can be used for
regeneration of clinoptiolite saturated with ammonium.

10.

R ECOMMENDATION FOR FUTURE RES EARCH
Since this work includes several research directions it was not possible to
make a deep research in all of them. Taking into account results that
were achieved and experience with performing experiments such
recommendations can be made:
 When studying performance of one-stage deammonification process
(and any process in general) that is running continuously good rule is
not to change two parameters at the same time if the effect of the
change is not known.
 Even though promising results were obtained when studying ORP,
more deep research in the area of its application for monitoring the
course of Anammox process is needed. It is considered that the best
way to study it is to analyze the change of it in continuous process
using on-line electrodes.
 Since the study on SAA influence on temperature, FA/FNA and TN
included short-time tests, long-time effects have to be identified
further.
 Long time studies on one-stage deammonification of Lviv landfill
leachate have to be made before implementation. The possibility of
separate treatment of leachate coming from different parts of landfill
is promising also. Problem of low temperature of leachate in winterspring period have to be studied and overcome.
 Since only preliminary study on application of Anammox for
regeneration of clinoptiolite saturated with ammonium was
performed, it opens new area of research. The most interesting
direction of research is application of clinoptiolite-assisted system for
removal ammonium using Anammox process from the main stream
of wastewater coming to WWTP.
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A PPENDIX I. D ATA OF MEASUREMENTS AND ANALYZES
MADE WITHIN THE FOLLOW UP OF EXPERIMENTAL
INSTALLATION “C OLUMN ” DURING O CTOBER 1 ST 2008
M ARCH 5 TH 2009

–

Table 1A. Data of pH, conductivity, ORP, DO and temperature measurements in the
experimental installation “Column” for the period October 1st 2008 – March 5th 2009
Date
03.10.2008

pH

Conductivity, mS/cm

8.47

8.01

8.38

07.10.2008

4.95

5.3

5.27

ORP, mV

DO, mg/L

Temperature in
the reactor, °C

Inflow

Reactor

5.29

3.26

19

-300.3

-82.2

5.2

2.37

21.3

Inflow Reactor Outflow Inflow Reactor Outflow

Outflow

10.10.2008

8.25

8.2

8.11

5.63

5.08

5.06

3.46

18.4

-254

-135

-104

14.10.2008

8.25

8.22

8.18

5.73

5.19

5.17

3.33

18.7

-254

-104

-135

17.10.2008

8.22

8.21

8.22

5.7

5.1

5.1

3.7

17.9

-120.4

-85.1

-73.9

28.10.2008

8.55

8.51

8.57

5.67

4.81

4.82

4.15

17.4

-284

-6.8

-12

31.10.2008

8.27

8.32

8.35

5.59

5.15

3.49

3.5

16.7

-89.3

-24.8

-29.8

04.11.2008

8.55

8.6

8.71

5.53

5.58

5.44

0

16.2

-238

-142

-54.5

07.11.2008

8.21

8.24

8.27

5.5

5.59

5.45

0.24

16.8

11.11.2008

8.51

8.71

8.88

5.38

5.31

5.11

4.29

17.2

-246.3

-18.8

30.1

14.11.2008

8.23

8.32

8.36

5.35

5.39

5.37

4.47

17.1

-253.7

-70.2

-42.4

21.11.2008

8.29

8.34

8.45

5.02

4.81

4.81

5.27

14.8

-49.2

1

9.7

24.11.2008

8.29

8.44

8.46

4.77

4.74

4.76

6.37

15

01.12.2008

8.13

7.49

7.35

3.09

3.04

3.03

6.19

16

-6.9

26.6

35.6

15.12.2008

8.44

8.36

8.42

5.81

6.38

6.34

0.44

15.4

-201.5

-230.5

-24.2

07.01.2009

7.97

8.86

8.86

5.6

5

5

8.13

13

09.01.2009

8.21

8.68

8.76

6.1

5.2

5.2

7.96

13.5

13.01.2009

7.96

8.49

5.53

6.07

5.61

8.59

4.7

15.3

15.01.2009

7.86

8.46

8.92

5.6

5.75

5.63

6.9

14.7

-140.3

21.8

23

19.01.2009

7.81

8.31

8.34

5.62

5.96

5.85

3.94

14.4

-54.4

-0.5

10.4

22.01.2009

7.94

8.33

5.44

5.93

2.92

14.5

10.02.2009

8.22

8.18

6.68

6.15

1.33

20.1

-259

-149

-125

8.24

6.14

I

13
-229

22.4

22.4

30.3

58.6
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Table 2A. Data of alkalinity, NH4-N, NO2-N and NO3-N analyses from inflow and outflow of
the experimental installation “Column” for the period October 1st 2008 – March 5th 2009
Alkalinity, mmol

NH4-N, mg/L

NO2-N in the
outflow, mg/L

NO3-N in the
outflow, mg/L

522

1.8

3.03

500

24.3

6.4

582

495

22.8

2.89

56.3

311

368

0.29

2.24

54.2

36

531

316

6.9

2.14

07.11.2008

62.2

58.3

619

765

1.47

2.12

14.11.2008

61

65

749

680

2.14

0.92

24.11.2008

63.3

42.4

553

464

97.8

70

Date

Inflow

Outflow

Inflow

Outflow

07.10.2008

46.4

50.8

460

10.10.2008

60.5

51.3

566

17.10.2008

60.1

51.8

23.10.2008

57.5

31.10.2008

09.01.2009
15.01.2009

672

576

16.3

5.82

145

855

603

12.4

2.58

22.01.2009

56.3

57.5

921

516

3.67

5.19

30.01.2009

48.9

53.9

750

693

6.87

4.8

06.02.2009

54

49.3

905

677

8.3

7.1

10.02.2009

65.1

897
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A PPENDIX II. D ATA OF MEASUREMENTS AND ANALYZES
MADE WITHIN THE FOLLOW UP OF EXPERIMENTAL
INSTALLATION “C OLUMN ” DURING M ARCH 6 TH 2009
M AY 20 TH 2009

–

Table 3A. Data of pH, conductivity, DO and temperature measurements in the experimental
installation “Column” for the period March 5th 2009 – May 20th 2009
Date

pH

Conductivity, mS/cm

DO, mg/L

Temperature in the
reactor, °C

2.66

1

25

4.29

1.2

26.3

Inflow

Reactor

Outflow

Inflow

Reactor

Outflow

06.03.2009

8.4

7.85

8.22

5.78

2.76

09.03.2009

8.2

8.22

8.23

6.3

4.32

13.03.2009

8.28

6.54

6.68

6.06

13.03.2009

8.2

16.03.2009

8.22

10.03.2009

6.93

1.72

3.23

25.9

1.38

1.41

2.96

28.7

2.41

2.42

1.82

28

6.4
7.25

7.26

6.25

17.03.2009

2.2

18.03.2009

8.22

7.1

7.32

6.25

2.03

2.04

2.03

28.3

19.03.2009

8.27

7.01

7.25

6.14

1.88

1.89

2.22

28

19.03.2009

8.21

6.38

3.64

20.03.2009

6.72

1.42

5.02

24.03.2009

6.29

1.77

5.17

26.03.2009

6.62

1.78

4.57

26.1

31.03.2009

8.26

6.3

5.82

6.22

1.67

1.57

3.55

28.7

02.04.2009

8.19

6.5

6.73

6.17

1.71

1.73

3.18

28.7

03.04.2009

8.23

6.78

6.97

6.11

1.8

1.82

2.8

29

06.04.2009

8.23

6.58

7.25

6.2

1.4

1.4

3.39

30.7

09.04.2009

8.07

6.82

6.97

6.13

1.95

1.97

2.22

30.2

14.04.2009

8.24

5.89

6.13

6.04

2.83

2.88

3.1

30.1

14.04.2009

7.93

3.06

17.04.2009

8.15

5.57

6.96

5.98

3.48

3.55

4.28

29.4

21.04.2009

8.14

5.47

5.57

5.9

3.72

3.8

3.64

30.8

24.04.2009

8.13

7.03

7.61

5.8

3.36

3.36

0.74

32.1

29.04.2009

5.33

3.13

05.05.2009

8.17

4.81

5.1

5.63

3.5

3.56

1.82

30.5

08.05.2009

8.22

4.84

4.84

5.56

3.6

3.67

2.8

30.2

1.07

25.9

11.05.2009

8.04

7.29

7.52

5.05

2.77

2.82

0.55

30.2

14.05.2009

8.16

7.35

7.58

5.42

3.05

3.02

1.14

29.6

0.92

31.9

1.07

31.4

1.1

28.1

1

28.7

08.05.2009

7.09

15.05.2009
18.05.2009

7.36
8.16

19.05.2009
20.05.2009

1.39

7.3

2.93
7.38

5.35

7.29
8.14

7.24

2.77

2.76

2.76
7.23

5.29

2.76

2.71

III

Andriy Malovanyy

TRITA LWR Degree Project

Table 4A. Data of alkalinity, NH4-N, NO2-N and NO3-N analyses from inflow and outflow of
the experimental installation “Column” for the period March 5th 2009 – May 20th 2009
Date
05.03.2009

Alkalinity, mmol
Inflow

Outflow

61

NH4-N, mg/L
Inflow

Outflow

NO2-N in the
outflow, mg/L

NO3-N in the
outflow, mg/L

782.5

06.03.2009

57

68.5

09.03.2009

39.7

505

7.16

3.39

10.03.2009

10.3

96

5.73

33.3

13.03.2009

5

13

5.6

82

149

9.9

41.35

103.5

7.15

34.3

58.5

11.55

142

3.5

0

139.5

70.5

21.2

112.5

13.03.2009

63.5

16.03.2009

867.5
32

19.03.2009

62

19.03.2009

65

955

24.03.2009

58.75

865

24.03.2009

59.5

1072.5

26.03.2009
31.03.2009

11.55

885

5.65
62.25

03.04.2009

2.97

927.5

6

06.04.2009

62

3.59

940

5.37

1

108

09.04.2009

61.75

7.8

860

101

8.39

219

14.04.2009

64.75

2.57

860

178.5

0.73

273

233

0.365

349

17.04.2009

3.61

21.04.2009

57.7

1.62

600

187

0.19

372

24.04.2009

60.3

12.6

596

235.5

2.85

203.75

29.04.2009

141.6

1.3

312

05.05.2009

178.2

0.549

343

08.05.2009

547

187.6

0.84

357

11.05.2009

415.5

151.2

5.75

14.6

14.05.2009

464.5

180.4

13.5

24

18.05.2009

53.75

17.5

818.75

260.5

13.4

61.5

20.05.2009

53.5

15.5

787.5

240

17.7

85.2

IV

