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Kurzfassung

Die Menschheit wird sich in naher Zukunft zahlreichen Herausforderungen stellen miissen,
darunter auch der der globalen Erderwarmung. Der weltweite Temperaturanstieg ist
groftenteils auf anthropogene Aktivitdten zuriickzufiihren, die seit der industriellen Revo-
lution zu einer steten Erhchung der Treibhausgase, allen voran CO,, in der Atmosphére
beigetragen haben. Noch dazu ist CO, in der Atmosphére nur schwer abbaubar, daher
ist es notwendig die globale CO, Emission so rasch wie moglich einzuddmmen. Mit der
CO4-Abscheidungs und -Lagerungs Technologie wird CO, von erhéhten Belastungspunk-
ten, wie Kohlekraftwerken, abgeschieden und in tiefen unterirdischen Gesteinsschichten
gelagert. In einer auf Aminabsorption basierten CO,-Abscheidung wird meist MEA (Mo-
noethanolamin) als Absorptionsmittel eingesetzt, aber auch die Amine AMP (2-Amino-2-
methylpropan-1-ol), MDEA (N-Methyldiethanolamin), DEA (Diethanolamin) und Pipera-
zin finden Anwendung. Durch den Absorptionsprozess enstehen jedoch Abfallprodukte der
Amine, die iiblicherweise in einem Riickgewinner (Reclaimer) abgetrennt werden und in
folge als gefihrliche Abfille dementsprechend behandelt werden miissen. Eine alternative
Abfallbehandlung bietet der biologische Abbau, beziehungsweise die biologische Stickstof-
fentfernung.

Zu Beginn wurden die toxischen Wirkungen des Riickgewinnungsabfalles und der oben
angefiihrten Amine mit nitrifizierenden und denitrifizieren Bakterienkulturen in Labor-
versuchsanlangen einzeln bestimmt. Dabei stellte sich heraus, dass die nitrifizierende Bak-
terienkultur eine unterschiedliche Sensitivitdt aufwies und die denitrifizierende Bakteri-
enkultur relativ unbeeinflusst war. In beiden Kulturen wurde jedoch eine verminderte
Aktivitdt nach Erholung von der Piperazin-Exponierung gemessen.

Der biologische Abbau des Riickgewinnungsabfalles als einzige Kohlenstoffquelle im Vor-
Denitrifikationssytem war erfolgreich. Nach zweiw6chiger Adaptionszeit war die Denitri-
fikationskultur imstande sdmtliches MEA zu Ammonium abzubauen, und durch exter-
ne Zufuhr von Nitrat wurde vollstéindige Denitrifikation erreicht. Die Nitrifikationskultur
bendtigte etwa 1 Woche ldanger um sich zu adaptieren. Abgesehen vom MEA Abbau wurde
auch weiterer chemischer Sauerstoffbedarf (CSB) des Riickgewinnungsabfalles abgebaut.
Ausgewihlte Abbauprodukte wurden mittels Fliissigchromatographie - Massenspektro-
metrie (LC-MS) quantifiziert, wobei sich herausstellte, dass ein Grofteil bereits im Deni-
trifikationsreaktor abgebaut wurde, aber auch im Nitrifikationsreaktor. Insgesamt belief
sich die Effizienz der Stickstoffentfernung bei MEA auf 97%, beim Gesamtstickstoff auf



76% und die Effizienz der Entfernung von organischen Stoffen auf 73%. Daher scheint es
durchaus moglich zu sein den Riickgewinnungsabfall biologisch, unter Nitratzufuhr zu be-
handeln, oder auch die Richtung der partiellen Nitrifikation zu Nitrit und anschliefender
Nitritdenitrifikation anzustreben.

Abstract

Mankind is facing major challenges in this century, the most adverse being the global
warming. Despite worldwide concern, this rise in temperature is due to an increased
amount of anthropogenic greenhouse gases, especially of CO, since the industrial revo-
lution - a man-made sword of Damocles. CO, has a long persistence in the atmosphere
and therefore it is of significant importance to set actions to minimize the global CO,
emission. In the CO, capture and storage technology, CO, is captured from large point
sources and safely stored in the underground. In an amine based CO, capture facil-
ity MEA (monoethanolamine) is most commonly used as an absorbent, although other
amines, such as AMP (2-amino-2-methylpropan-1-ol), MDEA (N-methyldiethanolamine),
DEA (diethanolamine) and piperazine are also used. During the process amine waste is
generated, whereas these degradation products are commonly separated in an evaporative
reclaimer and treated as hazardous chemical waste. An alternative method to treat this
waste is by biological degradation, respectively biological nitrogen removal.

Initially, the reclaimer waste and the abovementioned amines were tested for toxicity on
both nitrifying and denitrifying biofilms in separate lab bench scale bioreactors. The re-
sults revealed varying sensitivity of the nitrifying culture and an almost unaffected respond
from the denitrifying culture.

The biological degradation of reclaimer waste as a sole carbon source in the pre-
denitrification system was successful. After 2 weeks adaption, the denitrifying reactor
was able to degrade all MEA to ammonium and with external addition of nitrate the
denitrifying culture achieved total denitrification. The nitrifying reactor needed approxi-
mately 1 week longer for adaption. Besides the degradation of MEA, also further chemical
oxygen demand (COD) could successfully be removed from the reclaimer waste. Selected
degradation products were quantified by liquid chromatography - mass spectrometry (LC-
MS), whereas the majority was readily degraded in the denitrifying reactor, whilst others
were further degraded in the nitrifying reactor. Overall, the nitrogen removal efficiency
of MEA achieved 97%, of total nitrogen 76% and the removal efficiency of organic matter
73%. Thus, it generally appears feasible to apply biological treatment on the reclaimer
waste by adding nitrate or concidering the process of partial nitrification to nitrite and

nitrite denitrification.
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Chapter 1

Introduction

1.1 The Carbon Dioxide Problem

8™ century, when the industrial revolution set in, an increased

Since the beginning of the 1
atmospheric concentration of carbon dioxide has been recorded, as shown in Figure 1.1.
According to the IPCC (Intergovernmental Panel on Climate Change), the primary source
of the increased atmospheric concentration of CO, since the pre-industrial period results
from fossil fuel use, with land-use change providing another significant but smaller contri-

bution [48].
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Figure 1.1: Atmospheric concentrations of carbon dioxide over the last 10 000 years (large panel)
and since 1750 (inset panel) (IPPC, 2007 [48]).
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Apart from CO,, also methane, nitrous oxide, and other greenhouse gases have in-
creased due to human activities, visualized in Figure 1.2, highlighting the antrophogenic
contribution versus the minor natural radiative forcing '.
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Figure 1.2: Global average radiative forcing estimates and ranges in 2005 for anthropogenic
carbon dioxide, methane, nitrous oxide and other important agents and mechanisms, together
with the typical geographical extent (spatial scale) of the forcing and the assessed level of scientific
understanding (LOSU). The net anthropogenic radiative forcing and its range are also shown
(IPPC, 2007 [48]).

The human-caused increases in the greenhouse gases are a driving force of the global
warming, with carbon dioxide being the most important single radiative forcing agent [49].
The global temperature is already 0.7°C above the pre-industrial level, and 2°C increase
is generally considered as the threshold above which dramatic and irreversible impact will
occur. Ecosystems may collapse and 15 to 40% of all species may become extinct. Extreme
weather events, such as draughts, floods and other can be expected and will furthermore
increase the pressure on decreasing food and water resources for the world population,
which is growing towards nine billion humans by 2050 [45].

All published studies to date, show largely irreversible warming due to future carbon
dioxide increases on a timescale of at least 1000 years. In other words, zero emission does

'Radiative forcing is a measure of the influence that a factor has in altering the balance of incoming
and outgoing energy in the earth-atmosphere system and is an index of the importance of the factor as a
potential climate change mechanism. Positive forcing warms the surface while negative forcing tends to
cool it [48].
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not lead to zero concentration for thousands of years [49]. Therefore it is of significant
importance, to set actions to minimize the global CO, emission as soon as possible.

The Bellona Foundation [45] reported the IPCC has recommended a 50 to 85% reduction
of global greenhouse gas emissions from 2000 to 2050 and a peak in emissions no later
than 2015. Furthermore, that it is possible to reduce global emissions by as much as
85% by 2050: Energy can be generated from renewable sources and used more efficiently;
fossil power can be de-carbonized by CO, capture and storage (CCS); and forestation
management can be improved [45].

1.2 Carbon Dioxide Capture

CO, capture and storage (CCS) is a technology being developed to reduce green house gas
emissions to the atmosphere while allowing continued use of fossil fuel. The principle of
this technology is to capture the CO, arising from large point sources, such as fossil fuel-
fired power plants, to transport it and finally store it safely in an underground geological
formation, as illustrated in Figure 1.3 [45].

Figure 1.3: CO, capture and storage (CCS) [45].

CO, can be captured by applying a post-combustion, pre-combustion or oxyfuel CO,,
capture. In post-combustion CO, capture, which seems to be highly beneficial, because
it can be implemented in already existing power plants, the CO, is most commonly
separated from the flue gas by means of reversible physical or chemical absorbtion, such
as carbonates or amines.
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In an amine based post-combustion CO, capture plant, the CO, is removed by a
chemical absorption process that involves exposing a flue gas stream to an aqueous amine
solution [45]. The general set-up of an amine based post-combustion capture plant is
shown in Figure 1.4. In this type of process, the flue gas is counter-currently contacted
with the aqueous amine solution in the absorber column. The CO,, reacts reversibly with
the amine to form a soluble carbonate salt, being either a bicarbonate or a carbamate.
The rich amine solution, loaded with CO,, is then sent through a counter-current heat
exchanger, where it is preheated by the lean amine solution before entering the stripper
column. In the stripper heat is provided in the reboiler by steam and is used to reverse
the chemical equilibrium between the amine and its carbonate salt, thus liberating the
CO,. The gas leaving the stripper contains CO, and water and can be dehydrated and
compressed before being sequestered. The hot lean amine solution passes through the
counter-current heat exchanger where it is cooled before being recycled to the absorber
[19, 45].

Figure 1.4: Post-combustion CO, capture by amine absorption [2].

The process flow diagram implies that in an ideal post-combustion system the solvent
is continuously recycled and reused. However, amine solvents in these processes are
subject to three types of degradation: thermal, carbamate polymerization, and oxidative.
Thermal degradation only occurs at temperatures in excess of 200°C and should not be
a problem in flue gas applications. Carbamate polymerization results in the formation
of high molecular weight degradation products and occurs at stripper conditions in the
presence of CO,. Oxidative degradation occurs in the presence of oxygen, results in
fragmentation of the amine solvent, and is catalyzed by the presence of dissolved metals
such as iron or copper [19].
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A most widely used solvent for chemical absorption is an aqueous solution of mo-
noethanolamine (MEA), which has been used on an industrial scale [50]. Nevertheless,
CCS is not yet commercially viable and many challenges need to be solved before it can
be applied in a large scale. A major problem associated with chemical absorption using
MEA is the degradation of the solvent through irreversible side reactions with CO, and
other flue gas components leading to several problems in the process. Firstly, the degra-
dation of MEA results principally in solvent loss, as for example the oxygen induced MEA
degradation will produce ammonia and acetic acid, as given by Equations 1.2 and 1.1,
respectively [50].

NH,CH,CH,OH — CH,CHOH + NH, (1.1)
Lo
CH,CHOH +— CH,CHO 2% CH,COOH (1.2)

In order to prevent volatile degradation products to be emitted to the air, the exhaust gas
goes through sections of water wash, located at the top of the absorber column (denoted
as C.W. in Figure 1.4). These water wash sections after the CO, capture will remove am-
monia from the gas, but over time the circulating water will become saturated, thus losing
its capacity and subsequently ammonia will be emitted to the atmosphere. Therefore, the
circulating wash water must be monitored and exchanged when necessary [14].

Secondly, the occurance of solvent degradation requires replacement to maintain the CO,
capture capacity, since the chemical properties of the degraded amine also change, lead-
ing to foaming, corrosion, fouling and increased viscosity of the amine. In existing CO,
capture facilities that use MEA, the degradation products are commonly separated in an
evaporative reclaimer and treated as hazardous chemical waste, leading to increased dis-
posal costs. Last, but not least, MEA degradation may result in increased environmental
impacts, as volatile degradation products can be emitted to the atmosphere with the flue
gas exhaust [50, 52].

1.2.1 Reclaimer waste

In the reclaiming operation of the CCS, a slip stream from the stripper is taken to remove
high molcular weight degradation products and heat stable salts via distillation [8, 50].
Thus, the main goal of this unit is to separate the useful amine from its degradation
products. A process flow diagram is shown in Figure 1.5, indicating the location of the
reclaimer unit within the process and showing an enlarged picture of the reclaimer waste

taken from an eprouvette.
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Figure 1.5: Process flow diagram for a typical MEA CO, capture process [19]. The reclaimer
waste is shown in the right panel.

The resulting reclaimer waste is a dark brown solution with high viscosity and
high pH, due to the amine content (see right panel of Figure 1.5). In a recent study
of Strazisar, 2003 [50], the reclaimer waste of a CO, capture plant using MEA as a
solvent was analyzed. In the reclaimer, the degradation products are concentrated
and temperatures are higher than anywhere else in the process. Therefore some
degradation products might be formed in the reclaimer unit itself, rather than in the
stripper. However, the composition of the analyzed substances revealed roughly 30%
monoethanolamine, 22% 3-hydroxyethylamino-N-hydroxy-ethyl propanamide, 12% am-
monia, 12% 2-hydroxyethylamino-N-hydroxy-ethyl acetamide, 9% N-acetylethanolamine,
3% N-formylethanolamine, 1.3% 2-oxazolidone and other. There was no detectable
amount of nitrosamines in the reclaimer waste, possibly because of their low boiling point
[50].

1.2.2 Amines used in CCS

According to the scientific review of NILU [3] and the report from the Bellona Foundation
[45], MEA, AMP, MDEA, DEA and piperazine are among the most commonly used
amines in the capture process. The solvent often is a mixture of several different amines,
also including blends of MEA-piperazine and MDEA-piperazine.

These aqueous amine solutions show different properties such as reaction kinetics in
context of CO, absorption, depending on the respective reaction mechanism as recently
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reviewed by da Silva, 2007 [15]. However, the final reaction of CO, will be to form either
bicarbonate or carbamate. Fast reaction kinetics alone is preferable, as a given degree of
CO, separation can be achieved with a smaller absorption column compared to slower
kinetics [15].

Monoethanolamine - MEA

Alkanolamine systems are the current technology of choice for CO, capture from flue
gas, with monoethanolamine (MEA) being the most widely used solvent [19, 16]. The
amino group is responsible for the absorption of the acid gas, whereas the hydroxyl group
contributes by reducing the vapour pressure of the alkanolamine MEA, thereby increasing
the solubility of CO, in water. This rapid reaction even with low concentrations of CO,
gives MEA the highest separation rate, and additionally it can be easily reclaimed from
contaminated solutions. Despite the general efficiency, MEA degrades most rapidly in the
presence of oxygen, has the highest corrosivity and a substantially higher vapor pressure
than other alkanolamines, resulting in significant vaporisation and solvent loss. Because of
these negative properties, both degradation and corrosivity, the use of low concentrations
of MEA is required, leading to larger overall equipment size, higher solvent circulation
rates, and thus an increased energy requirement for CO, regeneration [8].

1.3 Environmental impact of amines

As discussed above, the amines are subject to various degradation mechanisms within
the CO, capturing process. The main sources of possible amine emissions during the
process are pointed out in Figure 1.6, whereas the produced amine waste will be mainly
concentrated in the reclaimer unit. A typical CO, capture plant with the capacity of 1
million tonnes CO, annually is expected to produce from 300 to 3000 tonnes amine waste
annually. Of course, the volume of amine waste depends on type of fuel, other cleaning
processes before CO, capture, the type of amine used, and operational conditions, but in
most cases the volume of amine waste will be less than 1000 tonnes per year [45].

The biodegradability and ecotoxicity of amines commonly used in the CCS process
vary substantially. Eide-Haugmo et al. [17] studied both factors in respect to the marine
environment and showed that AMP, MDEA and piperazine would have long persistence
due to their low biodegradability, whereas DEA and MEA were found to be higher
degradable. In terms of ecotoxicity, all five amines were above the lowest acceptable value
(10mg/L) for a chemical to be released in the marine environment [17].
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Figure 1.6: Main sources of possible amine emissions of an amine based CO, capture process
[45].

The Bellona Foundation [45] recently reviewed the possible environmental impact of
amines in context with CCS. They conclude that the impact will strongly depend on the
type of amine used, especially in regard to degradation products and biodegradability.
One point of concern might be the airborne emissions of nitrogen and ammonia generated
from amine decomposition. If these compounds are emitted in high concentrations,
this could cause eutrophication and acidification. Furthermore, there is a variety of
degradation products and most of them will not have negative environmental effects.
However, as the environmental impact is still uncertain, the amine waste products
produced in the CO, capture process represent an environmental risk and should be
handled thereafter. The most apparent manner for handling amine waste products will
be to burn the waste at officially approved hazardous waste incineration facilities [45].



1.4. BIODEGRADATION OF XENOBIOTICS 9

1.4 Biodegradation of xenobiotics

(i) the microorganism is always right, your friend, and a sensitive part-
ner; (ii) there are no stupid microorganisms; (iii) microorganisms can and
will do anything; (iv) microorganisms are smarter, wiser, more energetic than
chemists, engineers, and others; and (v) if you take care of your microbial

friends, they will take care of your future - David Perlman, 1980.

This quotation of Perlman [39] might be the key to success when facing the existent
environmental challenges of this century. The word Xenobiotic’ derives from the greek,
meaning literally ’foreign to life’. Xenobiotic compounds are man-made chemicals, but
although foreign to the biosphere this does not imply that they necessarily form an
environmental problem. The biosphere has been changing throughout the history of
earth, and the huge variety in microbial energy metabolisms can be lead back to adaption.
The proven ability to evolve in a changing world, and the extraordinary evolutionary
potential of microorganisms, gave reason to hope that new degradative capabilities for
xenobiotic compounds could readily be developed [27].

For organisms to grow, electron donors and acceptors, a carbon source and nutrients
need to be present. In addition to the naturally occurring organic substrates, many
anthropogenic compounds can fulfill the growth requirements of microorganisms. Many
aliphatic and aromatic contaminants serve as electron donors, thereby undergoing
substantial transformation or even mineralization to inorganic end products such as
carbon dioxide, water and inorganic ions [7]. Some compounds are biotransformed
into nonhazardous products that may then enter a particular metabolic pathway
and be degraded. Other compounds form daughter products which may be more or
less toxic than the parent, whilst others may prove to be generally recalcitrant under
the prevailing conditions and persist in one or more phases within the treatment plant [11].

The increase of xenobiotic amines in industrial applications encouraged researchers
years ago to investigate their fate in the environment, with emphasis on biological
degradation. Rothkopf and Bartha, 1984 [42], studied the biodegradation of xenobiotic
industrial amines in acclimated sewage sludge. Their results showed that unbranched
monoamines were readily utilized, whereas the branched monoamines were a less suitable
substrate. Diamine analogs of biodegradable monoamines were readily utilized, and
tertiary polyamines were recalcitrant unless the tertiary amine was a heteroatom. Amino
alcohols, such as ethanolamines and N-substituted ethanolamines, were also easily
metabolized. Another interesting result of this work is that the biodegradability of the
amine was unrelated to the inhibitory properties [42].

The general process of deamination is known to be performed by 4 enzyme classes,
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such as oxidases, monooxygenases, dehydrogenases and transaminases. The latter 2
systems also operate under anaerobic conditions, whereas the initial product of amine
degradation by procaryotes is an aldehyde or a ketone. Deaminating enzymes generally
exhibit broad substrate ranges [42]. Furthermore, the range of substrates utilized under
denitrifying conditions includes toluene, xylene, phenols, cresols, phthalate, cyclohexanol,
benzoate and other aromatic acids, alcohols, and aldehydes. From the broad substrate
spectrum utilized and the variety of bacteria catalyzing these degradative processes, one
must conclude that the role of denitrification in anaerobic mineralization is significant [57].

Biodegradation of Monoethanolamine - MEA

The biodegradation of MEA has been studied by various researchers in the past
decades. Norrod and Jakoby, 1964 [32] postulated the initial aerobic utilization step in
form of deamination is catalyzed by the ethanolamine oxidase. Ohtaguchi and Yokoyama
[34] extended this research on regenerated MEA from a CCS and suggest the following
degradation pathway in F.coli (Equation 1.3 to Equation 1.6).

H,NTCH,CH,OH — NHJ + CH;CHO (1.3)
CH,CHO + CoA + NAD* — CH;COCoA + NADH + H* (1.4)
CH,COCoA + P, — CH;CO,POZ™ + CoA +2H ™ (1.5)
CH,CO,POZ~ +2H" + ADP — CH,COOH + ATP (1.6)

The first products will be ammonium ion and acetaldehyde, whereas the biomass

assimilates ammonium ion as a nitrogen source and transforms acetaldehyde to acetic
acid. Furthermore, they also observed that the biodegradation activity was positively in-
fluenced by unknown nitrogeneous compounds of the waste solution, providing additional
nitrogen source, thus increasing the cell mass production [34].
Nevertheless, the fate of alkanolamines in the environment has so far not been studied
very well. Hawthorne et al. [21] showed that MEA can persist on contaminated soil
for decades at high (hundreds of mg/kg) concentrations, without significant migration
into groundwater, despite the fact that MEA is miscible in water and that it is easily
degradable. The persistence apparently results from strong binding to the soil, as well
as inhibition of natural bioremediation in highly contaminated field soils [21]. This is
consistent with results from Mrklas et al. [30], showing that MEA biodegraded faster
in the water phase than MEA sorbed on the soil phase. Furthermore, they observed
that phosphate limitations played a significant role in aerobic, but not in anaerobic
biodegradation of MEA.
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Recent studies of Kim et al. [24] investigated the biodegradation of MEA in aerobic,
as well as anoxic conditions by activated sludge. For the complete degradation of MEA,
the ammonium hydrolyzed from MEA needs to be nitrified and denitrified to nitrogen gas
(N,) with the help of electron donors. Therefore, they also tested the denitrification char-
acteristics of nitrate and nitrite, with MEA as the electron donor. Nitrification occurred
after several weeks of adaptation during MEA degradation, whereas the overall reaction
for nitrification of MEA, including the prior aerobic biodegradation to ammonium and
acetaldehyd, is shown in Equation 1.7.

H,NCH,CH,OH + 4.50, — CO, + NO3 +2H,0 +2H" + HCO; (1.7)

In the case of denitrification, the adaption phase to MEA was much shorter, showing
activity within a few days. The results from Kim et al. proved that MEA can be re-
garded as a competitive electron donor for denitrification, whereas it is thought that the
ethanol group of MEA is utilized as the electron donor for the denitrification process. The
overall denitrification reaction, including energy reaction and cell synthesis by MEA as
the electron donor and nitrate as the electron acceptor, is postulated as shown below in
Equation 1.8. It should be pointed out that MEA leaves NHZr when utilized as electron
donor for denitrification.

H,NCH,CH,OH + 0.9NO3 + 0.1CO, + 0.9H" —
0.275C5H,O,N + 0.45N, + 0.725NH; + 0.725HCO; + 1.17H,0 (1.8)

However, the authors claim that 28% of MEA nitrogen goes to biomass and 73% goes
to nitrogen gas by sequential nitrification and denitrification. Therefore, it can be said
that MEA has sufficient electrons for the complete removal of its nitrogen by nitrification
and denitrification [24].

In combination with biological nitrogen removal, a well established process in the field
of wastewater treatment, this ability of biological degradation of xenobiotics inevitably
offers a powerful tool to treat industrial process water containing multiple compounds.
Biological nitrogen removal, recently reviewed by Zhu et al. [56] is a two-step process of
nitrification and denitrification, described in the following sections.
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1.4.1 Nitrification

Nitrification is the biologically mediated oxidation of reduced forms of nitrogen to nitrite
and nitrate. This strictly aerobic process can be facilitated by either autotrophic or
heterotrophic nitrifiers, whereas the latter contribute to overall nitrate production only
to a minor extent, since no energy is gained by nitrate formation. [9].

Autotrophic nitrificatin is a two-step process, carried out by chemolithoautotrophs, and
obligate aerobe bacteria. The sequential oxidation of ammonia via nitrite to nitrate is
catalyzed by two phylogenetically unrelated groups of bacteria, the ammonia oxidizing
bacteria (AOB) and the nitrite oxidizing bacteria (NOB) [53].

Ammonia Ozidizing Bacteria - AOB

The AOB gain energy from oxidation of ammonia to nitrite, which is commonly sum-
marized by Equation 1.9.

NH} +1.50, — NO; + H,O +2H™ (1.9)

However, the more likely mechanism is based on the investigations of Suzuki et al.
[51], suggesting that the actual substrate for the ammonia oxidizing bacteria is ammonia
and not ammonium, supported by the fact that cell membranes are highly permeable to
NH, and not to NHJ [25]. Thus, the overall process of ammonia oxidation to nitrite may
be characterized as a two-stage process as suggested in recent literature [6, 9], and is given
by Equation 1.10 and 1.11.

NH; + O, +2H" +2e~ — NH,OH + H,0 (1.10)

NH,OH + H,0 — NO; +5H" +4e™ (1.11)

The key enzymes to catalyze the reactions of AOB are the membrane-bound ammonia
monooxygenase and the hydroxylamine oxidoreductase, which is located in the periplas-

mic space [9].
Nitrite Oxidizing Bacteria - NOB

The NOB perform the second step of the nitrification reaction, which is the oxidation of
nitrite to nitrate, given by Equation 1.12. The key enzyme of the nitrite-oxidizing bacteria
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is the membrane-bound nitrite oxidoreductase generating energy in form of NADH for
growth of the NOB [9].

NO; +H,0 «+— NO3 +2H" +2e~ (1.12)

Nitrifying Bacteria

Both AOB and NOB use molecular oxygen as an electron acceptor, while carbon
dioxide serves as the main carbon source [4]. Being autotrophs, the nitrifiers must reduce
the carbon dioxide in order to build up biomass. This reduction takes place through the
oxidation of the nitrogen source of the organism concerned, shown in Equation 1.13 for
the AOB and Equation 1.14 for the NOB [22], whereas the molecular formula C H,NO,
represents the average composition of cell mass. This is an energy-expensive process,
resulting in slow growth.

15C0, + 13NH} — 10NO; + 3C;H,NO, + 23H" + 4H,0 (1.13)

5C0O, + NHf +10NO; +2H,0 — 10NO3 + C;H,NO, + H" (1.14)

The reaction rate constants for the nitrifying bacteria were summarized by Henze et
al. [22] and are shown in Table 1.1.

Table 1.1: Reaction rate constants of nitrifying bacteria at 20°C, adopted from Henze et al. 2002
[22].

Parameter Unit AOB NOB Total process
Maximum specific growth rate d ! 0.6-0.8 0.6-1.0 0.6-0.8
Saturation constant g NH,-N/m3  0.3-0.7 0.8-1.2 0.3-0.7
Saturation constant g O,/m? 0.5-1.0 0.5-1.5 0.5-1.0
Maximum yield constant g VSS'/m3  0.10-0.12 0.05-0.07  0.15-0.20
Decay constant d—! 0.03-0.06 0.03-0.06 0.03-0.06

Under normal conditions, the reaction of ammonia oxidation to nitrite is a velocity-
limiting step; in contrast, nitrite is oxidized rapidly to nitrate, so nitrite seldom
accumulates in nitrifying reactors [38]. However, when considering the difference in the
oxygen saturation constant (see Table 1.1), the NOB are more susceptible towards low
dissolved oxygen (DO) concentrations than AOB [37]. Therefore, nitrite accumulation
will occur when the oxidation of ammonium exceeds the velocity of nitrite oxidation,
meaning the AOB work faster than the NOB. The localization of both AOB and NOB
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communities, shown below in Figure 1.8 also suggests that since the NOB are situated in
the deeper parts of the oxic biofilm, oxygen diffusion becomes a more limiting factor than
for the AOB with an homogeneous spatial distribution.

The most commonly recognized genus of bacteria that carries out the first step by
oxidizing ammonia, is Nitrosomonas; however, Nitrosococcus, Nitrosopira, Nitrosovibrio,
and Nitrosolobus are also able to oxidize NHI to NO, . These AOB, which all have
the genus prefix Nitroso, are genetically diverse, but related to each other in the beta
subdivision of the Proteobacteria [41]. In the second group, the NOB, several genera
such as Nitrospira, Nitrospina, Nitrococcus, and Nitrocystis are known to be involved.
However, the most prominent nitrite oxidizer genus is Nitrobacter, which is closely related
genetically within the alpha subdivision of the Proteobacteria [4]. Thus, the diversity of
populations involved in the process of nitrification is obvious and has recently attracted

great attention in many studies.
Microbial community of nitrifying biofilms

The composition of a biofilm in wastewater treatment is complex and consists of mul-
tiple species. Especially the coexistence of nitrifying bacteria with heterotrophic bacteria
is a well-known situation, whereas it is assumed that the heterotrophic bacteria consume
the soluble microbial products produced by the nitrifyers [41]. Recent studies of Okabe et
al. determined which phylogenetic groups of heterotrophic bacteria could directly utilize
microbial products derived from nitrifying bacteria in an autotrophic nitrifying biofilm.
To achieve this, biofilm samples were first incubated with [*4C] bicarbonate to radiolabel
only nitrifying bacteria, and after this the fate (transfer) of the radiolabelled [14C] atoms
incorporated into nitrifying bacteria was traced and visualized by using the MAR-FISH
approach. Finally, it was concluded that most phylogenetic groups of heterotrophic bacte-
ria, except the S-Proteobacteria showed uptake of [14C]-labelled microbial products [35].
Figure 1.7 shows their result of the biofilm composition analyzed by FISH, indicating that
the amount of AOB is twice as high as the NOB present, accompanied by approximately
30% heterotrophic bacteria.

The spatial distribution of AOB and NOB within the autotrophic nitrifying biofilm
was previously also explored by Okabe et al. [36], based on FISH technique and microelec-
trodes. Their results revealed that spherical clusters of AOB were detected throughout
the oxic biofilm strata, indicating more or less a homogeneous spatial distribution of
NHI—oxidizing bacteria, whereas clusters of Nitrospira-like cells, a member of the NOB
community, were found in the deeper parts of the oxic region [36].
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Figure 1.7: Microbial community composition of the autotrophic nitrifying biofilm (Okabe et al.,
2005 [35]).

Furthermore, they measured the steady-state concentration profiles of O,, NHj{7 NO, ,
and NO, within the nitrifying biofilm by microelectrodes. Based on these results, Okabe
et al. demonstrate the sequential oxidation of NHZLIr and NO, in the oxic biofilm strata,
that is, that active NHZ—oxidizing zone is located in the outer part of the oxic biofilm,
whereas the active NO, -oxidizing zone is located just below the NH; -oxidizing zone [36].

The spacial distribution, as well as the concentration profiles and activity zones are

illustrated in Figure 1.8.

The close spacial organization of AOB and NOB is beneficial for energetic reasons
- NOB are able to efficiently capure the nitrite as a substrate produced by the AOB,
helping to cope with the poor energy yield of nitrite oxidation. On the other hand, AOB
favour the presence of the NOB, as the latter relieve them from the toxic nitrite [38].

Key aspects of the nitrifying process

The composition of the nitrifying microbial community can result in a competition
within the mixed-culture biofilm, with the faster-growing heterotrophs being localized
in the outer layers and the slow-growing nitrifiers staying in the deeper parts of the
biofilm. This stratification may create a disadvantage for the nitrifiers when the bulk
liquid oxygen concentration is low. However, the outer layer of heterotrophs can at the

same time also protect them from detachment [6, 41].
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Figure 1.8: Fluorescence in situ hybridization result combined with microsensor measurements.
In situ hybridization of a vertical biofilm thin section with labelled probes specific for AOB of the
beta subclass of the Proteobacteria (red stain clusters) and specific for Nitrospira moscoviensis and
some environmental clones (green stain clusters) (A). Corresponding steady-state microprofiles in
the autotrophic nitrifying biofilm (B). The distribution and magnitude of the estimated specific
rates of net consumption and production (C). The solid lines are the best fits from the model to
calculate the specific consumption and production rates of NH}, NO, , and NO; . The biofilm
surface was at a depth of zero (Okabe et al., 2004 [36]).

Nitrifiers suffer both from substrate (ammonia and nitrite) and product inhibition
(nitrite and nitrate). If the concentration of either the substrate or the product is too

high, the rate of nitrification will decrease [6].

Furthermore, nitrifiers are sensitive to inhibition from a range of organic and inorganic
compounds. Among the most relevant ones are: unionized NHy (at higher pH), undisso-
ciated HNO,, (usually at low pH), anionic surfactants, heavy metals, chlorinated organic
chemicals, and low pH [41].

In fact, the pH plays a major role in the nitrification process, the optimum pH for
metabolism and growth of the autotrophic nitrifiers is in the range of pH 7.5-8 [6]. It
is possible that the pH dependency is linked to the inhibition phenomena from the sub-
strate, as free ammonia (NH;) and free nitrous acid (HNO,) can inhibit both ammonia
and nitrite oxidation [22]. Both dissociation equilibria of NH; +— NH; (pK, = 9.3) and
HNO, +— NO, (pK, = 3.4) are a function of the pH and therefore attribute to the
pH dependent nitrification activity. Anthonisen et al. [5] postulated the relationship of
free ammonia (NH;) and free nitrous acid (HNO,) inhibition to nitrifying bacteria. A

simplified graph of the relationship is shown in Figure 1.9.
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Figure 1.9: Inhibition of the nitrification process as a function of NH;, HNO, and pH. The grey
area represents total inhibition, and the dashed area marks partial inhibition (Henze et al. 2002

[22]).

Since severe pH depression can occur when the alkalinity in the wastewater approaches
depletion by the acid produced in the nitrification process, the appropriate range of pH
must be stabilized by chemical addition, such as lime [4].

As all biological systems depend on the temperature, this is also true for the nitrifica-
tion process. The optimum temperature has been reported in the range of 20°C to 30°C,
although the optimum for the NOB might be lower. Between 5 and 30°C the temperature
affects nitrifying bacteria according to the Arrhenius relation, meaning that their biologi-
cal activity doubles with every 10°C water temperature increase [6].

Nitrification is a strict aerobic process, as molecular oxygen is needed for the oxidation of
ammonia to nitrate and equally important for respiration of AOB and NOB. Thus, the
kinetics of this process is strongly influenced by the dissolved oxygen (DO) concentration.
Calculating the stoichometric amount required for full biological oxidation of ammonium,
a minimum of 4.57g of O, per g of NH; is required [6, 20]. The DO concentration is usually
kept at a low level of approximately 2mg/L O,, whereas the oxygen limitation is known to
have more influence on nitrification than on the heterotrophic processes since both half-
saturation constants for nitrification are described to be higher than the ones proposed
for heterotrophic processes [20]. However, complete oxidation of ammonium should be at-
tained, as nitrite is a reactive species and could react with aliphatic and aromatic amines
and other aromatic molecules to give rise to undesirable nitroso- or nitro-derivatives [53].
Apart from the obvious system parameters, also sunlight (380 - 415nm), as well as ultri-
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aviolet light can inhibit growth of Nitrosomonas. This effect can be significant in water
treatment plants [6].

1.4.2 Denitrification

Denitrification is the biologically mediated conversion of nitrite and nitrate into inert
atmospheric nitrogen. The process is anaerobic, as nitrate is the oxidizing agent as shown
simplified in Equation 1.15, whereas A denotes the carbon source in its reduced/oxidated
state [22].

A, +NO; — A, +N, + H,0 + CO, (1.15)

To evaluate the stoichiometry of nitrate to organic compounds for denitrification with
a complex carbon source, the oxidation/reduction state of the carbon substrates and the
oxygen concentration in the wastewater should be known [40]. The acutal denitrification
process carried out by heterotrophic bacteria includes several steps as shown below in
Equation 1.16.

Denitrifying Bacteria

The anoxic process is carried out by a diversity of bacteria belonging taxonomically
to the various subclasses of the Proteobacteria. Denitrification also extends beyond the
bacteria to the archaea, where it is found among the halophilic and hyperthermophilic
branches of this kingdom and may have evolutionary significance. Nevertheless, over the
years, fungi have had an intermittent record of denitrification [57].

The dissimilatory nitrate reduction consists of several enzymatic reactions as shown in
Equation 1.16, whereas the indices above the arrows correspond to the catalyzing enzymes,
which are given in the text below.

NO3; = NO; — NO — N,O = N, (1.16)

The according enzymes for the sequential denitrification process are (a) Nitrate reduc-
tase, (b) Nitrite reductase, (c¢) NO reductase and (d) N,O reductase [41, 40]. It should be
noted that nitrite reductase is the key enzyme of denitrification in catalyzing the first com-
mitted step that leads to a gaseous intermediate. For the denitrification process to lead
to dinitrogen formation, the nitrite reductase reaction is complemented by the activity of
two distinct metalloenzymes, which use NO or N,O as substrates [57].
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All intermediates of the denitrification process are toxic and therefore undesirable and
should be avoided. The bacterial process is nearly exclusively a facultative trait, as the
expression of the relevant enzymes is triggered in the cell by the environmental parameters
of low oxygen tension and availability of an N oxide. As illustrated in Figure 1.10 only
when all necessary enzymes are available for the bacteria, complete denitrification will be
achieved [57].

NO;—NO,
respiration

respiration
d

Figure 1.10: Modular organization of denitrification. Four modules representing the respiratory
systems utilizing nitrate (a), nitrite (b), NO (c), and N,O (d) carry out the overall process.
Complete denitrification (h) is achieved only when all four modules are activated. Pairwise overlaps
(e to g) of the individual respiratory modules occur naturally in denitrifying or other N-oxide-
utilizing bacteria (Zumft, 1997 [57]).

The reaction rate constants for the denitrifying bacteria were summarized by Henze et
al. [22] and are shown in Table 1.2.

Table 1.2: Reaction rate constants for denitrification at 20°C, adopted from Henze et al. 2002
[22].

Parameter Unit Denitrification
Maximum specific growth rate d ! 3-6
Half-Saturation constant g NO;-N/m? 0.2-0.5
Half-Saturation constant g 0,/m3 0.1-0.5
Half-Saturation constant g COD/m? 10-20
Maximum yield constant g COD/g COD 0.4-0.6
Maximum yield constant g COD/g NO;-N  1.6-1.8

Decay constant d—! 0.05-0.10
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Key aspects of the denitrifying process

Most denitrifiers are aerobic heterotrophic organisms that transfer redox equivalents
from the oxidation of a carbon source to an N-oxide under anaerobic conditions, whereas
autotrophic denitrifiers utilize nitrite for this purpose [57]. In this process water and

CO, will be generated by oxidizing the carbon source, using NO; as the electron acceptor.

As mentioned above, the process of denitrification is a facultative trait, enabling the
microorganism to switch from aerobic to anaerobic respiration. The chosen pathway will
depend on the available terminal electron acceptor. If oxygen is available, the bacterium
will preferably respire aerobic, because the redoxpotential between the last cytochrome in
the electron transport is higher for oxygen than for nitrate. Nevertheless, denitrification

may also occur in flocs and biofilms, even in aerobic macro-environments [22, 6].

The denitrification process is also subject to pH dependency, determining the
endpoint of the sequential reactions. Low pH values favour N,O production, whereas
higher values favor N, gas production, thus complete denitrification [6]. In regard to
the temperature sensitivity, the denitrification process resembles that of the aerobic
heterotrophic processes. Denitrification can also occur at temperatures between 50-60°C,
but experiences are few. The nitrogen removal rate is approximately 50% higher than at
35°C [22]. It has been suggested that the nitrogen concentration has little influence on
the denitrification activity, whereas for attached cultures the reaction rate is half-order
in respect to nitrogen concentration within the practical range of concentrations found
in domestic waste water [6]. However, if the conversion of organic matter is desired, the
available N-oxide may become the limiting factor.

A supply of carbon source is vital to drive the oxidation-reduction reaction of denitri-
fying bacteria. The type of carbon source has a significant impact on the denitrification
activity, depending largely on the accessibility for the bacteria. Commonly used external
carbon sources include methanol, ethanol, acetic acid, as well as wastewater from
breweries and organic matter in wastewater [22]. However, with the exception of the two
latter, all chemicals need to be purchased, leading to increased operational costs. Based
on the vast variety of possible organic substrates, it is evident that reclaimer waste, rich

in organic coumpounds, may serve just as well as a carbon source for denitrification.
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1.4.3 Combined Nitrification and Denitrification in Pre-Denitrification
configuration

Obviously by sequential combination of nitrification and denitrification, nitrogen removal
can be achieved; whereas the overall process is then referred to as 'Biological nitrogen re-
moval’. Depending on the line-up there are several process solutions available, as described
previously by Skjaeran [47]. In the configuration of pre-denitrification, the wastewater will
enter the process in the denitrification reactor and subsequently be transferred to the ni-
trification reactor, whereas a mixed liquid is recycled from the nitrification reactor to the
denitrification reactor. A schema of the set-up is shown in Figure 2.13. The benefit of this
configuration is that the heterotrophic denitrifying bacteria can utilize the organic matter
as a carbon source as well as an electron donor, whereas the lithoautotrophic nitrifying
bacteria are satisfied with CO, as carbon source and have O, as their terminal electron
acceptor. By recycling the underflow from the nitrification process to the primary deni-
trification reactor, the imported nitrite and nitrate will serve as the electron acceptor for
denitrification. Thus, an additional carbon source is not required for the denitrification
reactor. If the oxidation of organic matter is targeted, additional supplementation of N-
oxide might be necessary. One draw-back of the pre-denitrification configuration is that
no complete nitrogen removal can be achieved, as only a part of the total flow from the
nitrification reactor is recycled and the remaining effluent is discarded.

Medium
Denitrification mout =20%
Q reactor Nitrification
reactor —l
m.=20 %
Waste
4Q [
m. =80 %

Figure 1.11: Set-up and flow scheme of the pre-denitrification system, whereas Q is the flowrate,
m; /mey, denotes mass in/out respectively.
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1.5 Moving Bed Biofilm reactors

A biofilm is a self-organized structure of microorganisms growing on a surface, whereas
the community of biofilms depends largely on the available substrates. A key feature
of a biofilm is the self-developed polymeric matrix, enabling better protection of the
individual organism towards environmental changes, such as physical stress, as well as the

improved mass transfer in terms of metabolic interactions between the present populations.

Moving bed biofilm reactor (MBBR) systems involve biofilm growing on the inner
surfaces of small plastic carriers, suspended within a liquid phase reactor. The carriers
are mobilised in suspension either pneumatically or mechanically, and are kept within the
reactor by means of a sieve or grill, allowing simple separation of the treated water from
the biomass-containing carriers. Excess biomass is sloughed off the biofilm and leaves the
reactor with the effluent [18].

Figure 1.12: Enlarged Kaldnes K1 carrier with biofilm (left) and two Kaldnes K1 carriers in real
size (right) [18].

AnoxKaldnes, now Kriiger Kaldnes of Veolia Water Solutions & Technologies (France)
developed a number of different carriers, whereas the model Kaldnes K1 was used in this
study. Kaldnes K1 carriers, shown in Figure 1.12 are made of polyethylene (PEHD) with
a density of 0.95g/cm?, and a nominal dimension of 7mm length and a diameter of 9mm.
The biomass is growing primarily on the protected surface (500cm?/cm?) on the inside
of the carriers, but the total surface area (800cm?/cm?) is significantly larger than the
effective biofilm surface area. In order to be able to move the carrier suspension freely, it
is recommended that filling fractions should be below 70% [43].

As in every biofilm process, diffusion of compounds in and out of the biofilm plays a
key role. Because of the importance of diffusion, the thickness of the effective biofilm (the
depth of the biofilm to which the substrates have penetrated) is important. Since this
depth of full substrate penetration is normally less than 100pm, the ideal biofilm in the
moving bed process is thin and evenly distributed over the surface of the carrier. In order
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to obtain this, the turbulence in the reactor is of importance, both in order to transport
the substrates to the biofilm and to maintain a low thickness of the biofilm by shearing
forces. However, the MBBR Kaldnes K1 carriers were tested previously for removal of
organic matter, nitrification, as well as for denitrification. On a biofilm surface area basis
the total ammonium nitrogen removal rates in MBBRs have compared very favourably to
rates reported in the literature [43].

1.6 Previous studies

Ana Borges Colaco [14] investigated the feasibility of applying biological nitrogen removal
to convert the ammonia in the process water from a CO, capture plant based on amine
absorption. In this master thesis, she set-up 1L MBBRs with Kaldnes K1 biofilmcarriers,
for combined nitrification and denitrification with MEA and ethanol as a carbon source.
Furthermore, she evaluated different analytical test methods to determine ammonium,
nitrate, nitrite, total nitrogen and MEA concentrations at-line in a fast and accurate way.
Her experiments showed that the LCK 303 Ammonium-Nitrogen assay from Hach-Lange,
produced a clear underestimation of the resulting ammonium concentration in the
presence of MEA and DEA. The same effect was observed with the LCK 341 Nitrite
assay, but not as pronounced. Nevertheless, the same work provides correction-graphs for
linear interpolation when the concentration of MEA is known [14]. Both the Hach-Lange
assay LCK138 for total nitrogen, as well as LCK 339 for nitrate determination showed
unaffected results up to 200mmol/l MEA.

The bench-scale nitrification experiment showed a steep decline in activity when initially
exposed to MEA, reaching a 50% decrease at 10mmol/l MEA. During the long term
exposure to MEA the nitrifying bacteria adopted, resulting in the ability to aerobicaly
degrade all MEA into ammonium. The bench-scale operated denitrification culture was
insensitive up to 316mmol/l MEA when utilizing ethanol as a carbon source. In contrast,
they failed to use MEA as a carbon source when ethanol was omitted. When both
reactors were combined in a post-denitrification mode, the nitrifying reactor showed no
activity in the sense of nitrate or nitrite formation. However, ammonium equivalent to
100% of the fed concentration remained in the outlet, and the ammonium concentration

in the reactor increased to about four times the original ammonium input, deriving from

the biodegraded MEA [14].

After the post-denitrification configuration, the reactor system was taken over from
Skjeeran [46] and switched to a pre-denitrification configuration. In this follow up project
work of Skjeeran the biological nitrogen removal of process water of a CO, capture plant
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was studied, with emphasis on varification of post-denitrification with ethanol as an
additional carbon source, pre-denitrification with MEA as a sole carbon source, as well as
the selection of alternative amines. Furthermore, the inhibitory effect of MEA and nitrite
werw investigated.

Skjeeran’s results showed that biological nitrogen removal from waste products of a CO,
capture plant is possible, as the primary amine MEA may serve as a carbon source.
Furthermore, Skjseran found that high concentrations of nitrite inhibit nitrifying bacteria
to a certain degree.

Both post- and pre-denitrification configuration resulted in a total nitrogen removal rate
between 70 and 80%, whereas for the pre-denitrification system the maximum theoretical
value was achieved with a 4-fold recycling flow-rate [46].

Her experiments also showed that the LCK 303 Ammonium-Nitrogen assay from Hach-
Lange, gave an underestimation of the resulting ammonium concentration in the presence
of AMP. Additionaly high concentrations of nitrite produced an overestimation when
applying the LCK 339 Nitrate assay. However, since the samples generally have to be
diluted in order to fall into the measuring range of the LCK 339 Nitrate assay, this might
be a minor problem [46].

Skjeeran extended her project work to a master thesis [47], investigating the biodegrad-
ability and functionality as a carbon source for biological nitrogen removal of MEA
and AMP [47]. Her results showed that MEA may serve as a carbon source in the
pre-denitrification system, but not AMP. It appears that AMP is aerobically degraded
in the nitrification reactor, but nevertheless, the denitrifying culture was not able to
utilize AMP as a carbon source [47]. Skjeeran observed a drop in the nitrification activity
shortly after AMP addition, accompanied by a simultaneous drop in COD concentration
and therefore concluded the biodegradation of AMP could lead to unwanted daughter
compounds, which have a toxic effect on the nitrification process. In fact, the acute
toxicity test showed that 30mmol/l AMP resulted in a 50% inhibition of the nitrifying
activity.

The interference of AMP with the different Hach-Lange assays was also tested by Skjeeran,
showing relatively unbiased results, except for the LCK 303 Ammonium-Nitrogen assay
giving lower results, as mentioned above. Reclaimer waste showed a possible overestima-
tion of the nitrate concentration when applying the LCK 339 Nitrate assay. In general,
the analysis of reclaimer waste revealed large amounts of MEA, making high dilutions
necessary in order to avoid interferences with the LCK 303 Ammonium-Nitrogen assay [47].
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1.7 Scope of this work

The objective of this master thesis was to test the feasibility of biological treatment
of reclaimer waste from an amine based CO, capture plant, as well as from selected,

commonly used amines in this process.

The reclaimer waste, consisting mostly of the amine MEA was the main focus of
this master thesis, whereas the selcted amines AMP, aMDEA, DEA and piperazine
were tested for acute toxicity on a nitrifying, as well as on a denitrifying culture. All
experiments were run on a lab bench scale and are a continuation of the previously
described studies from Colaco [14] and Skjeeran [46, 47].

The scope of this master thesis includes following tasks:

o Reclaimer waste

i) Analysis of the compositon by LC-MS and Hach-Lange analyses.

ii) Acute toxicity test on a nitrifying culture to estimate the EC5y and recovery
ability.

iii) Feasibility of reclaimer waste as a sole carbon source in a pre-denitrification
system, with emphasis on consumption of amine and degradation products, as

well as COD removal and total nitrogen removal ability.
o Acute toxicity of selected amines

i) Selected amines are MEA, AMP, aMDEA, DEA and piperazine.

ii) Acute toxicity test on a nitrifying culture to estimate the EC5y and recovery
ability.

iii) Set up an anaerobic bioreactor with pH and temperature control with biofilm

grown on Kaldnes K1 carriers.

iv) Acute toxicity test on a denitrifying culture to estimate the EC5y and recovery

ability.
e Biofilm development

i) Set up a new bioreactor to monitor the biofilm development of nitrifying culture
on Kaldnes K1 carriers by measuring the COD.



Chapter 2

Materials and Methods

2.1 Chemical analysis

Throughout the experiments ammonium, nitrate, nitrite and total nitrogen concentration,
as well as the COD were analyzed in an at-line reading mode by Hach-Lange assays. MEA
was also determined in an at-line reading mode by the fluorescamine assay. The reclaimer
waste was analyzed by LC-MS, as well as by Hach-Lange assays. In the following section

these methods will be described including some relevant, previously observed interferences.

2.1.1 Hach-Lange assays

The concentrations of ammonium, nitrate, nitrite and total nitrogen concentration, as well
as the COD were determined with assays from Hach-Lange for water quality. All assays
used during this work come in kits, whereas all procedures were carried out according
to manufacturers instruction. An overview of the used assays is given in Table 2.1 and
Table 2.2, including article number, principle and observed interferences with MEA and
AMP. All quantifications are based on colorimetric reactions, read by a Dr. Lange Lasa 100
mobile laboratory photometer. The photometer is able to recognize the different assays by
the bar code on each cuvette being processed. For some assays (LCK 138 LatoN, LCK 114
and LCK 614 COD) also the Dr. Lange Thermostat LT is required for thermal treatment

at a specific temperature and time duration.

26
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Table 2.1: Hach-Lange assays used for determining the ammonium, nitrate, nitrite, and total

nitrogen. Previously observed interferences are given with the relevant source.

Hach-Lange

Range

Analyte Principle Interferences
assay mg /L]
Ammonium ions react at pH 12.6
LCK303 with hypochlorite ions and sal- Underestimation
Ammonium- NH,-N 2-47 icylate ions in the presence of with MEA and
Nitrogen sodium nitroprusside as a cata- AMP [14, 47].
lyst to form indophenol blue.
Unaffected up to
nitrate  ions in  solutions 200mmol/L MEA
LCK339 0.23- containinfg s.ulphuric a.nd [14], o
. NO;-N phosphoric acids react with Overestimation
nitrate ske 2.6-dimethylphenol to form with high concen-
4-nitro-2.6-dimethylphenol. trations of nitrite
[47].
nitrites react with primary aro-
matic amines in acidic solution
to form diazonium salts. These
LCK341 NO.N 0.015- combine with aromatic com- Underestimation
nitrite 2 0.6 pounds that contain an amino with MEA [14].
group or a hydroxyl group to
form intensively coloured azo
dyes.
Inorganically and organically
bonded nitrogen is oxidized to
nitrate by digestion with per-
LCK138 Total 116 oxodisulphate. The nitrate ions
LatoN Nitrogen react with 2.6-dimethylphenol

in a solution of sulphuric
and phosphoric acid to form

nitrophenol.
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Table 2.2: Hach-Lange assays used for determining the chemical oxgygen demand.

Hach-Lange Range
. Analyte g Principle
assay [mg/L]
Oxidizable substances react with sulphuric
LCKO14 Chemical 1000- acid-potassium dichromate solution in the
CoD Oxygen 10000 presence of silver sulphate as a catalyst. Chlo-
Demand ride is masked by mercury sulphate. The
green coloration of Cr3% is evaluated.
Oxidizable substances react with sulphuric
LCK114 Chemical 150- acid-potassium dichromate solution in the
COD Oxygen 1000 presence of silver sulphate as a catalyst. Chlo-
Demand ride is masked by mercury sulphate. The
green coloration of Cr3% is evaluated.
Oxidizable substances react with sulphuric
Chemical acid-potassium dichromate solution in the
LCK614 Oxveen 50- presence of silver sulphate as a catalyst. Chlo-
COD D e B 300 ride is masked by mercury sulphate. The re-
eman

duction in the yellow coloration of Cro% is
evaluated.

Due to an assumed competitive reaction of the amines with the assay’s reactants,

a clear underestimation of the ammonium concentration in samples containing MEA or

DEA was found previously by Colaco [14]. Therefore the same work provides a graph for

quantitative correction, based on linear interpolation of recorded ammonium levels when

the MEA concentration is known, as shown in Figure 2.1. This correction was applied for

all samples with concentrations higher than 10mmol/L MEA.

In the studies of Colaco, 2009 [14], also the nitrite assay from Hach-Lange showed

biased results when MEA was present, therefore the measurements should be corrected

according to the correction graph shown below in Figure 2.2. This quantitative correction

was applied for all samples containing concentrations higher than 10mmol/L MEA.
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Figure 2.1: Ammonium-N recordings according to the LCK 303 Ammonium-Nitrogen assay as a
function of ammonium-N concentration, while MEA concentration was kept constant at 0, 5, 10,
20, 30 and 40mM [14]. Secondary lines, in grey, provide guidance for linear interpolation.
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Figure 2.2: Nitrite-N recordings according to the LCK 341 Nitrite-Nitrogen assay as a function of
nitrite-N concentration, while MEA concentration was kept constant at 0, 10, 50, 150 and 300mM
[14]. Secondary lines, in grey, provide guidance for linear interpolation.
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2.1.2 Fluorescamine assay

Fluorescamine allows the detection of primary amines in the picomole range, whereas the
reaction occurs almost instantaneously at room temperature in aqueous solutions. The
products are stable highly fluorescent compounds with an excitation wavelength of 392nm
and an emission at 480nm. The fluorescamine assay carried out in this work was based
on the adapted procedure from Colaco, 2009 [14] and is briefly described as follows.

i) A 10mg/mL fluorescamine solution in aceton was prepared and kept in the dark for
24 hours (Fluorescamine from Sigma-Aldrich, aceton from BDH Prolabo).

ii) 100mmol/L boric acid buffer with a pH of 7.0-9.5 was prepared in Milli-Q water
(Boric acid analytical grade from Roth, NaOH from BDH Prolabo).

iii) For each measurement series a calibration curve of fluorescamine, being 0, 0.2, 0.4,
0.6, 0.8 and 1.0mg/mL was prepared to determine the concentration in the samples

by interpolation.
iv) Samples were diluted in Milli-Q water according to the measuring range.

v) 2.9mL boric acid buffer was added to 100pL sample, respectively standards, and
rapidly 200nL of the fluorscamine solution was added.

vi) The solution was inverted 4-5 times and incubated for 20 minutes in the dark at

room temperature.

vii) The fluorescence signal was measured in UV-grade polymethylmethacrylate dispos-
able cuvettes from VWR, using a Perkin Elmer LS50B fluorimeter. The excitation
wavelength was set to 392nm and the emission was measured at 480nm, with 5-10nm
slit width.

2.1.3 LC-MS

LC-MS (liquid chromatography - mass spectrometry) is a combination of analytical
processes to determine the mass-charge ratio of a compound, enabling its identification
as well as quantification.

The principle of liquid chromatography (LC) is based on the specific distribution of
a compound between a stationary (e.g. column) and mobile (liquide) phase. The
separation depends on chemical and physical properties of each phase, such as length and
diameter of the column, pressure, temperature and also the particle size of the analyte.
The different extents to which molecules are adsorbed to the stationary phase leads to
the separation effect. By the process of elution, the specific retention time of various
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compounds is determined. Following the separation by LC, the compounds are lead
to a mass spectrometer (MS). As a first step, the compounds need to be ionized and
subsequently, the mass is analyzed and quantified by a detector [29].

All LC-MS analyses were accomplished at SINTEF Material and Chemistry, Biotech-
nology devision by Kai Vernstad, using a 6460 Triple Quadrupole Mass Spectrometer
coupled with 1290 Infinity LLC Chromatograph from Agilent Technologies.

2.2 Reclaimer waste analysis

The reclaimer waste was obtained from the ACC mobile test unit stationed at Longannet,
a coal-fired power plant, collected during a campaign with MEA in 2009.

The reclaimer waste was analyzed by LC-MS to quantify the MEA content and for
a qualitative and quantitative scan of degradation products. The reclaimer waste was
diluted 1:1000 with Milli-Q water, whereas 1mL was forwarded to SINTEF for the LC-MS
positive and negative scan analyses.

The reclaimer waste was also analyzed by Hach-Lange assays, which are described in
section 2.1.1. In order to fit into the measuring range, the reclaimer waste was diluted
with Milli-Q water as given in Table 2.3.

Table 2.3: Dilutions of the reclaimer waste for various Hach-Lange assays and the Fluorescamine

assay.
Assay Dilutions
LCK303 Ammonium-Nitrogen  1:1000 1:1500  1:2000
LCK339 nitrate 1:200 1:500  1:1000
LCK341 nitrite 1:50 1:100
LCK614 COD 1:2000
LCK114 COD 1:1000
LCKO014 COD 1:10000
LCK138 LatoN 1:10000

Fluorescamine assay 1:20000  1:50000
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2.3 Biofilm development

To track the development of nitrifying biofilm on Kaldnes K1 carriers over time, the
gained COD was taken as a measure. COD is the chemical oxygen demand and represents
the total organic content which can be oxidized by sulphuric acid-potassium dichromate

solution in the presence of silver sulphate as a catalyst.

2.3.1 Inoculum

The reactor was inoculated with sludge from a sludge return of an existing nitrification
bioreactor and immobilized on 350mL Kaldnes K1 carriers. The inoculum was partly fresh
sewage from Ladehammeren domestic wastewater treatment plant in Trondheim, as well
as enriched nitrifying sludge frozen from a previous lab course (TBT4130 Environmental
Biotechnology at NTNU). In order to make the carriers less hydrophobic, they were
incubated for one week in the sludge trap with aeration.

2.3.2 Medium

The medium for the nitrification reactor was based on the reactivation medium of Vogel-
sang et al. [54] and is show in Table 2.6 and Table 2.7. All compounds were analytical
grade from Merck.

Table 2.4: Media composition for the nitrification reactor.

Compound Concentration
(NH,),S0, 0.236g/L [50mg/L NH,-N]
(NH,),S0, 0.472g/L [100mg/L NH,-N]
K,HPO, 0.4mg/L

NaHCO, 1.0mg/L

Trace metal solution 10mL/L

All components were dissolved in tap water and the pH was adjusted to 7.5 with
6mol /L HCI solution. Media batches of 10L were prepared at a time.

2.3.3 Reactor

The reactor for the nitrification culture was set up as a standard 1L glass reactor with

aeration, equipped as follows:
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Table 2.5: Composition of the trace metal stock solution (100-fold).

Compound Concentration [mg/L]

MgSO, - 7TH,O 25
CaCl, - 2H,0 15
FeCl, - 41,0 2.0
MnCl, - 2H,0 5.5

ZnCl, 0.68
CoCl, - 6H,0 1.2
NiCl, - 6 H,0 1.2

EDTA 2.8

¢ Outer glass jacket for temperature control
e Water bath set to 25°C (Cole-Parmer polystat)

e pH-clectrode and controller displaying pH and temperature (CONSORT CON-
TROLLER R301)

e Air sparger

e Pump for medium supply (Masterflex model 7518-00, Cole-Parmer Instrument Com-
pany)

e Pumps for adding acid and base (Masterflex model 7016-20, Cole-Parmer Instrument
Company)

e Magnetic stirrer at 300rpm with a 5cm magnetic stirrer bar (Heidolph MR3001)

e 350mL biofilm carriers

The experimental set-up of the bioreactor is shown in Figure 2.5.

The range of pH was set between 7.3 and 7.8 and controlled by automatic addition
of 0.5mol/L HCl or NaOH solution. As the optimum for nitrification in biofilm lies at
approximately 7.5, the wide pH range was chosen in order to avoid high salinity through
increased additions of acid and base. The air was cleaned and humidified in distilled
water before being dispersed in the reactor, as shown in Figure 2.6.

During the stabilization phase of the nitrification reactor, the reactor was operated in
batch mode and fed with 50mg/L NH,-N. Once the activity was stable it was switched to
a continuous flow mode, taken as day 1, with a flowrate of 100mL/h and the ammonium
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Figure 2.4: Set-up of the aeration for the nitrification reactor.
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concentration was increased from 50mg/L NH,-N to 100mg/L NH,-N. To verify the
substrate dependency of growth, the flowrate was then increased to 200mL/h, resulting
in the double amount of incoming NH,-N. The outlet of the reactor was at approximately
700mL, allowing used medium to be removed at the same rate as new medium came in.
To prevent unwanted algal growth in the system, the reactor was covered with black

plastic bags during the entire experiment.

2.3.4 Monitoring

The biofilm development on the Kaldnes K1 carriers was monitored between day 1 and
day 77, whereas 5 replicates were analyzed at a time for their COD with Hach-Lange
assay LCKO014. Each carrier was rinsed with distilled water and cut with a scalpel into
small pieces, big enough to fit in the opening of the test cuvette. Distilled water was added
according to manufacuters instruction. To monitor the nitrification activity of the biofilm,
samples of 10mL were taken from the reactor at least three times a week. The samples
were collected with a syringe from BD Plastipak and filtered with 0.45um filters from
Sarstedt to remove suspended biomass. Subsequently, the filtrates were analyzed with
Hach-Lange assays for ammonium, nitrate and nitrite concentration, and when necessary

diluted with distilled water to fit in the detection range of each assays.

2.4 Nitrification

2.4.1 Inoculum

The nitrification reactor was inoculated during the work of Skjeeran [47] and immobilized
on 400mL carriers. The inoculum was partly fresh sewage from Ladehammeren domestic
wastewater treatment plant in Trondheim, as well as enriched nitrifying sludge frozen
from a previous lab course (TBT4130 Environmental Biotechnology at NTNU).

2.4.2 Medium

The medium for the nitrification reactor was based on the reactivation medium of Vogel-
sang et al. [54] and is show in Table 2.6 and Table 2.7. All compounds were analytical
grade from Merck.

All components were dissolved in tap water and the pH was adjusted to 7.5 with
6mol/L HCI solution. Media batches of 10L were prepared at a time.
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Table 2.6: Media composition for the nitrification reactor.

Compound Concentration

(NH,),S0, 0.236g/L [50mg/L NH,-N]
(NH,),S0, 0.472g/L [100mg/L NH,-N]
K,HPO, 0.4mg/L

NaHCO, 1.0mg/L

Trace metal solution 10mL/L

Table 2.7: Composition of the trace metal stock solution (100-fold).

Compound Concentration [mg/L]

MgSO, - 7TH,0 25
CaCl, - 2H,0 15
FeCl, - 4H,0 2.0
MnCl, - 2H,0 5.5

ZnCl, 0.68
CoCl, - 6 H,0 1.2
NiCl, - 6 H,0 1.2

EDTA 2.8

2.4.3 Reactor

The reactor for the nitrification culture was set up as a standard 1L glass reactor with
aeration, equipped as follows:

o Outer glass jacket for temperature control
e Water bath set to 25°C (Cole-Parmer polystat)

e pH-electrode and controller displaying pH and temperature (CONSORT CON-
TROLLER R301)

e Air sparger

e Pump for medium supply (Masterflex model 7518-00, Cole-Parmer Instrument Com-
pany)

e Pumps for adding acid and base (Masterflex model 7016-20, Cole-Parmer Instrument
Company)

e Magnetic stirrer at 300rpm with a 5cm magnetic stirrer bar (Heidolph MR3001)

e 400mL biofilm carriers
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The experimental set-up of the bioreactor is shown in Figure 2.5.
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Figure 2.5: Experimental set-up of the nitrification reactor.

The range of pH was set between 7.3 and 7.8 and controlled by automatic addition
of 0.5mol/L HCIl or NaOH solution. As the optimum for nitrification in biofilm lies at
approximately 7.5, the wide pH range was chosen in order to avoid high salinity through
increased additions of acid and base. The air was cleaned and humidified in distilled

water before being dispersed in the reactor, as shown in Figure 2.6.

Throughout the experiment the reactor was operated in a continuous flow mode
with a flowrate of 100mL/h and an ammonium concentration of 100mg/L NH,-N.
The outlet of the reactor was at approximately 700mL, allowing used medium to be
removed at the same rate as new medium came in. To prevent unwanted algal growth

in the system, the reactor was covered with black plastic bags during the entire experiment.

2.4.4 Monitoring

Samples of 10mL were taken from the nitrification reactor at least three times a week
to monitor the nitrification activity. The samples were collected with a syringe from BD
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Figure 2.6: Set-up of the aeration for the nitrification reactor.

Plastipak and filtered with 0.45pm filters from Sarstedt to remove suspended biomass.
Subsequently, the filtrates were analyzed with Hach-Lange assays for ammonium, nitrate
and nitrite concentration, and when necessary diluted with distilled water to fit in the

detection range of each assay.

2.4.5 Acute Toxicity Test

Two acute toxicity tests were carried out on the nitrifying culture to estimate firstly the
ECs¢ of reclaimer waste and MEA, and secondly the ECsy of 4 commonly used amines
in CCS, which are AMP, DEA, aMDEA and piperazine. A brief description of the
investigated compounds is given in Table 2.8. The standardized assay was previously also
done by Colaco for MEA [14] and by Skjeeran for AMP [47] on a nitrifying culture.

MEA and reclaimer waste were first tested for acute toxicity on the nitrifying culture,
which at the time was never exposed to shock loads of amines before. For this assay
200mL of carriers were transferred from the nitrifying reactor into 2 empty batch reactors,
with the same set-up as shown in Figure 2.5, containing 100mL carriers each. Both
reactors were then filled with 500mL medium as described in section 2.4.2 with an

ammonium concentration of 50mg/L NH,-N.

Samples of 5ml were taken every 30 minutes, over a total time range of 3 hours.
The samples were collected with a syringe from BD Plastipak and filtered with 0.45pm
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filters from Sarstedt to remove suspended biomass. The filtrates were then analyzed
with Hach-Lange assays for their NO4-N concentration, and when necessary diluted with

distilled water to fit in the detection range of the assay.

After 3 hours the reactors were drained and refilled with 500mL media containing
either MEA or reclaimer waste. Following this procedure, the biofilm carriers were
subsequently exposed to a series of logarithmic increasing concentrations of MEA and
reclaimer waste ranging from 0; 3.16; 10; 31.6; 100 to 316mmol/L. The respective solu-
tions were prepared in 500mL medium as described in section 2.4.2 with an ammonium
concentration of 50mg/L NH,-N. Because of the alkalinity in higher concentrations,
the pH was again adjusted to 7.5 with 6mol/L HCI solution. The flow diagram of the
experiment is depicted in Figure 2.7.
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Figure 2.7: Flow schema of the acute toxicity assay, whereas E means Empty and F denotes Full.

After monitoring the highest concentration, the biofilm was washed with tap water
and left in medium (as given in section 2.4.2) with an ammonium concentration of
50mg/L NH,-N for recovery and an activity monitoring over 3h was done again after 30
hours. After recovery the biofilm was returned to the main nitrification reactor.

The four amines AMP, DEA, aMDEA and piperazine (as described in Table 2.8 below)
were tested approximately four months later using the same procedure. The four batch
reactors had the same set-up as shown in Figure 2.5 and contained 100mL carriers each.
After monitoring the highest concentration, the biofilm was washed with tap water and
left in medium (as given in section 2.4.2) with an ammonium concentration of 50mg/L
NH,-N for recovery and an activity monitoring over 3h was done again after either 30
hours, 39 hours, 14 days or 44 days, as stated in the results. After recovery the biofilm

was frozen.
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Table 2.8: Chemicals tested for acute toxicity on the nitrifying culture.

AMP DEA aMDEA MEA Piperazine
I
H /\
\ | N
Structure 10N /%\ ; I Hx/\ ‘ ‘
\T/'/
MW
89.14 105.14 119.16 61.08 86.14
[g/mol]
MF C,H,;;NO c,H,,NO, C;H;3;NO, C,H,NO C,H, (N,
Density
0.934 1.097 1.038 1.012 1.1
[g/mL]
CAS-
124-68-5 111-42-2 105-59-9 141-43-5 110-85-0
Number
L Sigma- Sigma- Sigma-
Distribut Fluka Merck
SHPEOT Aldrich B Aldrich Aldrich e

The results of the NO4-N formation were taken to calculate the respective effect on the
nitrifying culture. ECsq is a common parameter to compare the concentration dependent
effect of a substance, whereas this value is the effect concentration at which the activity
reaches a level of 50%. By plotting the produced amount of NO4-N as a function of time,
the slope expresses the nitrification activity in [mg/h|. The respective activity, as well
as the recovery, were then normalized with the initial activity, expressed in percent, and
plotted versus concentration in log-scale. To interpolate the ECsq value, a discriptive
regression model was applied, being a logistic model [28, 33, 44, 31]. The equation for the

interpolation of the logistic model is given below in Equation 2.1.

y = A2+ (AL - A2)/(1 + (a/20)") (2.1)

2.5 Denitrification

2.5.1 Inoculum

The denitrification reactor was inoculated with biofilm carriers provided by Igor Ivanovic
from the Department of Hydraulic and Environmental Engineering at NTNU. According
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to him, the carriers were a mix of different history and ages, some older than 10 years,
but all were used for municipal wastewater treatment in aerobic and anoxic tanks.

2.5.2 Medium

The medium for the denitrification reactor was based, as in previous work of Colaco [14],
on Christensson et al. [13] and is show in Table 2.9 and Table 2.10. All compounds
were analytical grade from Merck, except for the yeast extract and Ethanol. These were
technical grade and purchased from Oxoid and Kemetyl, respectively.

Table 2.9: Media composition for the denitrification reactor.

Compound Concentration
K,HPO, 0.533g/L
NH,Cl 0.253g/L
KNO, 4.0g/L
Yest extract 0.05g/L
Ethanol 1.0g/L

Trace metal solution 10mL/L

Table 2.10: Composition of the trace metal stock solution (100-fold).

Compound Concentration [mg/L]

MgSO, - 7TH,0 25
CaCl, - 2H,0 15
FeCl, - 4H,0 2.0
MnCl, - 2H,0 5.5

ZnCl, 0.68
CoCl, - 6H,0 1.2
NiCl, - 6 H,0 1.2

EDTA 2.8

All components were dissolved in deaerated tap water and the pH was adjusted to 7.5
with 6mol/L HCI solution. The deaeration of the water was done by connecting the water
flask to a water suction pump, as the pressure reduction inside the flask makes the dissolved
oxygen boil out. The deaeration set-up is shown in Figure 2.8. In order to facilitate
complete removal of dissolved oxygen, the water was additionally being stirred over a time
period of approximately 2 hours for a volume of 4L H,O, as described previously by Colaco
[14].
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Figure 2.8: Set-up of the deaeration for the denitrification water.

2.5.3 Reactor

The denitrification reactor was set-up as a standard anoxic 2L glass reactor, equipped as

follows:

Outer glass jacket for temperature control

Water bath set to 25°C (Cole-Parmer polystat)

pH-electrode and controller displaying pH and temperature (CONSORT CON-
TROLLER R301)

Pumps for adding acid and base (Masterflex model 7016-20, Cole-Parmer Instrument
Company)

Magnetic stirrer at 150rpm with a 5cm magnetic stirrer bar (Heidolph MR3001)

The experimental set-up of the bioreactor is shown in Figure 2.9.
The bioreactor was filled up to 1500mL with medium, whereas the carriers took up about
400mL. The range of pH was set between 6.8 and 7.3 and controlled by automatic addition
of 0.5mol/L HCI or NaOH solution. As the optimum for denitrification in biofilm lies at
approximately 7, the wide pH range was chosen in order to avoid high salinity through
increased additions of acid and base.

Throughout the experiment the reactor was operated in batch mode with a nitrate
concentration of 553mg/L NO4-N. To prevent unwanted algal growth in the system, the
reactor was covered with black plastic bags during the entire experiment.
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Figure 2.9: Experimental set-up of the denitrification reactor.

2.5.4 Monitoring

Samples of 10mL were taken from the denitrification reactor at least three times a week
to monitor the denitrification activity. The samples were collected with a syringe from
BD Plastipak and filtered with 0.45pum filters from Sarstedt to remove suspended biomass.
Subsequently, the filtrates were analyzed with Hach-Lange assays for ammonium, nitrate
and nitrite concentration, and when necessary diluted with distilled water to fit in the

detection range of each assay.

2.5.5 Acute Toxicity Test

An acute toxicity test was carried out on the denitrifying culture to determine the ECsg
of 4 commonly used amines in CCS (see 1.2.2), which are AMP, DEA, aMDEA and
piperazine. A brief description of the investigated compounds is given in Table 2.11.

AMP, DEA, aMDEA and piperazine were tested for acute toxicity on the denitrifying
culture, which at the time was never exposed to shock loads of amines before. For this
assay 400mL of carriers were transferred from the denitrifying reactor into 4 empty 1L
batch reactors with the same set-up as shown in Figure 2.9, containing 100mL carriers
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each.

All four reactors were then filled with 500mL medium as described in section 2.5.2 with a
nitrate concentration of 553mg/L NO4-N. Samples of 5mL were taken every 30 minutes,
over a total time range of 3 hours. The samples were collected with a syringe from BD
Plastipak and filtered with 0.45pm filters from Sarstedt to remove suspended biomass.
The filtrates were then analyzed with Hach-Lange assays for their NO;-N concentration,

and when necessary diluted with distilledwater to fit in the detection range of the assay.

After 3 hours the reactors were drained and refilled with 500mL media containing
either AMP, DEA, aMDEA or piperazine. Following this procedure, the biofilm carriers
were subsequently exposed to a series of logarithmic increasing concentrations of the
amines ranging from 0; 3.16; 10; 31.6; 100 to 316mmol/L. The respective solutions were
prepared in 500mL medium as described in section 2.5.2 with a nitrate concentration of
553mg/L NO5-N. Because of the alkalinity in higher concentrations, the pH was again
adjusted to 7.5 with 6mol /L HCI solution. The flow diagram of the experiment is depicted
in Figure 2.10.
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Figure 2.10: Flow schema of the acute toxicity assay, whereas E means Empty and F denotes
Full.

After monitoring the highest concentration, the biofilm was washed with tap water
and left in medium (as given in 2.5.2) with a nitrate concentration of 553mg/L NO4-N
for recovery and an activity monitoring over 3h was done again after 39 hours. After

recovery the biofilm was frozen.

The expected results of the NO4-N consumption would be taken to calculate the re-
spective effect on the denitrifying culture. ECsg is a common parameter to compare the
concentration dependent effect of a substance, whereas this value is the effect concentration
at which the activity reaches a level of 50%.
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Table 2.11: Chemicals tested for acute toxicity on the denitrifying culture.

AMP DEA aMDEA Piperazine
I
; P
\ | ’ )
Structure g 'O\v/\< h R T ‘ ‘
\‘/
MW
89.14 105.14 119.16 86.14
[g/mol]
MF C,H,;;NO C,H,,NO, CyH;3;NO, C,H N,
Density
0.934 1.097 1.038 1.1
[g/mL]
CAS-
124-68-5 111-42-2 105-59-9 110-85-0
Number
Distributor .8 Fluka Sigma- Merck
ISUHIDIO A ldrich b Aldrich e

2.6 Pre-Denitrification System

2.6.1 Inoculum

The pre-denitrification system consisted of both a (pre-) denitrification and a nitrification
reactor.

The nitrification reactor was inoculated in spring 2009 by students taking a biotechnology
lab course (TBT4130 Environmental Biotechnology at NTNU), with partly fresh sewage
from Ladehammeren domestic wastewater treatment plant in Trondheim and partly
enriched nitrifying sludge frozen from a previous lab course.

The denitrification reactor was inoculated in spring 2009 by Colaco [14], whereas the
inoculum of fresh sewage was also obtained from Ladehammeren domestic wastewater
treatment plant in Trondheim.

Both nitrification and denitrification cultures were utilized for the entire work of Colaco
in 2009 [14] as well as for the work of Skjeeran in 2009 and 2010 [46, 47].
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2.6.2 Medium

The medium for the pre-denitrification reactor system was based on the reactivation
medium of Vogelsang et al. [54] and is show in Table 2.12 and Table 2.13. All com-
pounds were analytical grade from Merck.

Table 2.12: Media composition for the pre-denitrification reactor.

Compound Concentration

Reclaimer waste 1.0mL/L

(NH,),S0, 0.236g/L
KNO, 2.43mg/L  [34mg/L NO;-N]

3.57mg/L  [50mg/L NOs-N]
5.35mg/L  [75mg/L NO4-N]

K,HPO, 0.4mg/L
NaHCO4 1.0mg/L
Trace metal solution 10mL/L

Table 2.13: Composition of the trace metal stock solution (100-fold).

Compound Concentration [mg/L]

MgSO, - TH,0 25
CaCl, - 2H,0 15
FeCl, - 41,0 2.0
MnCl, - 2H,0 5.5

ZnCl, 0.68
CoCl, - 6H,0 1.2
NiCl, - 6 H,0 1.2

EDTA 2.8

All components were dissolved in tap water and the pH was adjusted to 7.5 with
6mol/L HCI solution. Media batches of 10L were prepared at a time and stored in a fridge
(MATSUT modell MUR1107TWWE) at 4°C.
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2.6.3 Reactors

The pre-denitrification system consisted of both a denitrification and a nitrification reactor.

The set-up of the reactor system is shown in 2.11 and is described separately as follows.
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Figure 2.11: Experimental set-up of the pre-denitrification system. The denitrification reactor

O O

o

is shown on the left connected to the nitrification reactor on the right side.

Nitrification reactor

The reactor for the nitrification culture was set up as a standard 1L glass reactor with

aeration, equipped as follows:

e Outer glass jacket for temperature control
e Water bath set to 25°C (Cole-Parmer polystat)

e pH-electrode and controller displaying pH and temperature (CONSORT CON-
TROLLER R301)

e Air sparger
e Oxygen electrode (Mettler Toledo) connected to a display (Ingold 531 O, Amplifier)

e Pump for medium supply (Masterflex model 7518-00, Cole-Parmer Instrument Com-
pany)
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e Pumps for adding acid and base (Masterflex model 7016-20, Cole-Parmer Instrument
Company)

e Magnetic stirrer at 300rpm with a 5cm magnetic stirrer bar (Heidolph MR3001)

e 250mL biofilm carriers

The experimental set-up of the nitrification reactor is shown on the right side of
Figure 2.11. The range of pH was set between 7.3 and 7.8 and controlled by automatic
addition of 0.5mol/L HCl or NaOH solution. As the optimum for nitrification in
biofilm lies at approximately 7.5, the wide pH range was chosen in order to avoid
high salinity through increased additions of acid and base. The air was cleaned and

humidified in distilled water before being dispersed in the reactor, as shown in Figure 2.12.

Throughout the experiment the reactor was operated in a continuous flow mode
with a flowrate of 400mL/h, fed by the outlet stream of the denitrification reactor.
The outlet of the reactor was at approximately 700mL, allowing used medium to be
removed at the same rate as new medium came in. To prevent unwanted algal growth
in the system, the reactor was covered with black plastic bags during the entire experiment.
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Figure 2.12: Set-up of the aeration for the nitrification reactor.
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Denitrification reactor

The denitrification reactor was set-up as a standard anoxic 1L glass reactor, equipped
as follows:

e QOuter glass jacket for temperature control
e Water bath set to 25°C (Cole-Parmer polystat)

e pH-clectrode and controller displaying pH and temperature (CONSORT CON-
TROLLER R301)

e Pump for medium supply (Masterflex model 7518-00, Cole-Parmer Instrument Com-

pany)

e Pumps for adding acid and base (Masterflex model 7016-20, Cole-Parmer Instrument
Company)

e Magnetic stirrer at 150rpm with a 5cm magnetic stirrer bar (Heidolph MR3001)

e 150mL biofilm carriers

The experimental set-up of the denitrification reactor is shown on the left side of
Figure 2.11.
The range of pH was set between 6.8 and 7.3 and controlled by automatic addition of
0.5mol/L HCI or NaOH solution. As the optimum for denitrification in biofilm lies at
approximately 7, the wide pH range was chosen in order to avoid high salinity through
increased additions of acid and base.
To prevent unwanted algal growth in the system, the reactor was covered with black

plastic bags during the entire experiment.

Throughout the experiment the reactor was operated in a continuous flow mode
with a flowrate of 100mL/h of medium. The medium composition, as described in
2.12, varied in respect to the ammonium concentration (being either 50 or Omg/L)
and in the nitrate concentration (0, 34, 50, 75mg/L). To prevent microbial growth
and further degradation of the reclaimer waste, the medium was stored in a fridge
(MATSUI modell MUR1107TWWE) at 4°C. The outlet of the denitrification reactor
was at approximately 700mL, allowing excess medium to flow into the nitrification reactor.

The content of the nitrification reactor was further recycled to the denitrification re-
actor with a 4-fold rate of the incoming media stream, thus being 400mL/h. This flow
scheme is visualized in Figure 2.13.
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Figure 2.13: Flow scheme of the pre-denitrification system, whereas Q is the flowrate, m;/meys
denotes mass in/out respectively.

According to this set-up, the mass balances of the reactors can be calculated as shown
for the denitrification reactor in Equation 2.2, and nitrification reactor in 2.3 respectively.

Min = 20% myedia + 80% MNitrification (2.2)

Min =M, (Denitrification) (2.3)

2.6.4 Monitoring

Samples of 10mL were taken from the denitrification reactor, the nitrification reactor and
the medium at least every second day to monitor the activity of the pre-denitrification
system. The samples were collected with a syringe from BD Plastipak and filtered with
0.45pm filters from Sarstedt to remove suspended biomass. Subsequently, the filtrates
were analyzed with Hach-Lange assays for ammonium, nitrate and nitrite concentration,
and when necessary diluted with distilled water to fit in the detection range of each
assay. Additionally, the samples were also analyzed for primary amines, COD and total
nitrogen concentration using the fluorescamine Assay and the Hach-Lange assays respec-
tively. The time, pH and dissolved oxygen (%DO) were noted whenever samples were
taken. The flowrate and consumption of acid and base were also checked from time to time.
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2.6.5 Reclaimer waste as a sole carbon source

In order to test the ability to utilize the reclaimer waste as a sole carbon source, the
pre-denitrification system was operated as follows: The concentration of MEA, the main
constituent of reclaimer waste, was assumed to be approximately 11mol/L, therefore it
was diluted 1:1000 with medium as described in section 2.6.2. Throughout the experiment
the denitrification reactor was fed with medium containing approximately 1lmmol/L
reclaimer waste with a flowrate of 100mL/h. Figure 2.14 shows the operational timeline of
the pre-denitrification system with the changes in regard to ammonia and nitrate addition.

0 20 40 60 80 100 120 140 160 [d]

Ammonia -
addition

f41 : :

Reclaimer waste

Nitrate - addition

-

/7 86 91 132\ 151

+ 34mg/L NO-N +75mg/L NO,-N +50mg/L NO,-N

Figure 2.14: Operational timeline of the pre-denitrification system in days.

LC-MS analysis

Samples were analyzed by LC-MS at two different timepoints, being day 17 and day
97. Although the fluorescamine assay seems to be relatively reliable, it is unspecific and
detects any primary amine. In order to determine the specific concentration of MEA,
the LC-MS provides highly accurate and reliable results. For quantification of MEA,
samples were taken at day 17 and day 97 from the media, the nitrification reactor and the
denitrification reactor. A qualitative LC-MS positive and negative scan of the reclaimer
waste, as well as a quantification of some known degradation products was done with
samples taken at day 97 from the media, the nitrification and denitrficiation reactor.
All samples were collected with a syringe from BD Plastipak and filtered with 0.45pm
filters from Sarstedt to remove suspended biomass, whereas 1mlL each was forwarded to
SINTEF for the LC-MS analysis.
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2.6.6 Acute Toxicity Test

An acute toxicity test was carried out to determine the ECsy of reclaimer waste on the
nitrifying culture. The standardized assay was previously also done by Colaco for MEA
[14] and by Skjaeran for AMP [47] on the same nitrifying culture.

For this assay 100mL of carriers were transferred from the nitrifying reactor into an
empty batch reactor with the same set-up as shown in Figure 2.11. The reactor was then
filled with 500mL medium as described in section 2.6.2, without reclaimer waste and an

ammonium concentration of 50mg/L NH,-N.

Samples of 5ml were taken every 30 minutes, over a total time range of 3 hours.
The samples were collected with a syringe from BD Plastipak and filtered with 0.45pm
filters from Sarstedt to remove suspended biomass. The filtrates were then analyzed
with Hach-Lange assays for their NO4;-N concentration, and when necessary diluted with
distilled water to fit in the detection range of the assay.

After 3 hours the reactor was drained and refilled with 500mL media containing
reclaimer waste. Following this procedure, the biofilm carriers were subsequently exposed
to a series of logarithmic increasing concentrations of reclaimer waste ranging from 0;
3.16; 10; 31.6; 100 to 316mmol/L. The respective solutions were prepared in 500mL
medium as described in section 2.6.2, with an ammonium concentration of 50mg/L
NH,-N. Because of the alkalinity in higher concentrations, the pH was again adjusted
to 7.5 with 6mol/L HCI solution. The flow diagram of the experiment is depicted in
Figure 2.15.
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Figure 2.15: Flow schema of the acute toxicity assay, whereas E means Empty and F denotes
Full.
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After monitoring the highest concentration, the biofilm was washed with tap water
and left in medium (as given in 2.6.2) with an ammonium concentration of 50mg/L
NH,-N for recovery and an activity monitoring over 3h was done again after 30 hours,
respectively 14 days. After recovery the biofilm was returned to the main nitrification

reactor.

The results of the NO4-N formation were taken to calculate the respective effect on the
nitrifying culture. ECsq is a common parameter to compare the concentration dependent
effect of a substance, whereas this value is the effect concentration at which the activity
reaches a level of 50%. By plotting the produced amount of NO;-N as a function of
time, the slope expresses the nitrification activity in [mg/h]. The respective activity, as
well as the recovery, were then normalized with the initial activity, expressed in percent,
and plotted versus concentration in log-scale. To interpolate the EC5q value a discriptive
regression model was applied, being a three-parameter logarithm model [28, 33, 44, 31].
The equation for the interpolation of the three-parameter logarithm model is given below

in Equation 2.4.

y=a—>bxlin(z+c) (2.4)

2.7 Waste handling

Throughout the experiments, the generated waste containing either amines or reclaimer
waste, was collected and disposed of at the Department of Chemical Engineering, NTNU,
and further processed according to the regulations.



Chapter 3

Results and Discussion

3.1 Reclaimer waste analysis

3.1.1 LC-MS analysis

Samples of the reclaimer waste were analyzed by LC-MS. The suggested identified com-

pounds were quantified as shown in Table 3.1.

Besides the listed compounds, also 2-

oxazolidone (CAS number 497-25-6) was identified, but due to interference and bad chro-
matography it could not be quantified. Some problems for MEA also occurred, as the

mass/charge ratio equals MEA, but the retention time differs. Both full chromatograms

of the positive and negative scan are shown in Appendix B.

Table 3.1: Quantification of suggested compounds of the reclaimer waste analyzed by LC-MS.

Compound Quantity Unit IUPAC Nomenclature CAS Number
MEA 9.6 mol/L 2-aminoethanol 141-43-5
HEEDA 38.7 mmol/L  N-(2-hydroxyethyl)ethylenediamine 111-41-1
HEGly 42.3 mg/mL N-(2-hydroxylethyl)glycine 5835-28-9
HEF 28.1 mg/mL 2-hydroxyethylformamide 693-06-1
HEPO 12.04 mg/mL  4-(2-hydroxylethyl) piperazine-2-one 23936-04-1
HEI 10.5 mg/mL 1-(2-Hydroxyethyl)imidazole 1615-14-1
HEA 8.18 mg/mL (2-hydroxyethyl)-acetamide 142-26-7
BHEOX 0.06 mg/mL N,N-Bis(2-hydroxylethyl)oxamide = 1871-89-2

54
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3.1.2 Hach-Lange analysis

The results of the reclaimer waste analysis based on Hach-Lange assays and the Fluo-

rescamine assay are listed in Table 3.2.

Table 3.2: Analysis of the reclaimer waste based on Hach-Lange and fluorescamine assay. The
average values are given with the respective standard deviation.

Compound Quantity Unit
COD 1575+40 g/L
NH;-N 72 +2 g/L
NO;-N 1.7 £0.13 g/L
NO,-N 0.014 +£0.01 g/L
MEA-N 140.5 £27 g/L

Total Nitrogen ~ 235.3 £10 g/L

The unidentified nitrogen content, being 86g/L, could be accounted for unidentified
degradation products of MEA. The nitrogen content of the identified degradation products
(by LC-MS) amounts to approximately 15g/L, still leaving roughly 70g/L unidentified.
Although 2-oxazolidone could not be quantified, this compound does not account for such
a large quantity of nitrogen, as it usually reacts to form other products (Eide-Haugmo, I.
2011, person. comm.). The chromatogram of the LC-MS scan shows many other peaks,
suggesting the presence of further products. Strazisar et al. [50], identified a big amount
of 3-hydroxyethylamine-N-hydroxy-ethyl propanamide, as well as 2-hydroxyethylamino-
N-hydroxyethyl acetamide, but neither of them were identified in this study. Particularly
the latter is a major degradation product, as also confirmed by Lepaumier et al. 2011 [26]
when comparing the MEA degradation in pilot-scale with lab-scale experiments.

3.2 Biofilm development

Based on the measured COD value per Kaldnes K1 carrier, the geometric mean of 5
replicates was calculated for each time point and the geometric mean of empty carriers,
being 748mg/L +75, was substracted. The results of the gained COD are shown as a
function of time in Figure 3.1. The error bars represent the SEM (standard error of the
mean), calculated upon the standard deviation of each time point.

During the entire time course no significant change in the amount of gained COD could
be recorded. Even with the 4-fold available amount of initial substrate, the organic load
on the carriers did not increase considerably. When doubling the flowrate it appears that
the shear stress sloughed off excess biomass, preventing further growth. Furthermore, the
start point of the experiment should be reconsidered in future experiments, as the organic
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load was already 5-times higher than that of empty Kaldnes K1 carriers. The nitrifying
activity of the biofilm during the experiment is given in Appendix A.

Biofilmdevelopment
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Figure 3.1: The geometric mean of gained COD during the development of nitrifying biofilm
on Kaldnes K1 carriers as a function of time. The error bars indicate the SEM; the flowrate is
represented by the solid red line and corresponds to the right ordinate. Varying concentrations of
ammonia are indicated by the horizontal arrows.

3.3 Inhibition of nitrification

3.3.1 Biofilm history

The acute toxicity of reclaimer waste and other amines was tested in three independent
experiments. Table 3.3 gives an overview of the chronological order and which amines
were tested on which biofilm. As described in section 2.4, the biofilm was returned to
the bioreactor after Experiment 2, therefore the biofilm in Experiment 3 was previously
exposed to amines. In the following section the results will be organized according to this
experimental outline.
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Table 3.3: Acute Toxicity experiments on nitrifying culture

. .. Previous
Date Tested compound  Biofilm origin
exposure
Pre-
Experiment 1 09.06.2010  Reclaimer waste denitrification AMP, MEA
(Section 2.6)
E . £92  95.06.2010 Reclaimer waste, Nitrification
xperimen .06. none
P MEA (Section 2.4)
AMP,
. DEA, Nitrification Reclaimer waste,
Experiment 3 14.10.2010 .
aMDEA, (Section 2.4) MEA
Piperazine

3.3.2 Acute Toxicity Test

The results of Experiment 1 are given in Figure 3.2 as the nitrification activity during
the acute toxicity test of reclaimer waste on the nitrifying culture and the corresponding
recovery as a function of time. The shift in the amount of nitrate at the starting point
of measurements in the higher concentration range may be explained by an interference
of components in the reclaimer waste with the quantification assay. The linear activity
during the first hours of the experiment should be pointed out, as a stable nitrification
activity is vital in order to proceed with the experiment. Due to the high inhibition at a
concentration of 100mmol/L, the experiment had to be aborted and the last concentration
of 316mmol/L was not tested. The recovery in respect to the initial activity was 44%
after 30 hours, respectively 60% after 14 days.

In Experiment 2 of the reclaimer waste, all concentrations could be tested as shown

in Figure 3.3. The recovery in respect to the initial activity was 108% after 30 hours.

The experimental results of the acute toxicity of MEA in Experiment 2 are shown in
Figure 3.4, whereas the recovery in respect to the initial activity was 109% after 30 hours.

For estimating the ECsq, the calculated slope of each concentration is set relative to the
slope of the initial activity without the testsubstance. Based on the calculated percental
activity, a logistic model was applied to interpolate the concentration at 50% activity. This
applies for all tested substances, except for Experiment 1. In this case a three-parameter
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Experiment 1: Acute toxicity of Reclaimer Waste
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Experiment 1: Recovery of acute toxicity of Reclaimer Waste
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Figure 3.2: Experiment 1: The nitrification activity during the acute toxicity of reclaimer waste
on the nitrifying culture (upper panel), and the activity after 30 hours, respectively 14 days of

recovery of the acute toxicity (lower panel).
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Experiment 2: Acute toxicity of Reclaimer Waste
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Figure 3.3: Experiment 2: The nitrification activity during the acute toxicity of reclaimer waste
on the nitrifying culture (upper panel), and the activity after 30 hours recovery of the acute toxicity

(lower panel).
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Experiment 2: Acute toxicity of MEA
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Figure 3.4: Experiment 2: The nitrification activity during the acute toxicity of MEA on the
nitrifying culture (upper panel), and the activity after 30 hours recovery of the acute toxicity (lower

panel).
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logarithm model had to be applied, due to lack of datapoints. The ECsqy of reclaimer
waste in Experiment 1 is 8mmol/L and 40mmol/L in Experiment 2. For MEA the ECs
was estimated to be 86mmol/L. Figure 3.5 shows the relative activity as a function of the
logarithmic dose, with the fitted curves and the estimated ECsq for reclaimer waste and
MEA. The values for EC5g and recovery kinetics are summarized in Table 3.4, whereas
the respective parameters for each model are given in Appendix C.

180 Acute Toxicity )
] L = RW Experiment 1
Nitrifying culture RW Experiment 2

160 = MEA Experiment 2

140
120
100

80 -

Activity [%]

60
40
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0 T T 1
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Figure 3.5: Acute toxicity of reclaimer waste, as well as MEA on the nitrifying culture. Experi-
ment 1: The estimated ECyg of reclaimer waste is 8mmol/L, based on a three-parameter logarithm
model; Experiment 2: Reclaimer waste and MEA, whereas the estimated EC5q of 40, respectively
86mmol/L is based on a logistic model. All tests had a monitoring time range of 3 hours for each
concentration.

The following section describes the effect of piperazine, AMP, DEA, and aMDEA on
the nitrifying culture in Experiment 3, accomplished as described in section 2.4.5. For
all responses towards the tested amines a logistic model, calculated with Origin 8.0 [28],
showed the best fit with a corrected R-square ranging from 0.986 to 1.000. The respective

parameters for each model are given in Appendix C.

The nitrification activity of biofilm exposed to piperazine is shown in Figure 3.6. The
recovery after 39h was 17%, 14 days showed 16%, and after 44 days 5% of the initial
activity was measured.

The results of the acute toxicity of AMP are given in Figure 3.7, whereas after 39
hours recovery, 41% of the nitrification activity was given.
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Acute toxicity of Piperazine

30 ) .
Nitrifying culture * 0 mM Piperazine
3,16 mM Piperazine
= 10 mM Piperazine
= 31,6 mM Piperazine
20 * 100 mM Piperazine
= 316 mM Piperazine
=
(=2}
.§. Equation y=a+b'
4 Intercept Slope  Adj. R-Sq
‘o omM 507 669 0,997
o 1
z 104 3,16 mM 224 601 0,997
10 mM 264 2,93 0,997
31,6 mM 1,36 1,09 0,991
] 100 mM 0,44 046 0,941
‘_./_’___’_.—’—4 316 mM 0,65 012 0,863
0 : ; - ; . .
0,0 0,5 1,0 15 2,0 25 3,0
Time [hl
% Recovery of acute toxicity of Piperazine
Nitrifying culture = Before
39h
] = 14d
= 44d
204 Equation y=a+bx
Intercept  Slope Adj. R-Sq
j Before 5,07 6,69 0,997
B) 3%h 6,66 1,01 0,998
é 4
14d 484 091 0,995
z
! © 44d 1061 0,32 0,832
o .
Z 104
0 . . . . . .
0,0 0,5 1,0 1,5 2,0 2,5 3,0

Time [h]

Figure 3.6: Experiment 3: The nitrification activity during the acute toxicity of piperazine on
the nitrifying culture (upper panel), and the activity after 39 hours, 14 days and 44 days recovery

of the acute toxicity (lower panel).



3.3. INHIBITION OF NITRIFICATION 63

The results of the acute toxicity of DEA are given in Figure 3.8, whereas after 39 hours

recovery, 27% of the iniitial nitrification activity was measured.

The results of the acute toxicity of aMDEA are shown in Figure 3.9, whereas the
recovery after 39h was 84%, 14 days showed 47%, and after 44 days 4% of the initial
activity was recorded.

The relative activity as a function of the logarithmic dose, with the fitted curves and
the estimated ECsg of the selected amines is shown in Figure 3.10. The values for ECsyq
and the recovery kinetics are summarized in Table 3.4.

Table 3.4: Summary of the acute toxicity on the nitrifying culture.

Amine ECsxo Recovery[%)]
[mmol/L] [g/L] 30h 39h  14d 44d
Experiment 1 RW 8 - 44% - 60% -
Experiment 2 RW 40 - 108% - - -
MEA 86 b} 109% - - -
Experiment 3 Piperazine 10 0.9 - 17% 16% 5%
AMP 30 3 - 41% - -
DEA 18 2 - 27% - -

aMDEA 39 ) - 84% 47% 4%
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Figure 3.7: Experiment 3: The nitrification activity during the acute toxicity of AMP on the
nitrifying culture (upper panel), and the activity after 39 hours recovery of the acute toxicity (lower

panel).
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% Acute toxicity of DEA
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Figure 3.8: Experiment 3: The nitrification activity during the acute toxicity of DEA on the
nitrifying culture (upper panel), and the activity after 39 hours recovery of the acute toxicity (lower

panel).
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Figure 3.9: Experiment 3: The nitrification activity during the acute toxicity of aMDEA on the
nitrifying culture (upper panel), and the activity after 39 hours, 14 days abd 44 days recovery of

the acute toxicity (lower panel).
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Figure 3.10: Experiment 3: Comparison of the acute toxicity test of piperazine, AMP, DEA, as
well as aMDEA on the nitrifying culture. The calculations of ECgg are based on a logistic model
as described in section 2.4.5, with a monitoring time range of 3 hours for each concentration.

3.3.3 Discussion

The stimulated nitrification activity in low doses of AMP, DEA, aMDEA, as well as
MEA and reclaimer waste, could possibly be explained by the phenomenon of hormetic
dose response as postulated by Calabrese [12]. In this work, it is suggested that the
dose response of most, if not all, peptides conform to the hormetic model - Stimulating
effect in low doses, followed by inhibition. A similar stimulating effect of toxins on
nitrifying bacteria was already observed a long time ago by Wang et. al 1984 [55]. An
interesting aspect of this study on the toxic effect of metal ions is, that it was also found
that nickel ion, which is less toxic (or inhibiting) to Nitrobacter sp. than cadmium ion,
is less stimulating as well. Their two hypotheses to explain the stimulation effect was
firstly, during the initial exposure to toxicity, Nitrobacter sp. under stress are undergoing
hyperactivity to cope with the metal toxicity. With the hyperactivity of Nitrobacter sp.,
it is possible to lead to the greater consumption of nitrite because nitrite is the sole
energy source. Secondly, the metal treatment results in a greater permeability of bacterial
cell membranes, so that nutrient uptake increases [55]. Their hypotheses of hyperactivity
and greater permeability might also apply for the nitrification culture exposed to various
amines in this experiment. The correlation they found between stimulating and inhibiting
effects could not be observed in these experiments. In contrast, the stimulating effect was
negatively correlated; in other words piperazine, which showed the highest toxicity of an
ECs50 below 1000mg/L, had the lowest stimulating effect. aMDEA, AMP, DEA and MEA
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showed much higher ECsy values, all in a range greater than 1000mg/L, and showing
stimulating effects in descending order respectively.

Nevertheless, the determination of the ECsy value is a source of error in several
aspects. Firstly, the pH of the respective solutions had to be adjusted prior to application,
possibly leading to changes in the chemical properties of the test substances such as
solubility or volatilization. This could also have an effect on the actual concentration in
the bioreactor. Furthermore, the ECsyq is calculated by means of a discriptive regression
model and appears to be chosen arbitrarily, since no model prevails for describing
experimental data with accuracy. Some calculations in recent literature are based on the
linear fraction of the test results, which would exclude data points of the result and shift
the value towards a higher or lower concentration, depending on the assumed area of
linearity. After testing different descriptions, the most unbiased calculation of the ECsg
value seems to be achieved by applying a curve-fitting model, including all datapoints,
such as the logistic or three-parameter logarithmic model.

However, when calculating the ECsy of AMP on data from Skjeeran [47] with the
same logistic model as applied in the presented data, the value is well in agreement with
30mmol/L, shown in Figure 3.11. The parameters for this model, with a corrected R-
square of 0.997, were Al = 70.14, A2 = -1.35, x, = 57.37, with p = 1.49.

The accordance of the ECyy of 30mmol/L for AMP on two independent experiments
on nitrifying culture suggests a constant respond behaviour towards the acute toxicity of
AMP. Nevertheless, the experiments should be repeated to varify the reproducibility on
other biofilm carriers too. In terms of recovery, the result is not consistent with Skjseran
[47], as she had a recovery of 100% after 30 hours, being only 41% in this experiment.

For acute toxicity towards reclaimer waste, two different batches of nitrification
biofilm were tested. Experiment 1 showed an EC5g of 8mmol/L in contrast to Experiment
2, showing a higher EC5y of 40mmol/L. It would have been expected that the previously
exposed to AMP and MEA biofilm of Experiment 1 would be less sensitive towards the
reclaimer waste, as the culture had experienced toxic exposure, thus being able to adapt
over a longer time period. Despite this assumption, they were highly sensitive, therefore
the experiment was aborted after a concentration of 100mmol/L reclaimer waste, since
the activity was already as low as 3%.

Experiment 2 was run on biofilm carriers never exposed to toxic loads of amines before,
showing a much higher tolerance level. Also in regard to the recovery rate after 30 hours,
a huge difference was observed, being 108% for unexposed (Experiment 1) and 44% for
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Acute toxicity of AMP
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Figure 3.11: Effect concentration of AMP on the nitrifying culture, calculated with data from
Skjeeran [47]. The regression analysis is based on the logistic model, as used for the calculations of
the EC5g value of AMP presented in this work. The monitoring time range was 3 hours for each
concentration.

the exposed biofilm (Experiment 2). It is difficult to assess whether the varying results
of reclaimer waste are due to the biofilmage, respectively the thickness limiting diffusion
over the surface, or due to changes in the biofilm community, as more resistant cultures
could be more pronounced in one of the biofilms, therefore showing a higher tolerance
level.

In any case, the experiments should be repeated for statistical reasons, as well as to state
a clear answer in respect to the biofilm composition. Thus, molecular biological methods
such as FISH (Fluorescence in situ hybridization) and DGGE (Denaturing gradient
gel electrophoresis) should be utilized to characterize the microbial community at the
time of each test. Furthermore, a quantification of the biofilm on the carriers, e.g. by
determination of the average COD per carrier used in the experiment, would allow to
estimate the impact of diffusional limitation over the surface. Thus, making a correlation
between biofilm age, respectively thickness and the respond possible.

In the previous inhibition studies of MEA by Colaco [14], an ECsp of 10mmol/L
MEA was estimated for the nitrification culture previously unexposed to amines. Her
value was calculated within the linear region of her dataset, which could be the reason
for the lower result compared to the ECsy of 86mmol/L. MEA in the here presented

experiment, which was also run on nitrifying culture previously neither exposed amines.
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When recalculating her data with the same logistic model, an ECsp of 19mmol/L was
interpolated, still showing a large discrepancy. The second acute toxicity test she did on
the same biofilmcarriers, accomplished after approximately 40 days recovery, showed an
EC50 of 100mmol/L, based on the same linear calculation method [14]. However, the
latter recalculated result of 118mmol/L is in the same order of magnitude as the EC5y of
86mmol/L MEA.

A reason for the varying EC5¢ of MEA could again be found in the biofilm age, respec-
tively thickness, since at the first acute toxicity test, the biofilm carriers of Colaco were
approximately 80 days, respectively 120 days at the time of the second acute toxicity
test. In addition, a shift in microbial community was suggested during the recovery time,
as the appearance of the carriers had changed to a darker colour. Moreover, Colaco
suggested microbial death instead of inhibition, leading to a culture better adapted to an
environment with MEA [14]. The biofilm used for the acute toxicity test of MEA in this
study was at least 120 days old, making the thickness comparable with the second test of
Colaco [14].

Since nitrifying bacteria have a relatively low growth rate and are mostly situated in the
inner core of aerobic biofilm [36], it would be possible that the outer layer of heterotrophic
bacteria acts as a protective shield, dying off first. If the inhibitional/toxic effect of
selected amines depends largely on the diffusional barrier dependent on the microbial
community, this could be shown in future works by characterizing and quantifying the
biofilm before and after the acute toxicity test.

For piperazine, DEA and aMDEA no comparable data exists yet, therefore the
experiments should be repeated to varify the reproducibility on other biofilm carriers too.
Piperazine can react with nitrosating agents, such as nitrogen oxides, nitrites, or nitrous
acid, to form nitrosamine derivatives [1], perhaps explaining the comparably high acute
toxicity, as well the deteriorating recovery after the acute toxicity test, as residues could
have been left in the reactor. The latter also seems to apply for the worsening recovery
of biofilm carriers exposed to aMDEA.

For all amines the obtained ECsg values are at least one order of magnitude greater
than the LCsg values for algae/bacteria as presented in the report of NIVA [10], as well as
from Eide-Haugmo et al. [17]. Their values are generally based on freeze dried luminescent
bacteria (Photobacterium phosphoreum), respectively (Skeletonema Costatum) as the test
organisms. Therefore, the lower responds in the here presented data could also be as
a result of different properties of bacteria/algae, especially the robustness within the
community of a biofilm.
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3.4 Inhibition of denitrification

3.4.1 Acute Toxicity Test

The acute toxicity test on the denitrifying culture was accomplished as descriped in

section 2.5.5.

The results of the acute toxicity, respectively recovery of piperazine are shown in
Figure 3.12. The lower initial level at a concentration of 316mmol/L piperazine might be
due to an interference with the quantification assay, resulting in an understimation of the

actual nitrate concentration.

The results of the acute toxicity test, as well as the recovery of AMP on the denitrifying
culture are shown in Figure 3.13. Also in this case, the highest concentration of AMP,
being 316mmol/L showed a lower concentration of nitrate compared to the rest of the
dataset. This might also be explained by an interference with the nitrate quantification

assay.

The results of the acute toxicity, respectively recovery of DEA are shown in Figure 3.14.
The lower initial level at a concentration of 316mmol/L DEA might be due to an inter-
ference with the quantification assay, resulting in an understimation of the actual nitrate
concentration.

The results of the acute toxicity, respectively recovery of aMDEA are shown in Fig-
ure 3.15.

Since none of the tested amines showed a significant inhibition on the denitrification
culture, no effect concentration could be calculated. A comparison of the percentual
activity for each corresponding concentration is given in the Figure 3.16, as well as in
Table 3.5 below.
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NO,-N [mg/L]

Acute toxicity of Piperazine ) )
" 0 mM Piperazine

Denitrifying culture

3,16 mM Piperazine
- 10 mM Piperazine
- 31,6 mM Piperazine
- 100 mM Piperazine
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Equation y=a+b*x

Intercept Slope  Adj. R-Sq
omMm 534,39 -20,07 0,970
3,16 mM 547,25 -21,79 0,988
10 mM 547,18 -24,21 0,958
31,6 mM 54729 -27,43 0,987

100 mM 539,75 -26,79 0,953

316 mM 49911 -20,36 0,965
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Time [h]

Figure 3.12: The denitrification activity during the acute toxicity of piperazine on the denitrifying
culture (upper panel), and the activity after 39 hours recovery of the acute toxicity (lower panel).
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) Acute toxicity of AMP . 0mMAMP
Denitrifying culture 3,16 mM AMP
550 - 10 mM AMP
" 31,6 mM AMP
] - 100 mM AMP
®" 316 mM AMP
= 500
E) Equation y=a+b*x
é Intercept Slope  Adj. R-Sq
= omMm 517,57 -22,29 0,961
: i
(@) 316mM 541,43 -2343 0,979
z
450 10 mM 544,79 -25,86 0,968
31,6mM 546,07 -27,57 0,991
E 100 mM 530,21 -25,57 0,979
316 mM 46861 -17,64 0,949
400 r . . - -
0,0 0,5 1,0 1,5 20 25 3,0
Time [h]
Recovery of acute toxicity of AMP
Denitrifying culture
5504 = Before
3%h
% 500 Equation y=a+b*x
I Intercept  Slope  Adj. R-Sq
— Before 51757 -2229 0,961
z J
o 3gh 507,11 -2264 0,987
P4
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0,0 0,5 1,0 1,5 2,0 25 3,0

Time [h]

Figure 3.13: The denitrification activity during the acute toxicity of AMP on the denitrifying
culture (upper panel), and the activity after 39 hours recovery of the acute toxicity (lower panel).
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Figure 3.14: The denitrification activity during the acute toxicity of DEA on the denitrifying
culture (upper panel), and the activity after 39 hours recovery of the acute toxicity (lower panel).
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Figure 3.15: The denitrification activity during the acute toxicity of aMDEA on the denitrifying

culture (upper panel), and the activity after 39 hours recovery of the acute toxicity (lower panel)
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Figure 3.16: Comparison of the acute toxicity test of the 4 selected amines run on the denitrifying
culture.

Table 3.5: Denitrification activity in [%] during the acute toxicity and recovery of selected amines
on the denitrifying culture.

[mmol/L] Piperazine AMP DEA aMDEA

0 100 100 100 100
3.16 108 105 124 117
10 120 116 144 156
31.6 135 124 133 123
100 133 115 137 141
316 101 70 80 116

Recovery 52 101 92 92
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3.4.2 Discussion

The denitrification activity did not show any major inhibition in the presence of any
of the selected amines. Contrary to expectations, the activity was even stimulated in
moderate concentrations, especially pronounced in the presence of aMDEA, reaching
156% of the initial activity. Even when considering the phenomenon of hormetic dose
response as postulated by Calabrese [12] - Stimulating effect in low doses, followed by
inhibition - the results show no biphasic behaviour, but an overall stimulating effect.
AMP and DEA triggered an inhibitory effect of 30%, respectively 20% at the highest
concentration of 316mmol/L. This respond could be addressed to high salinity of the
respective solutions, since increased amounts of HCl were necessary to reach the desired
pH of 7.5 in both cases.

Generally, the results suggest a high robustness of the denitrifying culture towards the
tested amines. Whether this is due to the composition of the biofilm, as heterotrophs
could lead to a more diverse culture within the biofilm, or the amount of biofilm on the
carriers, cannot be assessed with the available data.

In any case the experiments should be repeated for statistical reasons, as well as to state
a clear answer in respect to the biofilm composition. Thus, molecular biological methods
such as FISH (Fluorescence In Situ Hybridization) and DGGE (Denaturing Gradient
Gel Electrophoresis) should be utilized to characterize the microbial community at the
time of each test. Furthermore, a quantification of the biofilm on the carriers, e.g. by
determination of the average COD per carrier used in the experiment would allow to
estimate the impact of diffusional limitation over the surface. Thus, making a correlation
between biofilm age, respectively thickness and the respond possible.

3.5 Total pre-Denitrification System

3.5.1 Reclaimer waste as a sole carbon source

In order to test the ability of the pre-denitrification system to utilize the reclaimer waste
as a sole carbon source, the pre-denitrification system was operated as described in sec-
tion 2.6.5. During the entire experiment, reclaimer waste was added in a continuous mode
as the sole carbon source to the pre-denitrification system. The desired concentration of
approximately 11mmol/L was based on preliminary experiments of Colaco [14], where the
ECs50 of MEA, the main constituent of reclaimer waste, was estimated to be 10mmol/L
for the biofilm carriers. Changes in the media composition were in the amount of added

ammonium and nitrate.
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Dentrification reactor

The mass flow into the denitrification reactor was calculated according to Figure 2.13,
respecitively Equation 2.2. The total mass in, being 20% measured mass in media and 80%

measured mass in the nitrification reactor, is based on the rawdata given in Appendix D.1.

Figure 3.17 shows the calculated incoming mass of ammonium during the experiment
and the measured values of the outgoing amount of ammonium in the denitrification reac-
tor. The increase in the outgoing concentration of ammonium, is due to the degradation
of MEA in the denitrifying reactor. Based on the derived mass balance, the amount of
formed NH,-N appears to be relatively constant throughout the experiment, as also shown
in Figure 3.17.

Ammonium balance
Denitrifying reactor

—— NH,-N out
1807+50 mg/L NH,- N +NO,.- N ~ NH-Nin

160 e NH4-N formed

140
120
100 -

80

[mg/L]

60|V
40

20

T T T T T LA I T T
0 20 40 60 80 100 120 140 160 180
Time [d]
Figure 3.17: Ammonium concentrations going in and out of the denitrifying reactor with re-
claimer waste as sole carbon source. 50mg/L ammonium were added between day 0 and day 41,

as indicated by the horizontal arrow; after then no more ammonium was added. The amount of
formed NH,-N is calculated upon the mass balance.

Figure 3.18 shows the calculated incoming mass of primary amines, being MEA,
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during the experiment and the measured values for the outgoing amount of amines in the
denitrification reactor. The large peak around day 140 can be addressed to a transient
high load of primary amines. The addition of nitrate to the media lead to severe clogging
of the tube system for the media supply and on day 139 the precipitate, hence containing
accumulated amines, entered the denitrification reactor. After approximately 10 days
adaption the denitrifying culture continuously improved degrading MEA throughout the

time period.

Amine balance

Denitrifying reactor

100 - —— Amines in
+NH, - N +NO, - N —— Amines out

80
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Figure 3.18: Primary amine concentrations going in and out of the denitrifying reactor with
reclaimer waste as sole carbon source. 50mg/L ammonium were added between day 0 and day 41,
and varying amounts of nitrate between day 77 and day 151, as indicated by the horizontal arrows.

The correlation between the amount of degraded amines and the amount of formed
NH,-N is shown in Figure 3.19. On day 20 the degradation reached a plateau, indicating
that from this time point on all incoming MEA could be degraded to ammonium.
Throughout the experiment the amount of formed NH,-N was relatively constant,
regardless of adding NH,-N or NO,-N.
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Figure 3.19: Amine degradation and formed NH,-N in the denitrifying reactor with reclaimer
waste as sole carbon source. Ammonium was added between day 0 and day 41, and varying
amounts of nitrate between day 77 and day 151, as indicated by the horizontal arrows.
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The mass balances of nitrate and nitrite in the denitrification reactor are shown in
Figure 3.20, whereas the incoming masses are calculated and the outgoing amounts are
measured values. It can be seen that nitrite was reduced almost completely during all the
time, with varying incoming amounts when nitrate was added to the system.

Nitrate was also consumed almost completely until day 90, when 75mg/L NO4-N was
added. By adding 34, respectively 50mg/L of NO5-N, no excess NO5-N was recorded.

Nitrate/Nitrite balance

Denitrifying reactor

NOS—N in
100 - — NO,-N out
4 +NH4 -N .|.NO3 -N I NOZ-N in
80 - ——NO_-N out
1 75
50 50
60 T34
iy J
ES)
E 40

Time [d]

Figure 3.20: Nitrate and nitrite concentrations going in and out of the denitrifying reactor with
reclaimer waste as sole carbons source. Ammonium was added between day 0 and day 41, and
varying amounts of nitrate between day 77 and day 151, as indicated by the horizontal arrows.
The numbers under the inserted bars correspond to the added amount of NO;-N, being 34, 50 and
75mg/L respectively.

Based on these mass balances, the denitrification activity was calculated as nitrate,
respectively nitrite consumption per hour and is shown as a function of time in Fig-
ure 3.21. A clear increase of nitrate consumption can be seen from day 77 onwards, when
excess amount of NO;-N was available. When omitting the nitrate addition at day 151,

the nitrite consumption increased again.
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Activity
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Figure 3.21: Nitrate and nitrite consumption per hour of the denitrifying reactor with reclaimer
waste as sole carbon source. Ammonium was added between day 0 and day 41, and varying amounts
of nitrate between day 77 and day 151, as indicated by the horizontal arrows. The numbers under
the inserted bars correspond to the added amount of NO5-N, being 34, 50 and 75mg/L respectively.
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Figure 3.22 shows the calculated incoming amount of COD into the denitrification

reactor and the measured values for the outgoing amount during the experiment.

COD balance
Denitrifying reactor
1000
900 ] +NH, - N +NO, - N
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Figure 3.22: Amount of COD going in and out of the denitrifying reactor with reclaimer waste
as sole carbon source. Ammonium was added between day 0 and day 41, and varying amounts of

nitrate between day 77 and day 151, as indicated by the horizontal arrows.

With the excess amount of electron acceptor, the oxidation of organic matter was
increased, as shown in Figure 3.23. The highest level of COD consumption was achieved
by adding 75mg/L, with an average COD consumption of 175mg/L during this timeframe,
compared to 84mg/L between day 42 to day 76. A summary of the calculated activity of
the denitrification reactor in regard to the consumption of COD, amine, nitrate, nitrite

and the formation of ammonium is given in Table 3.6.
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COD and NO_-N consumption
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Figure 3.23: Amount of COD consumed in the denitrifying reactor with reclaimer waste as sole

carbon source. Ammonium was added between day 0 and day 41, and varying amounts of nitrate

between day 77 and day 151, as indicated by the horizontal arrows. The numbers under the

inserted bars correspond to the added amount of NO;-N, being 34, 50 and 75mg/L respectively.

Note the break in the ordinate.

Table 3.6: Average consumption, respectively formation of NH,-N in the denitrification reactor

with reclaimer waste as sole carbon source for the pre-denitrification system. The values are given

in [mg/L] with the respective standard deviation.

Time Regime NH,-N MEA-N NO;-N NO,-N COD
d0-41 +50mg/L NH,-N - 19.5£7  17.0£8 11.3+4 10.7£6  95.6440
d42-76 20.3+£3 24.7£10 5.6+£2 11.8£3  83.84£20

d77-86  +35mg/L NO4-N  23.0£2  19.943 14.7£1 13.1+£1 131.5+20
d88-90  +50mg/L NO;-N  24.441  20.4+5 20.1+1 11.5+£0.5 164.3+7
d91-132  +75mg/L NO4-N  26.0+2  24.2+5 30.6+£5  3.7+3 174.5£30
d133-151 +50mg/L NO4-N  19.3+10 21.8+£10 24.3+8 1.5£1 131.8£60
d152-172 22.9+2  21.5+10 14.442  4.342 128.7+£20
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Nitrifying reactor

Figure 3.24 shows the measured incoming and outgoing amount of ammonium, as well
as the consumption in the nitrifying reactor. The consumption of ammonium shows an
increase until day 30, followed by a decrease, even during the addition of 50mg/L NH,-N,
until day 41. Thereafter the ammonium consumption was relatively constant at approx-
imately 30mg/L throughout the rest of the experiment, reaching complete utilization at
day 105. During this time the media was supplemented with 75mg/L NO,-N.

Ammonium balance
— NH4-N out
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Figure 3.24: Ammonium concentrations going in and out of the nitrifying reactor with reclaimer
waste as sole carbon source. 50mg/L ammonium were added between day 0 and day 41, as
indicated by the horizontal arrow; thereafter no more ammonium was added. The amount of
consumed NH,-N is calculated upon the mass balance.

Figure 3.25 shows the measured incoming and outgoing mass of primary amines, being
MEA, in the nitrifying reactor during the experiment. The large peak around day 140
indicates a very high load of amines or degradation products at the time. The addition of
nitrate to the media led to severe clogging of the tube system for the media supply and
on day 139 the precipitate, hence containing accumulated amines, entered the denitrifying
reactor and subsequently the nitrifying reactor. The consumption of MEA was highest
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between day 1 and day 12, because the denitrifying culture was not adapted to the new
substrate and therefore a higher concentration of amine entered the nitrifying reactor.

Amine balance

Nitrifying reactor
+NO._-N Amines in
e —— Amines out
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50 50
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Figure 3.25: Primary amine concentrations going in and out of the nitrifying reactor with re-
claimer waste as sole carbon source. 50mg/L ammonium were added between day 0 and day 41,
and varying amounts of nitrate between day 77 and day 151, as indicated by the horizontal arrows.

Figure 3.26 shows the measured incoming and outgoing masses of nitrate and nitrite
during the experiment in the nitrifying reactor. After addition of 34mg/L NO4-N, the
formation of nitrate was promoted and nitrite accumulation decreased at the same time,
leading to complete nitrification at day 87, when 50mg/L NO4-N were added.

The nitrification activity was calculated as nitrate, respectively nitrite formation per
hour and is presented in Figure 3.27. A clear shift from nitrite to nitrate formation can
be seen from day 90 onwards, when excess amount of NO5-N was available. The increased
nitrification activity during this time could be addressed to a decrease in heterotrophic
bacteria, because the available COD decreased simultaniously, thus providing improved
oxygen supply to the nitrifying culture. When omitting the nitrate addition at day 151,
the nitrite accumulation increased again.
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Figure 3.26: Nitrate and nitrite concentrations going in and out of the nitrifying reactor with

reclaimer waste as sole carbon source. Ammonium was added between day 0 and day 41, and
varying amounts of nitrate between day 77 and day 151, as indicated by the horizontal arrows.
The numbers under the inserted bars correspond to the added amount of NO;-N, being 34, 50 and

75mg/L respectively.
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Figure 3.27: Nitrate and nitrite production per hour of the nitrifying reactor with reclaimer waste
as sole carbon source. Ammonium was added between day 0 and day 41, and varying amounts of
nitrate between day 77 and day 151, as indicated by the horizontal arrows. The numbers under the
inserted bars correspond to the added amount of NO;-N, being 34, 50 and 75mg/L respectively.
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Figure 3.28 shows the measured incoming and outgoing amount of COD dur-
ing the experiment in the nitrifying reactor of the pre-denitrification system. The
amount of incoming COD was less when nitrate was added to the media between day

77 and day 151, as more COD was consumed in the denitrifying reactor during this time.

COD balance
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Figure 3.28: Amount of COD going in and out of the nitrifying reactor with reclaimer waste as
sole carbon source. Ammonium was added between day 0 and day 41, and varying amounts of
nitrate between day 77 and day 151, as indicated by the horizontal arrows.

Figure 3.29 compares the consumption of COD with formation of nitrate, whereas the
enhanced nitrate formation can be noticed between day 77 and day 152.
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Figure 3.29: Amount of consumed COD in the nitrifying reactor with reclaimer waste as sole
carbon source. Ammonium was added between day 0 and day 41, and varying amounts of nitrate
between day 77 and day 151, as indicated by the horizontal arrows. The numbers under the
inserted bars correspond to the added amount of NO;-N, being 34, 50 and 75mg/L respectively.
Note the break in the ordinate.
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LC-MS analysis

The concentration of MEA was analyzed in two sets of samples, being day 17 and
day 97. Table 3.7 shows the results obtained by LC-MS, as well as the results from the
Fluorescamine assay. Although the results are consistent, the Fluorescamine assay seems

to have a worse resolution in low ranges.

Table 3.7: Quantification of MEA in samples from media (M), nitrification (N) and denitrification
(D) reactor measured by LC-MS and Fluorescamine assay, respectively.

Day Sample LC-MS MEA [mmol/L] Fluorescamine assay MEA [mmol/L]

17 M 10.1 11.0
N 0.23 0.54
D 1.5 1.01
97 M 8.4 11.4
N 0.45 0.32
D 0.53 0.38

Samples from day 97 were analyzed qualitatively by LC-MS, as described in section 2.6.
The results of the reclaimer waste composition are shown in Figure 3.30, whereas intensity
is plotted against mass/charge ratio. It should be noted that the intensity does not
represent an absolute quantification. Nevertheless, a change in complexicity can be seen,
as some peaks occurring in the media were not found in the denitrification, respectively
nitrifying reactor. The marked peaks indicate the main degradation products, which
subsequently were also quantified by LC-MS, illustrated in Figure 3.31.

Both substituted amides, HEF (2-hydroxyethylformamide)and HEA (2-
hydroxyethyl)-acetamide, as well as the amino acid HEGly (N-(2-hydroxylethyl)glycine,
could be readily degraded by the denitrifying reactor, whereas the nitrifying re-
actor utilized the leftovers of HEF and HEA almost completely and HEGly to a
lesser extend. HEPO (4-(2-hydroxylethyl) piperazine-2-one) and BHEOX (N,N-Bis(2-
hydroxylethyl)oxamide) could not be further degraded in the nitrifying reactor, as the
level from the denitrifying reactor remained.
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Figure 3.30: LC-MS positive and negative scan (upper and lower panel, respectively) of samples
taken on day 97 from the medium, nitrification and denitrifying reactor of the pre-denitrification
system.
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Figure 3.31: LC-MS quantification of selected degradation products of MEA. Samples were taken
on day 97 from the medium, nitrification and denitrifying reactor of the pre-denitrification system.
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Efficiency

The total nitrogen removal efficiency is calculated with the total amount of nitrogen
from ammonium, nitrate, nitrite and MEA entering the reactorsystem, and the amount of
these compounds exiting the nitrifying reactor. The results for each regime are shown in
Table 3.8. The nitrogen removal efficiency of 104% between day 152 and day 172 might
be a result of inaccuracies in quantifying MEA in samples from the media, because the
samples were stored for a longer time period of 4 weeks and showed much lower results
than average. The underestimation of total nitrogen entering the system leads to this high

efficiency, as the amount of exiting nitrogen exceeds the initial value.

Table 3.8: Average total nitrogen removal efficiency of the pre-denitrification system.

Time Regime Nitrogen Removal Efficiency [%]
d1-41  +50mg/L NH,-N 54
d42-76 69
d77-86  +35mg/L NO4-N 69
d88-90  +50mg/L NO4-N 74
d91-132  4+75mg/L NO4-N 76
d133-151 +50mg/L NO4-N 68
d152-172 104

The efficiency of nitrogen removal from MEA is calculated to be between 96 and 97%
throughout the experiment. The COD removal achieved 68 to 73%, whereas the highest
COD removal efficiency was obtained during the addition of 75mg/L NO4-N nitrate. All
calculations are given in Appendix D.2.

The total COD of reclaimer waste consisted of approximately 58% MEA (see Ap-
pendix D.3), indicating that all COD from MEA could be utilized by the pre-denitrification
system. This is consistent with a recent study from Kim et al. [24], showing that MEA has
sufficient electrons for the complete removal of its nitrogen compounds by nitrification and
denitrification. They state that the electrons for denitrification originate either from MEA
itself or from its anoxic degradation products being acetate, ethanol and acetaldehyde [24].

3.5.2 Summation

The activity of the denitrifying reactor throught the experiment proved that reclaimer
waste is a competitive carbon source for denitrification. When adding the reclaimer waste,
the denitrifying culture needed 2 weeks for adaption. In the first 2 weeks the nitrate
consumption, respectively reduction, decreased. When the culture had adapted to the
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new available carbon source, they reduced more nitrite than nitrate, for the simple reason
that more nitrite was available to them. At this timepoint, the degradation of MEA also
reached its maximum constant activity. With the addition of nitrate, the denitrifying
culture switched to nitrate respiration, leading to total denitrification. The consumed
stoichiometric amount of 0.9moINO5/molMEA is consistent with recent findings of Kim
et al. [24]. The surplus nitrate generally had a positive impact on the denitrifying
culture. With the extra amount of available electron acceptor, the bacteria were able to
oxidize more organic carbon in the reclaimer waste, resulting in promoted growth of the
heterotrophic community and therefore an increased activity. On the other hand, during
the addition of 75mg/L NO4-N some accumulation of nitrate occurred in the denitrifying
reactor for approximatel 2 weeks. Perhaps the oxidation of degradation products in the
reclaimer waste, led to more or less toxic daughter products, requiring adaption of the
microbial community. Nevertheless, the denitrifying bacteria showed even higher activity
afterwards. This also implies that the denitrification activity in the pre-denitrification
configuration was previously limited by the amount of nitrate produced by the nitrifying
culture.

The increase in the ammonium concentration is due to the degradation of MEA to
ammonium and acetaldehyde in the denitrifying reactor. Based on the derived mass
balance, the amount of formed NH,-N appears to be relatively constant during the entire
duration of the experiment. This is also plausible, as one mole degraded MEA produces
one mole ammonium [34].

The nitrifying reactor needed approximately 3 weeks adaption until steady ammonium
consumption could be noted. This startup phase was accompanied by increased het-
erotrophic growth in the nitrifying reactor, feeding off the rich reclaimer waste and thus,
the high consumption rate of MEA can be led back to this bacterial community and not
to the nitrifying bacteria. This circumstance was countered by the addition of nitrate
to the denitrifying reactor. The readily available COD was mainly consumed by the
denitrifying bacteria, thereby limiting heterotrophic growth in the nitrifying reactor.
This fact may lead to improved oxygen supply of the nitrifying culture, resulting in
the increased nitrification activity. Another possible explanation could be the increased
amount of dissolved CO, supplied to the nitrifying reactor, which was generated by the
boosted oxidation of organic carbon in the denitrifying reactor, as a recent study suggests
that some autotrophic bacteria, including NOB, are carbon-limited [23]. However, in the
nitrifying reactor a COD level below 350mg/L could not be achieved, indicating that
below this threshold the organic matter was not available for degradation.

The LC-MS analyses showed a shift in complexity of the composition of reclaimer waste
at various stages of the pre-denitrification system. Some known degradation products,
yet not all, could be quantified and thus revealed their fate within the system. The
majority of HEF, HEA and HEGly could be readily degraded in the denitrifying reactor,



3.6. SUMMARY AND OUTLOOK 96

whereas only HEF and HEA could be further degraded almost completely in the nitrifying
reactor, and HEGly to a lesser extent. For the other quantified degradation products, the
level of degradation in the denitrifying reactor remained also in the nitrifying reactor.
Nevertheless, the nitrogen removal efficiency of MEA achieved 97%, of total nitrogen 76%
and the removal efficiency of organic matter 73%.

3.6 Summary and Outlook

The nitrifying biofilm development on Kaldnes K1 carriers could not be successfully
tracked by monitoring the gained COD per carrier. This is due to the preincubation of
the carriers in a sludge return, leading to a already high initial value of organic matter
at the beginning of the experiment. Therefore, the gained COD should be measured as
soon as the carriers are incubated in the sludge return, even if no biofilm is visible. This
would provide information about the attachment kinetics on Kaldnes K1 carriers, as well
as development behaviour of nitrifying biofilm under substrate-limited conditions.

The acute toxicity test of reclaimer waste, as well as selected amines, being AMP,
aMDEA, DEA, MEA and piperazine on nitrifying biofilm showed differing results. The
EC50 and especially the recovery kinetics of the nitrification activity varied considerably.
A declined activity after recovery was found with piperazine, as well as aMDEA. It
appears that the acute toxicity of reclaimer waste depends on the history of the tested
biofilm community, as previously unexposed biofilm was less sensitive than exposed.
This should be verified by additional testings. In general the tested amines exhibited a
stimulation in lower concentrations, most pronounced when testing aMDEA. However,
the ECs¢ of the tested amines towards the nitrifying biofilm ranged between 1 and 5g/L.
This is a relatively high value compared to the respective EC5g inhibiting algal growth in
the range of mg/L [17].

To verify the respond of nitrifying biofilm towards toxic loads of amines, the biofilm
composition should be considered in future. With different amounts of heterotrophic
bacteria on the outside of the biofilm, the nitrifying activity may depend on diffusional
limitation over this community. Thus, molecular biological methods such as FISH
(Fluorescence in situ hybridization) and DGGE (Denaturing gradient gel electrophoresis)
should be utilized to characterize the microbial community at the time of each test.
Furthermore a quantification of the biofilm on the carriers, e.g. by determination of the
average COD per carrier used in the experiment would allow to estimate the impact of
diffusional limitation over the surface. Thus, making a correlation between biofilm age,
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respectively thickness and the respond possible.

The acute toxicity on the more robust denitrifying biofilm did not show any major
inhibition in the presence of any of the selected amines. Contrary to expectations, the
activity was even stimulated in moderate concentrations, especially pronounced in the
presence of aMDEA compared to the initial activity. Also in this case, the recovery from
piperazine gave a declined activity. Nevertheless, also in this case molecular biological
methods to characterize the microbial community, as well as the biofilm thickness at the
time of each test, should be considered.

The biological degradation of reclaimer waste in the pre-denitrification system was
successful, with MEA and its degradation products serving as a sole carbon source for
denitrification. After 2 weeks adaption the denitrifying reactor was able to degrade all
MEA to ammonium. With the addition of nitrate, the denitrifying culture switched from
nitrite to nitrate respiration, leading to total denitrification. The consumed stoichio-
metric amount of 0.9moINO5/molMEA is consistent with recent findings of Kim et al. [24].

The nitrifying reactor needed approximately 3 weeks for adaption before steady
ammonium consumption could be noted. Besides the degradation of MEA, also other
COD could successfully be removed from the reclaimer waste. The LC-MS analysis of
the reclaimer waste revealed approximately 10mol/L of MEA, accounting for 58% of the
COD. Furthermore, the LC-MS analyses showed a shift in complexity of the composition
of reclaimer waste at various stages of the pre-denitrification system. Selected degradation
products were quantified, whereas the majority was readily degraded in the denitrifying
reactor, whilst others were further degraded in the nitrifying reactor. Overall, the
nitrogen removal efficiency of MEA achieved 97%, of total nitrogen 76% and the removal
efficiency of organic matter 73%.

The chemical analyses with Hach-Lange assays should be further tested with reclaimer
waste, as unidentified compounds could lead to cross-interferences with these assays.
Previous works of Colaco [14] and Skjeeran [47, 46] only investigated the effects of pure
MEA and AMP on the discussed assays. Especially the LCK 303 Ammonium-Nitrogen
seemed to be biased with reclaimer waste in low detection ranges. This also applies for
the Fluorescamine assay, where it should furthermore be tested if the accuracy is also
given with previously CO,-loaded MEA, especially in low detection ranges. Generally,
the analysis of reclaimer waste should be pushed, as current literature is still incomplete.

Regarding the biodegradability of reclaimer waste in a pre-denitrification system, ex-
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tended HRT (Hydraulic Retention Time) could lead to improved COD removal, as some
degradation products might need more time for biological degradation. Although, if the
removal of COD is not the main attention, but rather the removal of MEA is desired, a
different approach should be considered. In the startup phase of the nitrifying reactor
it came to nitrite accumulation, possibly due to increased presence of heterotrophs com-
peting with nitrifying bacteria for oxygen. At the same time the MEA degradation was
working well, although less COD was removed. Considering the process of partial nitri-
fication to nitrite and nitrite denitrification, this circumstance may offer a novel process
for MEA removal by denitrification via the nitrite pathway. Partial nitrification requires
less oxygen, thus less energy and results in higher denitrification rates, as well as reduced
CO, emissions [38].



Chapter 4

Conclusions

The objective of this work was to study the feasibility of biological treatment of reclaimer
waste from an amine based CO, capture plant, as well as from selected, commonly used

amines in this process.

The toxicity of reclaimer waste, AMP, aMDEA, DEA, MEA and Piperazine was
tested both on nitrifying and denitrifying biofilms, revealing varying sensitivity of the
nitrifying culture and an almost unaffected respond from the denitrifying culture. This
result can be addressed to the differing composition of the bacterial communities, whereas
the heterotrophic community of denitrifying bacteria is generally more robust towards

environmental changes.

Nevertheless, this circumstance can be exploited in a positive manner by treating
reclaimer waste in a pre-denitrification system. The biological degradation of reclaimer
waste in the pre-denitrification system was successful, with MEA and its degradation
products serving as a sole carbon source for denitrification. After 2 weeks adaption,
the denitrifying reactor was able to degrade all MEA to ammonium. With the external
addition of 75mg/L nitrate, the denitrifying culture achieved total denitrification. As
expected, the nitrifying reactor needed approximately 1 week longer for adaption before
steady ammonium consumption could be noted. Besides the degradation of MEA, also

other COD could successfully be removed from the reclaimer waste.

The LC-MS analyzis of the reclaimer waste revealed approximately 10mol/L of
MEA, accounting for 58% of the COD. Furthermore, the LC-MS analyses showed a
shift in complexicity of the composition of reclaimer waste at various stages of the

pre-denitrification system. Selected degradation products were quantified, whereas the
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majority was readily degraded in the denitrifying reactor, others were further degraded
in the nitrifying reactor. Overall, the nitrogen removal efficiency of MEA achieved 97%,
of total nitrogen 76% and the removal efficiency of organic matter 73%.

Generally, it appears favourable to apply biological treatment on the reclaimer waste,
since no external carbon source is required, thus minimizing the operational costs. The
requirement of additional nitrate may lead to extra costs, but if the process is adapted
to MEA removal instead of COD removal, this might not be necessary. For the removal
of MEA the concept of partial nitrification would circumvent the addition of nitrate,
and also generally lead to lower energy costs, as less oxygen is needed for nitrification to
nitrite and subsequent nitrite denitrification.
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Appendix A

Biofilm development - Nitrifying
activity

The nitrifying activity during the biofilm development is given in Figure A.1.

Biofilm development
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Figure A.1: Nitrifying activity during the biofilm development.
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Appendix B

Reclaimer waste analysis - LC-MS

The positive and negative LC-MS scan of the reclaimer waste is shown in Figure B.1.
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Figure B.1: LC-MS analyses of reclaimer waste, as intensity versus mass-charge ratio (m/z). The
positive LC-MS scan is shown in the upper panel and the negative LC-MS scan in the lower panel.



Appendix C

Acute toxicity test - Nitrifying
culture

Reclaimer waste - FExperiment 1:

For calculating the value of ECsg a three-parameter logarithm model (Equation 2.4)
was applied, yielding a corrected R-square of 0.994. The parameters for the model were
a = 81.50, b = 17.27, and ¢ = -1.64, resulting in an ECsy of 8mmol/L for the reclaimer

waste, illustrated in Figure C.1.

Experiment 1: Acute toxicity of Reclaimer Waste
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Figure C.1: Experiment 1: Effect concentration of the reclaimer waste on the nitrifying culture.
The calculation of ECsq is based on a three-parameter logarithm model as described in the section
2.6.6, with a monitoring time range of 3 hours for each concentration.
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Reclaimer waste - Fxperiment 2:

For calculating the value of EC5q a logistic model (Equation 2.1) was applied, yielding
a corrected R-square of 0.854. The parameters for the model were Al = 112.3, A2 =
12.58, x, = 32.26, with p = 2.28. Based on these values an ECsg of 40mmol/L was
calculated, illustrated in Figure C.2.

Experiment 2: Acute toxicity of Reclaimer Waste
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Figure C.2: Experiment 2: Effect concentration of the reclaimer waste on the nitrifying culture.
The calculation of ECsg is based on a logistic model as described in section 2.4.5, with a monitoring
time range of 3 hours for each concentration.

MFEA - Ezxperiment 2:

For the acute toxicity test of MEA, as shown in Figure C.3, the logistic model (Equation
2.1) showed the best fit with a corrected R-square of 0.976. The parameters for the model
were Al = 140.06, A2 = 23.99, x, = 35.36, with p = 1.41. Based on these values an ECs
of 86mmol/L was calculated.

Piperazine - Experiment 3:

The parameters for the logistic model, with a corrected R-square of 0.999, were Al =
218.74, A2 = 0.22, x, = 2.79, with p = 0.96. Based on these values an EC5y of 10mmol/L
was calculated for piperazine, illustrated in Figure C.4.
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Figure C.3: Experiment 2: Effect concentration of MEA on the nitrifying culture. The calculation
of ECjsg is based on a logistic model as described in section 2.4.5, with a monitoring time range of
3 hours for each concentration.
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Figure C.4: Experiment 3: Effect concentration of piperazine on the nitrifying culture. The
calculation of ECs is based on a logistic model as described in section 2.4.5, with a monitoring
time range of 3 hours for each concentration.
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AMP - Ezperiment 3:

The parameters for the logistic model, with a corrected R-square of 1.000, were Al
= 144.46, A2 = -2.7, x, = 18.51, with p = 1.21. Based on this equation, an ECsy of
30mmol/L was calculated for AMP, illustrated in Figure C.5.
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Figure C.5: Experiment 3: Effect concentration of AMP on the nitrifying culture. The calculation

of ECsg is based on a logistic model as described in section 2.4.5, with a monitoring time range of
3 hours for each concentration.

DEA - Experiment 3:

The parameters for the logistic model, with a corrected R-square of 0.986, were Al
= 113.54, A2 = 6.51, x, = 14.47, with p = 2.08. Based on this equation, an ECsy of
18mmol/L was calculated for DEA, illustrated in Figure C.6.

aMDFEA - Ezxperiment 3:

The parameters for the model, with a corrected R-square of 0.991, were A1l = 155.11,

A2 =5.71, x, = 25.89, with p = 2.14. Based on this equation, an EC5y of 39mmol/L was
calculated for aMDEA, illustrated in Figure C.7.
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Figure C.6: Experiment 3: Effect concentration of DEA on the nitrifying culture. The calculation
of ECjsg is based on a logistic model as described in section 2.4.5, with a monitoring time range of
3 hours for each concentration.
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Figure C.7: Experiment 3: Effect concentration of aMDEA on the nitrifying culture. The
calculation of ECgq is based on a logistic model as described in section 2.4.5, with a monitoring
time range of 3 hours for each concentration.



Appendix D

Pre-Denitrification

D.1 Rawdata

The measured data of the denitrifying reactor is given in Figure D.1 and Figure D.2.
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Figure D.1: Measured values of ammonium, nitrate, nitrite and pH of the denitrifying reactor.

The measured data of the nitrifying reactor is given in Figure D.3 and Figure D.4.
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Figure D.2: Measured values of COD and amine (MEA) of the denitrifying reactor.
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Figure D.3: Measured values of ammonium, nitrate, nitrite, pH and DO of the nitrifying reactor.
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Figure D.4: Measured values of COD and amine (MEA) of the nitrifying reactor.

D.2 Removal efficiency

The efficiency of the nitrogen removal in %, is calculated as given in Equation D.1.

Table D.1 gives the respective average values in [mg/mL]| for each regime.

Efficiency [%] =

total nitrogen in - total nitrogen out

total nitrogen in

x 100

(D.1)

Table D.1: Average total nitrogen removal efficiency of the pre-denitrification system.

Time Regime Total Nitrogen in  Total Nitrogen in - out Efficiency [%]
d1-41 +50mg/L NHy-N 214.2 116.0 54
d42-76 163.4 112.8 69
d77-86 +35mg/L NO3-N 153.4 105.7 69
d88-90 +50mg/L NO3-N 168.8 124.4 74
d91-132  4+75mg/L NO3-N 205.1 156.0 76
d133-151 +50mg/L NO3-N 191.8 130.1 68
d152-172 121.2 126.6 104
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The values for calculating the MEA nitrogen removal efficiency are given in Table D.2.

Table D.2: Average MEA nitrogen removal efficiency of the pre-denitrification system.

Time Regime MEA Nitrogen in MEA Nitrogen in - out Efficiency [%]
d1-41 +50mg/L NHy-N 135.0 129.0 96
d42-76 141.8 137.4 97
d77-86 +35mg/L NO3-N 113.1 108.3 96
d88-90 +50mg/L NO3-N 119.6 114.7 96
d91-132  4+75mg/L NO3-N 130.8 126.0 97
d133-151 450mg/L NO3-N 138.8 133.7 96
d152-172 119.4 114.8 96

For calculating the COD removal efficiency, Equation D.2 was applied and the respec-

tive values are given in Table D.3.

Efficiency [%] =

COD in - COD out

COD in

x 100

(D.2)

Table D.3: Average COD removal efficiency of the pre-denitrification system.

Time Regime COD in COD in - out Efficiency [%]
d1-41 +50mg/L NHy-N 1230 857 70
d42-76 1245 852 68
d77-86 +35mg/L NO3-N 1302 906 70
d88-90 +50mg/L NO3-N 1385 1002 72
d91-132  4+75mg/L NO3-N 1324 966 73
d133-151 +50mg/L NO3-N 1300 923 71
d152-172 1365 970 71
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D.3 Calculation of COD

The amount of COD from MEA is based on Equation D.3 and calculated as given by
Equation D.5. The molecular weight of MEA is 61.1g/mol and the average concentrations
of MEA and COD in the medium were 9.4mmol/L and 1287mg/L, respectively.

NH,C,H,—OH + 2.50, + H" — 2CO, + 2H,0 + NH (D.3)

2.5molOy

cop :molMEA
2.5 %32

61.1
=1.309g0,/gMEA (D.4)

MEA =9.4mmol/L = 574.3mg/L = 0.574g/L
=0.574g/L x 1.309g02/gMEA
—0.752¢05 /L.
—751.8mg02 /L (D.5)

1287mg/L = 100%COD
752mg /LM EA = 58%COD (D.6)
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