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There was taken a considerable quantity ofMan's Urine, (because the Liquor yields

but a small proportion ofthe desired Quintessence) and ofthis a good part at least,

had been for a pretty while digested before it was used.

Robert Boyle (1693) Philosophical Transactions ofthe Royal Society ofLondon 17, 583f.
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Summary

Introduction

Intensive agriculture and urban sewage burden the environment with high nutrient loads. An

improved nutrient management is necessary to remove present damages and to prevent future

impacts. Nutrient losses to the environment can be strongly reduced, if nutrients from waste

water are recycled to agriculture.

Human urine is the most important nutrient source of household waste water. It contributes

about 80% of nitrogen and 60% of phosphorus, but accounts for less than one percent of the

waste water volume. Separate collection of human urine would strongly reduce the demands

on waste water treatment, because no enhanced nutrient elimination would be necessary to

prevent eutrophication. Furthermore the separate collection and application of urine would be

an efficient method to recycle nutrients from urban sewerage to agriculture.

Waterless urinals and NoMix toilets are available for urine separation. In urine-collecting

systems the separated urine is directed to a collection tank where it is stored for later transport

to a treatment facility.

In existing systems biological and chemical processes hamper the technical realisation of

urine separation. By hydrolysing urea, bacteria cause a strong increase of ammonia and pH.

Under these conditions large amounts of phosphate minerals precipitate, which can lead to

pipe blockages. The produced ammonia is volatile. Degassing of ammonia can cause odour

problems and significant nitrogen losses.

Aim of thesis

The first aim of this work was to describe and explain urea hydrolysis and phosphate precipi¬

tation in source-separated urine. The new insights and computer models should help to

develop reliable urine-separating systems.

In the second part of this work bacterial nitrification should be tested as method for preventing

the ammonia volatilisation from stored urine. Two important preconditions were, first, a low

consumption of chemical resources and, second, a simple technique.

Methodology

In field studies I investigated urea hydrolysis and precipitation in conventional and waterless

urinals and in one urine-collecting system with a NoMix toilet. The results were the basis for a

thermodynamic computer model predicting amount and composition of precipitates.

To examine the relationship of urea hydrolysis and precipitation I carried out batch experi¬

ments in the laboratory. A second mechanistic model enabled one to simulate the measure¬

ment results and to get detailed information on the kinetics of the precipitation processes.

I operated three laboratory reactors with different operational modes to investigate the bacte¬

rial nitrification of stored urine: one moving bed reactor with Kaldnes biofilm carriers and two

activated sludge reactors in batch and continuous flow mode, respectively. To keep the

resource consumption low, I did not control the pH with acid or base dosing. Additionally, I

carried out batch experiments on autotrophic denitrification and inhibition of nitrifiers.

VII



Urea Hydrolysis
Microbial urea hydrolysis - also called ureolysis - was observed in all urinals and in the urine-

collecting system. The urea degradation caused an increase of total ammonia, pH and buffer

capacity. After complete urea hydrolysis of undiluted or only slightly diluted urine the pH can

reach values above 9. Due to the high pH value, up to one third of the total ammonia consists

of volatile ammonia NH3.

The enzyme urease produced by bacteria is responsible for urea hydrolysis, whereas chemical

urea hydrolysis is too slow and can be neglected in urine-collecting systems. Urease-positive

bacteria are ubiquitous, so that their colonisation in toilets can hardly be prevented.

A detailed investigation of the NoMix system showed that urease-positive bacteria were

growing in the pipes but not in the collection tank. Still, most of the urea was degraded in the

tank by bacteria eroded from the pipe walls and flushed to the tank. Urea degradation was

very fast, after little more than one day of retention time, all urea was already hydrolysed.

Spontaneous Phosphate Precipitation
Struvite, hydroxyapatite (HAP) and calcite are the only crystalline minerals detected in the

incrustations of the urine pipes and in the sediment of the collection tank. All three minerals

only precipitate at high pH values. The precipitation phenomena are therefore directly connec¬

ted to urea hydrolysis.

Based on field measurements I developed a computer model to calculate the precipitation

potential in source-separated urine. The precipitation potential is the mass concentration of all

freshly formed minerals when a thermodynamic equilibrium between solid and liquid phases

has been established. The model enables one to assess the risk of pipe blockages and to esti¬

mate the amount of phosphate fixed in the solids.

The precipitation potential depends on the volume and composition of the flushing water.

Measurements and simulations showed that about 30% of the soluble phosphate precipitates

in undiluted urine. The harder the flushing water and the higher the urine dilution, the more

phosphate precipitates. In undiluted urine the precipitates consist exclusively of struvite and

HAP. With increasing dilution by tap water, the struvite fraction decreases and calcite

becomes a significant component of the precipitates. The risk of blockages generally

decreases with urine dilution, since the additional flushing water volume diminishes the con¬

centration of the precipitates.

To investigate the dynamics and interactions of urea hydrolysis and precipitation, I carried out

batch experiments. I added small amounts of solids from a urine-collecting pipe to undiluted

fresh urine. The solids were urease source and nucleation seeds at the same time. Struvite

precipitation set in early when less than 5% of urea had been hydrolysed and the pH had

reached values above 7.2. Precipitation of calcium phosphate was slower and required high

supersaturation.

To simulate the dynamic processes during urea hydrolysis and precipitation, I enhanced the

precipitation potential model with kinetic approaches. The precipitation kinetics were

described with the "surface dislocation approach". Since HAP is usually not the first calcium

phosphate to precipitate in natural systems, various calcium phosphate precursors were tested

to simulate the measurement data. The results showed that the "surface dislocation approach"
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Summary

is well suited to describe the precipitation of struvite and calcium phosphate and that octa-

calcium phosphate is the precursor of HAP.

Stabilisation of Nitrogen
In all three nitrification reactors about half of the total ammonium was oxidised. Concomi¬

tantly, the pH decreased to values between 6.0 and 6.9. At these low pH values ammonia

volatilisation is negligible. In addition to the nitrogen stabilisation the biological treatment of

urine had further beneficial effects: 80% of the organic compounds (based on chemical

oxygen demand) were degraded and the unpleasant odour was eliminated.

Complete nitrification to nitrate was only achieved in the moving bed reactor. The product

consisted of ammonium and nitrate in equal shares. On a nitrogen basis this solution is very

well suited as fertiliser. Hence nitrification in the moving bed reactor is a promising treatment

method, if one wants to recycle source-separated urine to agriculture.

Nitrification in the activated sludge reactors was stable for the whole length of the experi¬

ments, but only nitrite and very small amounts of nitrate were produced. Based on the

measurements and on literature references one can assume that the nitrite oxidising bacteria

are inhibited by nitrous acid and hydroxylamine. In batch experiments I could show that the

ammonium nitrite solution produced in the activated sludge reactors can be treated with auto¬

trophic denitrification by anammox bacteria. Thus the nitrogen elimination via the anammox

method is one option for nitrogen elimination, if the recovery of nitrogen as fertiliser is not

possible or not economic.

Since urine is a highly concentrated nutrient solution, strong inhibition effects can occur

during bacterial nitrification. The pH values must be stable during nitrification, because the

concentration of inhibitors such as ammonia or nitrous acid depends on the pH value. Under

steady state conditions the pH is controlled by the urine influent. Acid dosing may only be

necessary during operation failures.
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Zusammenfassung

Einleitung
Intensive Landwirtschaft und Siedlungsabwässer belasten die Umwelt mit hohen Nährstoff¬

einträgen. Ein besseres Nährstoffmanagement ist notwendig, um entstandene Schäden zu

beheben und künftige zu verhindern. Nährstoffverluste in die Umwelt können stark verringert

werden, wenn die Nährstoffe aus dem Abwasser in die Landwirtschaft rezykliert werden.

Menschlicher Urin ist die wichtigste Nährstoffquelle des kommunalen Abwassers. Er liefert

ca. 80% des Stickstoffs und 60% des Phosphors, macht aber weniger als ein Prozent des

Abwasservolumens aus. Die getrennte Sammlung von Urin würde die Abwasserreinigung

stark entlasten, weil in Kläranlagen keine erweiterte Nährstoffelimination mehr notwendig

wäre, um die Gewässereutrophierung zu bekämpfen. Die separate Sammlung und Ausbrin¬

gung von Urin wäre zudem eine sehr effiziente Massnahme, um Nährstoffe von der

Siedlungswasserwirtschaft in die Landwirtschaft zu rezyklieren.

Für die separate Sammlung von Urin stehen wasserlose Urinale und NoMix-Toiletten zur

Verfügung. In Urinsammelanlagen wird der Urin nach der Abtrennung in einen Sammeltank

geleitet und dort zwischengelagert, bevor er zur Weiterverarbeitung abtransportiert wird.

In bestehenden Systemen erschweren allerdings biologische und chemische Prozesse die

Urinseparierung. Bakterien hydrolisieren den im Urin enthaltenen Harnstoff und erhöhen

dadurch die Ammoniakkonzentration und den pH. Unter diesen Bedingungen fallen grosse

Mengen an Phosphatmineralien aus, was zu Verstopfungen der Leitungen führen kann. Das

produzierte Ammoniak ist flüchtig. Ausgasungen können Geruchsbelästigungen und erheb¬

lichen Stickstoffverluste verursachen.

Ziele dieser Arbeit

Das erste Ziel dieser Arbeit bestand darin, die Harnstoffhydrolyse und die Phosphataus¬

fällungen in separiertem Urin näher zu beschreiben und zu erklären. Die neu gewonnenen

Erkenntnisse und Computermodelle sollten zur Entwicklung zuverlässiger Urinseparierungs-

systeme beitragen.

Im zweiten Teil der Arbeit sollte untersucht werden, ob sich die bakterielle Nitrifikation dazu

eignet, die Ausgasung von Ammoniak aus gelagertem Urin zu verhindern. Zwei wesentliche

Anforderungen waren geringer Chemikalienverbrauch und einfache Technik.

Vorgehen
In Feldstudien untersuchte ich Harnstoffhydrolyse und Ausfällungen in konventionellen und

wasserlosen Urinalen und in einer Urinsammelanlage mit NoMix-Toilette. Die Ergebnisse

bildeten die Grundlage für ein thermodynamisches Computermodell, welches Menge und

Zusammensetzung von Fällungsprodukten voraussagen kann.

Um die dynamischen Zusammenhänge zwischen Harnstoffhydrolyse und Ausfällungen aufzu¬

klären, führte ich Batchversuche im Labor durch. Mit einem weiteren Computermodell konnte

ich die Messergebnisse nachsimulieren und erhielt detaillierte Aussagen über die Kinetik der

Ausfällungsprozesse.
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Zur Untersuchung der bakteriellen Nitrifikation von gelagertem Urin betrieb ich drei Labor¬

reaktoren: einen Wirbelbettreaktor mit Kaldnes-Biofilmträgern und je ein Belebtschlamm¬

reaktor im Chargenbetrieb und im Durchlaufmodus. Um den Ressourcenverbrauch niedrig

zuhalten, verzichtete ich auf die Regelung des pH-Wertes über Säure- und Basenzugabe.

Zusätzliche Batchexperimente gaben Aufschluss über autotrophe Denitrifikation und Hemm¬

effekte bei Nitrifikanten.

Harnstoffhydrolyse
In allen untersuchten Urinalen und in der Urinsammelanlage konnte mikrobielle Harnstoff¬

hydrolyse - auch Ureolyse genannt - festgestellt werden. Der Harnstoffabbau verursacht eine

Zunahme des Gesamtammoniums, des pH-Wertes und der Pufferkapazität. Bei der vollstän¬

digen Harnstoffhydrolyse von unverdünntem oder nur gering verdünntem Urin steigt der pH

bis auf Werte über 9. Wegen des hohen pH-Wertes liegt bis zu einem Drittel des Gesamt¬

ammoniums als flüchtiges Ammoniak NH3 vor.

Verantwortlich für die Harnstoffhydrolyse ist das von Bakterien produzierte Enzym Urease.

Die chemische Harnstoffhydrolyse hingegen ist in Urinsammelanlagen zu langsam und kann

vernachlässigt werden. Urease-positive Bakterien sind in der Umwelt weitverbreitet, so dass

ihre Ansiedlung in Toiletten kann nur schwierig verhindert werden.

Detaillierte Untersuchungen der Urinsammelanlage zeigten, dass urease-positive Bakterien in

den Leitungen und nicht im Sammeltank wuchsen. Der grösste Teil des Harnstoffs wurde

dennoch im Tank abgebaut, von Urease, die mit Bakterien von den Leitungswänden abge¬

tragen und in den Tank gespült wurde. Der Abbau erfolgte sehr rasch, nach wenig mehr als

einem Tag Aufenthaltszeit war bereits aller Harnstoff hydrolisiert.

Ausfällungen
Struvit, Hydroxyapatit (HAP) und Kalzit sind die einzigen kristallinen Mineralien, die in den

Verkrustungen der Urinleitungen und im Bodensatz des Urinsammeitanks identifiziert

wurden. Alle drei Mineralien bilden sich nur bei erhöhten pH-Werten. Die Ausfällungen

hängen deshalb ursächlich mit der Harnstoffhydrolyse zusammen.

Auf Grundlage der Feldmessungen entwickelte ich ein Computermodell zur Berechnung des

Ausfällungspotenzials von separiertem Urin. Das Ausfällungspotenzial ist die Massenkonzen¬

tration aller neu gebildeten Mineralien, sobald sich zwischen Fest- und Flüssigphase ein

fhermodynamischen Gleichgewicht gebildet hat. Mit dem Modell kann abgeschätzt werden,

wie gross das Risiko von Verstopfungen ist und wieviel Phosphat in den Feststoffen gebunden

wird.

Menge und Zusammensetzung des Spülwassers bestimmen das Ausfällungspotenzial.

Messungen und Simulationen haben gezeigt, dass in unverdünntem Urin 30% des Phosphats
ausfällt. Je härter das Spülwasser und je höher die Verdünnung, umso mehr Phosphat wird in

den Feststoffen gebunden. In unverdünntem Urin bestehen die Fällungsprodukte ausschliess¬

lich aus Struvit und HAP. Mit zunehmender Verdünnung des Urins mit Leitungswasser
nimmt der Anteil von Struvit ab und Kalzit wird ein wesentlicher Bestandteil der Ausfäl¬

lungen. Das Risiko von Verstopfungen nimmt allgemein mit der Verdünnung des Urins ab

weil das zusätzliche Spülwasservolumen die Konzentration der Fällungsprodukte verringert.
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Zusammenfassung

Um die Dynamik und das Zusammenspiel von Harnstoffhydrolyse und Ausfällungen zu unter¬

suchen, führte ich Batchexperimente durch. Unverdünntem und frischem Urin gab ich geringe

Mengen von Fällungsprodukten zu, die sich in der Ableitung einer NoMix-Toilette abgelagert

hatten. Die Feststoffe waren gleichzeitig Kristallisationskeime und Ureasequelle. In den Expe¬

rimenten bildete sich Struvit bereits nachdem weniger als 5% des Harnstoffs abgebaut waren

und der pH Werte über 7.2 erreicht hatte. Die Ausfallung von Kalziumphosphat war

langsamer und benötigte eine sehr hohe Übersättigung.
Um die dynamischen Vorgänge zu simulieren, erweiterte ich das Modell zur Berechnung des

Ausfällungspotenzials mit kinetischen Ansätzen. Die Fällungskinetik wurde mit dem "surface

dislocation approach" beschrieben. Weil in natürlichen Systemen HAP nicht direkt ausfällt,

untersuchte ich, welches der möglichen Vorläufer-Kalziumphosphate die Messdaten am

besten nachbilden konnte. Die Simulationen zeigten, dass mit dem "surface dislocation

approach" die Ausfällungen von Struvit und Kalziumphosphat gut beschrieben werden

können und dass Oktakalziumphosphat der Vorläufer von HAP ist.

Stickstoffbehandlung von gelagertem Urin

In allen drei Nitrifikationsreaktoren wurde ungefähr die Hälfte des Gesamtammoniums

oxidiert. Der pH sank dabei auf Werte zwischen 6.0 und 6.9. Bei diesen tiefen pH-Werten

muss mit keiner nennenswerten Ammoniakausgasung gerechnet werden. Neben der Stabili¬

sierung des Stickstoffs hatte die biologische Behandlung des Urins noch weitere positive

Effekte. Dazu zählt der Abbau von 80% der organischen Stoffe (bezogen auf den chemischen

Sauerstoffbedarf) und die Entfernung des unangenehmen Geruchs.

Die vollständige Nitrifikation bis zu Nitrat fand nur im Wirbelbettreaktor statt. Das Produkt

enthielt zu gleichen Teilen Ammonium und Nitrat. Bezüglich der Stickstoffzusammensetzung

ist eine solche Lösung sehr gut als Dünger geeignet. Die Nitrifikation im Wirbelbettreaktor

bietet sich deshalb als Behandlungsmethode an, wenn der Urin in die Landwirtschaft

rezykliert werden soll.

Die Belebtschlammreaktoren liefen während meiner Versuche stabil, aber die Nitrifikation

stoppte bereits bei Nitrit. Es ist davon auszugehen, dass die nitritoxidierenden Bakterien durch

salpetrige Säure und vermutlich durch Hydroxylamin gehemmt wurden. Wie ich in einem

Batchexperiment zeigen konnte, eignet sich die Ammoniumnitrit-Lösung aus den Belebt¬

schlammreaktoren für die autotrophe Denitrifikation mit Anammox-Bakterien. Die Stickstoff¬

elimination mit dem Anammox-Verfahren ist somit eine Option zur Stickstoffentfernung,

wenn die Umwandlung zu Stickstoffdünger nicht möglich oder unwirtschaftlich ist.

Weil Urin eine hochkonzentrierte Nährstofflösung ist, können bei der bakteriellen Nitrifika¬

tion starke Hemmeffekte auftreten. Beim Betrieb von Nitrifikationsreaktoren muss auf stabile

pH-Werte geachtet werden, weil die Konzentration der Hemmstoffe wie z.B. Ammoniak oder

salpetrige Säure vom pH abhängen. Unter stationären Bedingungen wird der pH über den

Urinzufluss geregelt. Eine Säuredosierung ist nur bei Betriebsstörungen notwendig.
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Introduction

NUTRIENT CYCLE

Today's global nutrient cycles are governed by the nutritional needs of the human population.

Mineral fertilisers are required to satisfy the increased nutrient demand in agriculture.

Nitrogen, phosphorus and potassium are the main nutrients limiting crop growth. However,

the high consumption of nutrients, particularly of nitrogen and phosphorus, has detrimental

effects on the environment. Global and regional nutrient cycles need rethinking.

Nitrogen

Atmospheric nitrogen N2 makes up more than 99% of the global nitrogen (Söderland and

Rosswall 1980). Before ammonia production with the Haber Bosch process was introduced

this immense nitrogen reserve was only accessible to few N2 fixing micro-organisms, and

nitrogen limited the increase of food production. Since 1913, when industrial N2 fixation with

the Haber Bosch process began, nitrogen is virtually an inexhaustible resource. Between 1890

and 1990 the production of reactive nitrogen - all reduced and oxidised forms of nitrogen -

increased by a factor of nine. In 1990, about 60% of all nitrogen fixed on the continents origi¬

nated from human activities, thereof 60% was produced with the Haber Bosch process

(Galloway and Cowling 2002).

Industrial nitrogen fixation does not deplete nitrogen resources but it is very energy intensive.

Today, the energy consumption for one metric ton of nitrogen fertiliser is about 42 GJ/t N.

The total energy consumption for production, transport and broadcasting of nitrogen fertiliser

used in Germany is 49 GJ/t N (Patyk and Reinhardt 1997).

The acceleration of the nitrogen cycle has severe impacts on the environment and human

health. Eutrophication of surface waters, soil acidification, increase of tropospheric ozone and

respiratory and cardiac diseases are just four of many known impacts (Galloway and Cowling

2002). A major cause of environmental problems is the release of reactive nitrogen from agri¬

culture. Galloway and Cowling (2002) estimate that only 4 to 14% of nitrogen from mineral

fertilisers finally reach the consumer's mouth, the rest is lost to the environment and may have

adversal effects in receiving waters, terrestrial ecosystems and in the atmosphere. In addition,

fossil fuel combustion produces high amounts of harmful nitrogen compounds.

On a regional scale, urban waste water can be an important source of reactive nitrogen in the

environment. A study on anthropogenic reactive nitrogen emissions in Switzerland shows that

in 1994 waste water contributed 33% to the nitrogen outputs to the hydrosphere. For com¬

parison agricultural sources accounted for 40% of the nitrogen outputs to the aquatic systems.

The contribution to the total emissions was 15% and 48% for waste water and agricultural

sources, respectively (BUWAL 1996). The major environmental impact of reactive nitrogen

on the hydrosphere is the eutrophication of the North Sea (BUWAL 1996).

3



Phosphorus
Similar to nitrogen, agriculture is the motor of phosphorus consumption world-wide. At

present, mineral fertilisers account for 55% (14-15 Mt/y) of the global phosphorus input to

croplands (Smil 2000). Contrary to nitrogen, phosphorus does not have a fast global cycle. It

takes about 107 to 108 years until phosphorus containing rocks are re-exposed to denudation.

On a civilisational time scale (103 years), the natural global phosphorus cycle appears to be a

one way flow (Smil 2000). Therefore, phosphorus must be considered as a limited resource

and recycling of phosphorus not only elevates detrimental environmental effects but is essen¬

tial for providing this resource for coming generations.

95 % of phosphorus in the earth's crust are fixed in apatite (Smil 2000). The main apatite is

francolite, a carbonate-fluorapatite (Nathan 1984). Phosphate rock is currently the only

resource for industrial phosphorus production (Driver et al. 1999). Although phosphate rock is

a limited resource, running out of phosphorus reserves is of less concern than the quality

decrease. Future phosphorus reserves contain much higher heavy metal fractions than today's

with cadmium being the most enriched element (Smil 2000). Its content in current mineral

fertilisers already exceeds the recommendation for cadmium inputs in several countries

(Larsen and Udert 1999). Removing trace metals is possible but costly, and the processes

would generate hazardous wastes and would also increase the high energy inputs for phos¬

phorus production (Smil 2000). Patyk and Reinhardt (1997) reviewed data on today's energy

requirement for fertiliser production. They concluded that 20 GJ/t P is needed for phosphorus
fertiliser production. Due to the long transport distances the overall energy requirement for

one metric ton of phosphorus fertiliser applied on German agricultural soils is substantially

higher, approximately 40 GJ/t P (Patyk and Reinhardt 1997). Hence, the energy demands for

mineral phosphorus and nitrogen fertilisers are in the same range.

Eutrophication of waters is the main detrimental effect of phosphorus, since phosphate is

generally the limiting factor in aquatic ecosystems (Smil 2000). Globally, the two most

important ways of introducing excessive amounts of phosphate into the hydrosphere are

releases of untreated or inadequately treated waste water and run off from crop fields and

pastures (Smil 2000).

In Switzerland, 1994, both waste water and agriculture contributed one half to the total phos¬

phorus input to the hydrosphere (Siegrist and Boiler 1997). About 12 years earlier, the input

was a factor of 3.5 higher due to phosphate containing detergents. The use of such detergents

is now prohibited in Switzerland, nevertheless, eutrophication of lakes remains a problem,

particularly in areas with high agricultural activity (Wehrli et al. 1997).

Potassium

Potassium is the third major nutrient in crop production. Contrary to nitrogen and phosphorus,

potassium losses from agriculture do not seem to have any major impacts on the environment.

Similar to phosphorus, potassium is a limited resource. However, mineral resources of potas¬

sium are still abundant and may last for several centuries (US Geological Survey 2000).

Although the product itself is not very harmful, potassium production can have high impacts

on the environment. Potassium mining produces waste water with high salt concentrations

which can severely pollute the regional hydrosphere. The energy consumption for production,

4



Introduction

transport and spreading of potassium fertilisers used in Germany, is about 12.6 GJ/t K. Since

mineral potassium is mined in Germany, the energy consumption for transport is very low

(Patyk and Reinhardt 1997).

ALTERNATIVE WASTE WATER MANAGEMENT

In Switzerland as in most industrialised countries, present day urban water management

highly fulfils its tasks of supplying fresh water and preventing the spread of waterborne

diseases. Since the goal of this water management system was to guarantee urban hygiene and

supply fresh water, the pollution of receiving water bodies was initially neglected (Harremoës

1999). Today, high amounts of resources are necessary to maintain sophisticated waste water

treatment technologies for preventing eutrophication and ecotoxicological effects (Larsen and

Gujer 1997). However, recent research has shown that the centralised treatment of mixed

waste water cannot deal with all occurring pollutants. Particulary micropollutants such as

pharmaceuticals are poorly eliminated in waste water treatment plants (Ternes 1998).

The system of flushing human wastes out of town and treating them in a centralised sewage

plant is inadequate for many developing countries (SIDA 1998). Water resources are mostly

too scarce to be used for flushing human wastes and the costs for energy and infrastructure

exceed the capabilities of many cities. Valuable nutrients are lost to receiving waters and to

the atmosphere, or may even cause eutrophication if waste water is treated inadequately.

These critical points not only apply to poor developing countries but also to many regions and

cities in Europe and North America.

Alternatives to the urban waste water system are being discussed for some years now (Henze

et al. 1997). Waste water is not only considered as a pollutant and possible health risk

anymore but also as a nutrient source. Various waste water fractions can be defined according

to their nutrient concentration (Table 1), health risk and water volume.

Alternative waste water management must consider the environmental and hygienic risk of the

various waste streams, but also their content of recyclable substances. An optimal waste

management will be based on the concepts of source control and waste design. This requires

that industry, consumers and waste treatment facilities co-ordinate their services and goods

(Larsen and Gujer 2001, Otterpohl et al. 1999).

Table 1 Sources of nutrients in household waste water. See Appendix 1 for further data.

Urine Faeces Grey water
(1)

[g/p/d] [%] [g/p/d] [%] [g/p/d] [%]

Total Nitrogen 11 82 1.5 11 1.0 7

Total Phosphorus 1.0 61 0.5 30 0.15 (2) 9

Potassium 2.7 74 0.43 12 0.5 14

Total Organic Carbon 5 (3) 13 17 46 15 41

( ' Grey water: Waste water from kitchen, cleaning, bathroom

(2) Without phosphorus in detergents
<3) Does not include C from urea

References: Sundberg (1995) except for all TOC values (Haug 1996) and potassium in

urine and faeces (Ciba-Geigy 1977)
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URINE SEPARATION

One promising alternative to the current mixing of waste streams is the separate collection and

treatment of urine (Larsen et al. 2001). Urine is a highly concentrated solution containing a

most nutrients excreted by the human metabolism in only 1.25 lt./pers/d (Table 1 and Ciba

Geigy 1977). For comparison the typical daily flow to Swiss waste water treatment plants in

about 400 lt/pers/d (Gujer 2002) and the average water consumption in Swiss households is

about 160 lt./pers/d (SVGW 1998). Urine separation is actually an ancient method for gaining

fertiliser. It is still applied in many rural areas of Vietnam and China (SIDA 1998, McGarry

and Stainforth 1978). In the 1970s, urine separation was encouraged in Sweden by the

development of modern urine-separating toilets. In the beginning, urine-separating systems

were restricted to holiday houses and eco-villages, but presently, this technique is also being

tested in residential areas (Johansson 2001).

Larsen and Gujer (1996) proposed a scheme for implementing urine separation in urban areas.

They suggested to use the existing sewer for urine transport during night-time. In a special

treatment facility near the existing waste water treatment plant, urine would be collected and

conditioned for further transport and use. In this way, no separate transport system would be

required and urine separation could be introduced successively without high initial

investment. Separating urine would substantially alleviate the nutrient load to waste water.

With 75% urine diversion, biological nutrient removal in waste water treatment could become

obsolete. Additionally urine separation reduces the risk of ammonium discharges from

combined sewer overflows.

If urine is used for substituting mineral fertilisers in agriculture, the regional nitrogen cycle

will slow down and depletion of phosphate rock will decrease. In Switzerland, 2000, the total

amount of human urine could have substituted 50% nitrogen, 25% potassium and 20%

phosphorus applied as mineral fertiliser
.
These fractions would be even higher, if agricultural

nutrient demand of crops and fertiliser application were in equilibrium. In Switzerland, 1998,

agricultural input and output differed by about 50% for phosphorus and 40 % for nitrogen

(BLW 2000). The inputs were fertilisers, imported animal feed, biological nitrogen fixation

and atmospheric deposition and the outputs were various agricultural products extracted from

the soil. Since the surplus of nutrients has been steadily reduced in the last years (BLW 2000),

the fraction of mineral fertiliser that can be replaced with source-separated urine is very likely

to increase in the future.

Generally, it must be stated that such estimations vary strongly because of large uncertainties

in the underlying assumptions. For comparison Lienert et al. (2002) estimated that human

urine could substitute 37% of nitrogen, 15% of potassium and 20% of phosphorus in mineral

fertiliser.

An additional advantage of urine separation could be the specific elimination of micropol-

lutants. Many pharmaceuticals, hormones and other micropollutants are mainly excreted with

urine (Bachmann Christiansen et al. 2002, Alder 2002). Since micropollutant concentrations

in urine are much higher than in waste water the treatment of urine would be more effective.

1
Calculation based on data by BfS (2002), SBV (2001) and Chapter 3. For the population younger than 20 and

older than 65,1 assumed that the urine load per person is only 75% of the literature values.
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Introduction

Technical realisation of urine separation
Toilet, pipe system and collection tank are the three components of a urine-collecting system

in the household. Special toilets are used to separate the urine: in NoMix toilets a second drain

diverts the urine from the residual waste water to a separate collection system. Alternatively

urine can be collected in waterless urinals. Conventional urinals are not suitable, because the

urine dilution is too high. After separation in the toilet, the urine flows through a pipe into a

collection tank located in the cellar or outside the house.

Currently, urine is stored for several days in the collection tank before it is transported to a

large storage tank or to a treatment plant. In Sweden, tank trucks are used for transportation

(Johansson 2001). An interesting alternative for urban areas is the time staggered transport of

urine through the existing sewers at night (Larsen and Gujer 1996). Ongoing technological

innovation may result in far more sophisticated but applicable solutions. My thesis can hope¬

fully contribute to this development towards a sustainable management of water and nutrients.

AIM OF THIS THESIS

First experiences with NoMix toilets have shown that the blocking of pipes poses severe

problems to urine-collecting systems. While blocking can partly result from hair or bristles of

toilet brushes, inorganic precipitates seem to account for a large part of all blockages

(Hellström and Johansson 1999). Furthermore Hanaeus et al. (1997) noticed that the urine in

the collection tanks had a higher nitrogen to phosphorus fraction than fresh urine. They

concluded that phosphorus precipitates in the pipes and tanks.

Several authors (Kirchmann and Petterson 1995, Hanaeus et al. 1997) stated that the total

ammonia concentration as well as the pH increased during storage of urine due to urea degra¬

dation. High pH values foster the volatilisation of ammonia causing odour problems losses of

ammonia during handling of stored urine.

Precipitation and urea hydrolysis complicate urine collection; they may even cause substantial

losses of phosphorus and nitrogen. Both processes are only little understood. The first aim of

this thesis is therefore to describe and explain urea hydrolysis and phosphate precipitation in

urine-collecting systems. The results shall be used to predict the conversion of nitrogen and

phosphorus compounds and to evaluate the risk of blockages.

The second aim of this work is to examine a method for stabilising ammonia nitrogen in

hydrolysed urine. One requirement is that the treatment requires only small amounts of chemi¬

cal resources and does not consume large amounts of energy. Another requirement is minimal

process control, so that the method can be applied in small facilities. I have chosen bacterial

nitrification without acid or base addition as treatment method for closer investigation.

In this thesis, I focus on the fate of phosphorus and nitrogen in source-separated urine. Results

from experiments and simulations are presented in the Chapters 1 to 4. These chapters have

been submitted as papers to scientific journals. In Chapter 5,1 discuss the fate of phosphorus,

nitrogen and other major urine compounds based on my results and literature data. Finally, in

Chapter 6, I give a short overview of recovery options for phosphorus and nitrogen from

source-separated urine.
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Biologically Induced Precipitation in

Urine-Collecting Systems

KAI M. UDERT, TOVE A. LARSEN, WILLI GUJER

Abstract

Precipitation in urine-separating toilets (NoMix toilets), waterless urinals, and conventional

urinals causes severe maintenance problems. Additionally, the partial fixation of nutrients in

precipitates may affect the later use and treatment of source-separated urine. The goal of

this study was to characterise the mineral composition of the precipitates and to identify the

main causes for precipitation. X-ray diffraction analysis showed that the main crystalline

compounds are struvite, hydroxyapatite, and calcite. We measured concentrations in the

solutions of the traps and of the urine collection tank for estimating saturation indices,

extent of urea degradation, urine dilution, and elimination of solutes. Our results indicate

that bacterial urea degradation triggers precipitation. The composition of the precipitates

depends on the urine dilution with flushing water: in low diluted urine, struvite is the main

compound, while calcite dominates in systems with high urine dilution. HAP occurs over a

wide range of dilution factors. A high fraction of phosphate is incorporated into the

precipitates. Dilution with tap water increases this fraction by providing the limiting

calcium and magnesium ions. Currently, constructing exchangeable traps seems to be the

best solution to deal with problematic precipitation.

Keywords
Urine separation, NoMix, Struvite, Hydroxyapatite, Blockages, Ureolysis

INTRODUCTION

Waste design is one approach for dealing with the enhanced demands on urban water

management. A promising first step is urine separation, which has been extensively discussed

in literature (e.g. Larsen et al. 2001). Urine can be collected in urine separating toilets (NoMix

toilets) or in urinals. Both systems exist with and without water flushing.

First experiences with urine-collecting systems indicate that blocking of pipes poses severe

problems. Swedish investigations showed that 96% of the NoMix toilets had blocked traps

after less than 4000 usages. While stuck hair or bristles of toilet brushes accounted for a large

part of the blockages, inorganic precipitates also occurred causing hard to clean blockages.

The inorganic precipitates consisted of phosphorus, magnesium, calcium, and copper where

copper pipes were used (Hellström and Johansson 1999, Jönsson et al. 1999).

Pipe blocking is a serious obstacle to urine-collecting systems and precipitation influences the

nutrient content of source-separated urine, and therefore affects its later use, e.g. as fertiliser in

agriculture. The present study aimed at identifying the inorganic precipitates in NoMix toilets

and various urinals and at assessing the causes of precipitation.
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MATERIALS AND METHODS

We investigated precipitation in one NoMix toilet, two waterless urinals, and one conven¬

tional urinal. The NoMix toilet was a type DS from Wost Man Ecology AB (Saltsjö-Boo,

Sweden). The inner diameter of the pipe to the collection tank was 25 mm and the inner

diameter of the trap - a plastic tube - 20 mm. The pipe was made of PVC and the tank of PE.

A substantial part of the flushing water was diverted to the sewer by a magnetic valve

installed just in front of the collection tank and connected to the flushing button. The retention

time in the NoMix tank was at least three weeks. The waterless urinals were produced by

Urimat AG (Tann-Rüti, Switzerland). The stench trap insert (later only called "trap") worked

mechanically and needed no sealing liquid, so that the urine was neither mixed with water nor

organic solutions. No cleaning agents were used in the NoMix toilet and in the waterless

urinals. The conventional urinal had a Geberit water trap (Art. No. 152.936.11.1, Geberit AG,

Jona, Switzerland). The average amount of flushing water was 4 litre per flush.

We took solid samples in all traps. Additionally, we took solid samples in the NoMix tank and

in a horizontal section of the NoMix pipe. The samples were analysed with x-ray diffraction

(XRD) within one week after collection. X-ray diffraction analyses were done at the Institute

for Clinical Chemistry (IKC), University of Zurich, with a Guinier System 600 from Huber

GmbH (Rimsting, Germany). The x-ray films were analysed by qualitative visual densito¬

metry, which enables one to detect up to four crystalline minerals. The weight fractions of the

minerals could be approximated. We also digested dried and stored samples with 1 molar

chloric acid. After digestion we analysed the liquids for dissolved precipitate components with

the methods described below.

We took at least three liquid samples in all traps and in the NoMix tank. They were filtrated

with 0.45 um cellulose nitrate filters. The IKC (IKC 1997) analysed urea, orthophosphate,

calcium, magnesium, oxalate, and citrate. The remaining parameters were analysed at

EAWAG: total ammonia with flow injection analysis (reaction with bromocresol purple);

sodium and potassium with ICP-OES; total carbonate with a TOC analyser; chloride and

sulphate with IC; COD photometrically with HACH test tubes; and pH with a pH electrode.

We confirmed all analysis done at EAWAG, except pH, with recovery tests (Funk et al. 1985).

CALCULATIONS

Saturation Index SI

Precipitation of a mineral is only possible, if its ion activity product (IAP) is higher than the

solubility product (Ksp). The Ksp values for calcite, hydroxyapatite (HAP), and struvite at

25°C are given below:

{Ca2+}{C032"} = 10
"848 molM"2 Stumm and Morgan (1996)

{Ca2+}5-{P043"}3-{OH-} = 10
"575 rnofV Elliott (1994)

{Mg2+}-{NH4+}-{P043"} = 10-1315 mol3-!"3 Taylor et al. (1963)
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1. Biologically Induced Precipitation in Urine-Collecting Systems

The saturation index SI is a direct measure for assessing whether a mineral will precipitate or

dissolve:

qt i
IAP

Ksp

If SI is positive, the solution is supersaturated, and only then the mineral can precipitate.

However, whether a mineral actually precipitates from a supersaturated solution, and how fast,

depends on kinetic factors such as activation energy barriers, nucleation seeds, or inhibitors

(Stumm 1992).

We estimated the Si's in this paper with a computer model presented elsewhere (Udert et al.

2003b). This model is based on equilibrium calculations. It considers acid and base reactions,

and complex formation.

Estimation of dilution factors

We determined dilution factors for assessing how dilution influences the composition of

precipitates. Furthermore, they enabled us to estimate the initial concentrations in the samples.

The following equation was used for calculating the dilution factors

dilution factor = -^L_ =

C
urine

' Ctapwater
V c c
v urine ^sample ^tapwater

Vtot: total sample volume [ml]

Vunne: urine volume in sample [ml]

Cunne: tracer concentration in urine (literature value) [molT1]

Csampie: tracer concentration in sample [molT1]

Ctap water: tracer concentration in tap water [molT1]

We used potassium, sodium, and chloride as conservative tracers, although all three

substances get sparsely incorporated in HAP (LeGeros 1994). Since the incorporation is

marginal compared with the high concentrations in urine, we neglected this effect.

Values for the concentrations in urine were taken from literature (Udert et al. 2003b), while

the concentrations in flushing water were derived from measurements in five independent

samples (Udert et al. 2003b). The flushing water was of medium hardness and corresponded

to typical tap water of the Swiss Midlands. We measured the values for the mixed solutions in

liquid samples taken at the same locations as the corresponding solid samples. We calculated

average values from at least three samples.

Further calculations

We estimated the fraction of degraded urea in the different toilet systems by comparing the

fraction of urea to ammonia in the measured sample with the theoretical value in undiluted

fresh urine. The loss of soluble nutrients was calculated by comparing the estimated initial

concentrations with the measured concentrations in the samples.
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RESULTS AND DISCUSSION

Appearance of precipitates
Most precipitates found in the toilets were hard scales or compact solids with low water

content. However, we found different kinds of precipitates in the NoMix tank: hard scales

attached to the tank walls, and a viscous sludge on the bottom of the tank (urine sludge).

Measurements of the solid fraction in the urine sludge showed a high content of COD, about

0.18 gCOD/gTSS. Since we found no significant amount of urea hydrolysing bacteria in the

urine sludge, we assumed that the COD mostly consisted of coagulated and precipitated

substances (Udert et al. 2003c). In this paper, all data of solid samples in the NoMix tank refer

to urine sludge.

Composition of solids

The crystalline composition of the precipitates, determined with XRD, is shown in Figure 1.

We subdivided the weight fraction into four units: no (<10%), low (10-25%), medium (30-

65%), and high weight fraction (>70%). No other minerals than calcite (CaCOs), hydroxy¬

apatite (HAP, Ca5(P04)3(OH)) and struvite (MgNH4P04-6 H20) could be detected. While the

precipitates in the samples of the conventional urinal consisted only of calcite, samples from

the NoMix tank and the waterless trap comprised only little calcite but high amounts of

struvite. HAP was found in all samples except for the conventional urinal. We used digestion

analyses for validating these results. Since they were very similar to the XRD analyses (Figure

1), we consider the semi-quantitative results from the XRD measurements reliable.

Dilution and precipitate composition

The calculated dilution factors (Figure 2) showed high variances. Especially the dilution in the

traps of the NoMix toilet and the conventional urinal had wide 95% confidence intervals. The

reasons are manifold: urine concentration and volume vary with users and daytime. Further¬

more, the amount of flushing water depends on the number and volume of flushes.

Calcite EHAP 1 Struvite

high

c

o

% medium

'qj
5 low

no

Conven- Trap Pipe Tank Water-

tional NoMix NoMix NoMix less

100

2-^ 80
c

o

o
(0

60

g> 40

20

Trap
NoMix

Pipe
NoMix

Tank

NoMix

Figure 1 Left: Average weight fractions of the precipitates as measured with XRD. Number of samples:
conventional: 2; trap NoMix: 2; pipe NoMix: 6; tank NoMix: 5; waterless: 11 from two different traps.

Right: Weight fractions of the precipitates according to the digestion measurements
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Figure 2 Average dilution factors. Bars represent 95% confidence intervals calculated with linear error

propagation

The dilution factors in the waterless urinal and in the NoMix tank had smaller variances. In

the waterless urinal urine is not flushed and in the NoMix tank the retention time settles the

variations.

The comparison of the weight fractions in the precipitates (Figure 1) and the estimated dilu¬

tion factors (Figure 2) showed that struvite occurs in less diluted urine while calcite precipi¬

tates at higher dilution factors. We found HAP over a wide range of dilution factors except for

very high dilutions such as in the conventional urinal.

Effect of ureolysis on precipitation
Urea, present in high concentrations in the urine, can decay into ammonia and bicarbonate,

accompanied by an increase of pH:

NH2(CO)NH2 +2H20->NH3 + NH4 +HCO3

This urea hydrolysis - also called ureolysis - is mainly catalysed by the enzyme urease.

Nonenzymatic urea hydrolysis is negligible, because the half-life time is 3.6 years at 38°C

(Andrews et al. 1984). Urease-positive bacteria will always be present in toilet systems, since

they are found in the soil and in aquatic systems, but also in the human intestinals and in

infected urinary tracts (Mobley and Hausinger 1989).

The estimated fraction of hydrolysed urea were 43, 60, 92, and 34 % for the conventional trap,

NoMix trap, NoMix tank, and waterless trap respectively. All toilets were therefore colonised

with urease-positive bacteria.

The increase of pH and ammonia concentration by ureolysis promotes HAP formation and

enables the precipitation of struvite and calcite. The influence of ureolysis on precipitation can

be seen from the comparison of actual SI and hypothetical SI without precipitation (Figure 3).

Three situations are represented:

1. saturation in initial samples before precipitation and ureolysis have started

2. saturation after the estimated amount of urea has been hydrolysed but without considering

precipitation

3. actual saturation in the analysed samples

We estimated the hypothetical concentrations in 1 and 2 using the dilution factors.
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D No precipitation, no ureolysis 0 No precipitation, with ureolysis Measured

Calcite HAP Struvite

M

Conven- Trap Tank Water-

tional NoMix NoMix less

Conven- Trap Tank Water-

tional NoMix NoMix less

Conven- Trap Tank Water-

tional NoMix NoMix less

Figure 3 Simulated and actual SI for calcite, HAP and struvite.

Initially, nearly all samples were undersaturated with respect to struvite and calcite. Only in

the trap of the conventional urinal, calcite supersaturation was caused by flushing water with

its high carbonate content and pH. After urea had been partially degraded, the IAP's of calcite

and struvite exceeded the solubility products in all samples except the conventional urinal,

where pH and ammonia concentration was too low for struvite supersaturation.

Contrary to struvite and calcite, HAP was already supersaturated without any urea degraded

but supersaturation increased with ureolysis and stimulated precipitation. High Si's are usually

needed for HAP precipitation because crystallisation of HAP is strongly affected by inhibitors

- e.g., citrate, magnesium, phosphate, organic macromolecules - and lattice-destabilising ions

such as carbonate (Nancollas 1984, Coe and Parks 1988). Therefore, HAP precipitation is

usually preceded by the formation of precursors that are later transformed to HAP (Nancollas

1984, Elliott 1994).

40 60

Hydrolysed urea [%]

Figure 4 Saturation indices and pH in function of ureolysis in undiluted urine. Based on a model presented in

Udert et al. (2003b)
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1. Biologically Induced Precipitation in Urine-Collecting Systems

To sum up, microbial ureolysis triggered the precipitation of struvite, calcite and HAP in

almost all samples.

We also simulated the minimum percentage of hydrolysed urea necessary for a significant

increase in pH and thus in SI (Figure 4). Only about 2.5% ureolysis is necessary for reaching

the saturation limit of struvite. After 20% of the urea was hydrolysed, the maximal supersatu¬

ration for all three minerals was reached. With ongoing ureolysis HAP supersaturation

decreased again because ofpH dependent complexation reactions.

Loss of soluble substances

A high fraction of soluble phosphate was incorporated into solids in the NoMix trap and tank

(Figure 5). In the waterless urinal less phosphate precipitated, about 20% of the initial phos¬

phate. Since phosphate is eliminated by precipitation of struvite and HAP, calcium and

magnesium were the limiting factors for the loss of phosphate. Consequently, we expect the

percentage of eliminated soluble phosphate to increase with the addition of calcium and

magnesium from flushing water. This conclusion is supported by the measurements in the low

diluted samples, but disagrees with the finding that no calcium, magnesium, or phosphate was

eliminated in the sample of the conventional toilet (Figure 5). The reason for the discrepancy

are kinetics: low supersaturations in the conventional toilet enable only slow precipitation, if

the activation energy barrier can be surmounted at all (Udert et al. 2003c).

While a significant part of the phosphate can be fixed in solids, precipitation hardly reduces

the concentration of soluble ammonia. Considering the stoichiometry of struvite, not more

than 0.6%) of the total amount of ammonia after ureolysis will have precipitated.

How to deal with problematic precipitation?
Hard scale precipitation can lead to blockages of toilets and are therefore problematic for the

introduction of NoMix toilets and water saving urinals. Urine sludge will not accumulate

since it can be easily pumped after mixing with the urine solution (Johansson 2001). Different

solutions have been proposed for dealing with precipitation in concentrated urine solutions.

iä Conventional D Trap NoMix M Tank NoMix Waterless

Calcium Magnesium Phosphate

Figure 5 Solute loss based on estimated initial concentrations and measured actual concentrations
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Cleaning ofpipes and traps. Stratful et al. (2001) cite techniques for cleaning struvite depo¬

sition in WWTP: removal by mechanical devices, jet washing, heat treating, and acid

washing. Cleaning of blockages in NoMix toilets has been investigated by different authors.

Usual blockages with hair, bristles, and other organic compounds were easily cleaned with

mechanical devices. For the efficient cleaning of inorganic precipitates, best results are

achieved with caustic soda, although large amounts of water were required for flushing. Acids

were also tested, but they attacked metal oxides that had formed on the copper pipes

(Johansson 2001, Lindgren 1999). However, the inconvenience of removing blockages highly

impedes the acceptance of urine separation technology.

Preventing precipitation. In different fields, phosphate precipitation poses a problem. Stratful

et al. (2001) and Wild (1997) reviewed several techniques for preventing phosphorus precipi¬

tation in WWTP: application of electromagnetic fields, dilution, addition of ferric chloride to

bind phosphates, pH reduction, or changes in design such as removing areas with high turbi¬

dity to reduce CO2 degassing. Moreover, in medicine and agriculture, urease inhibitors have

been tested. The efficiency of the inhibitors was usually low and negative side effects on

humans and on the environment have been reported, although research on urease inhibitors is

in progress (Benini et al. 1999). In the field of urine separation, Hellström et al. (1999)

prevented urea hydrolysis in stored source-separated urine by lowering the pH with sulphuric

acid. Another approach is the prevention of biofilm formation on pipe walls. Moriyama et al.

(1998) reduced the formation of urinal's scales by using ceramics with silver-doped glazes that

reject bacteria. A promising approach could be surfaces with microstructures that repel water

and organics, the so-called lotus-effect (Barthlott and Neinhuis 1997). A lot of industrial

research is done in constructing traps and pipes of water flushed urinals. Hydraulic conditions

in traps and pipes highly influence the risk of blockages, so that changes in the trap layout and

pipe conduit can highly diminish the formation and agglomeration of precipitates.

Controlledprecipitation. Since most cleaning and prevention techniques are delicate (e.g. use

of hazardous substances such as strong acids and bases or silver ions) or too large-scale and

lavish for urinals and NoMix toilets, another promising approach could be the control of

precipitation. Precipitates can be collected in the trap or in a special reservoir, which is

exchanged and emptied periodically. Presently, some waterless urinals have exchangeable

traps, which are usually disposed off after usage. However, recycling of precipitated nutrients

could be a future alternative. Struvite and HAP may be good slow release fertilisers at least on

acid soils. Though, little research has been done on struvite fertilisers and opinions on the

merits of apatites differ widely (CEEP 2001b, UNIDO 1998).
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CONCLUSIONS

Precipitation occurs in waterless urinals, NoMix systems, and conventional urinals. By

blocking traps and pipes, precipitates diminish the functionality and comfort of toilets. Addi¬

tionally, soluble phosphate becomes fixed in solids.

The precipitates investigated consisted of struvite, HAP, and calcite. Microbial ureolysis is the

main cause for precipitation with rising pH and release of ammonia and carbonate. Ureolysis

is catalysed by the enzyme urease. Since urease-positive bacteria are ubiquitous their colo¬

nising of toilets is nearly inevitable.

Dilution with tap water affects the composition of precipitates. While struvite occurs in less

diluted urine, calcite is found in systems with high urine dilution. HAP precipitates over a

wide range of dilution factors but is more frequent in less diluted urine.

While only a minor part of ammonia is incorporated into precipitates, i.e. struvite, a large

fraction of soluble phosphate may be eliminated through struvite and HAP precipitation. The

elimination of soluble phosphate is limited by the amount of magnesium and calcium ions

available for precipitation. Therefore, the fraction of eliminated phosphate increases when

urine is diluted with tap water. Whether phosphate fixation impedes the later treatment and

use of source-separated urine, depends on the availability of phosphate from struvite and

HAP.

Several suggestions have been made to remove struvite and HAP scales and prevent their

precipitation. Currently, construction of traps, which can easily be exchanged, seems to be the

most favourable. However, ongoing research may provide better solutions.
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Estimating the Precipitation Potential in

Urine-Collecting Systems

KAI M. UDERT, TOVE A. LARSEN, WILLI GUJER

Abstract

Precipitation in urine-separating toilets (NoMix toilets) and waterless urinals causes severe

maintenance problems and can strongly reduce the content of soluble phosphate. In this

study, we present a computer model for estimating the precipitation potential PP in urine-

collecting systems. Calculating the PP enables one to predict the composition and mass

concentration of precipitates. We used our computer model for investigating how urea

hydrolysis and dilution with flushing water affect precipitation. In a previous study, we

found that microbial urea hydrolysis (ureolysis) triggers precipitation and that the amount of

precipitates is limited by calcium and magnesium. With the present simulations, we could

confirm this findings. We determined that only a small fraction of urea has to be hydrolysed

for reaching 95% of the maximum PP. Since urease-positive bacteria are abundant in urine-

collecting systems, strong precipitation is very likely. In further simulations, we determined

that struvite (MgNH4P04-6 H20) and hydroxyapatite (HAP, Cai0(PO4)6(OH)2) are the main

precipitate compounds. If urine is highly diluted with tap water, calcite (CaC03) occurs as

well. HAP is the only calcium phosphate mineral, although several others were

supersaturated. Additionally, the simulations indicated that urine dilution diminishes the risk

of blockages, since the mass concentration of precipitates decreases with the volume of

flushing water. Rainwater flushing is more effective than flushing with tap water. Moreover,

flushing with tap water leads to high phosphate fixation, because the total amount of

calcium and magnesium ions increases, while the total amount of phosphate keeps constant.

Finally, we compared simulation results with field measurements and found good agreement

at low and very high urine dilution.
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INTRODUCTION

Urine contributes by far most nutrients to waste water, and contains most micropollutants
excreted from human metabolism. Therefore, separate collection and treatment of urine is a

possible way to cope with today's challenges in waste water management (Larsen et al. 2001).

Urine-separating toilets (NoMix toilets) and waterless urinals are used for collecting low

diluted urine. First experiences with urine-collecting systems showed that blockages caused

by mineral precipitation are a major maintenance problem (Udert et al. 2003a). Precipitation
occurred in traps, connecting pipes, and storage tanks. Apart from causing blockages,

precipitation restricts the later treatment and use of source-separated urine, as phosphate is

incorporated in solids (Udert et al. 2003a).

Investigations on running systems and laboratory experiments showed that enzymatic urea

hydrolysis (ureolysis) triggers precipitation (Udert et al. 2003a, 2003c). Bacteria that produce
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the urea hydrolysing enzyme urease are ubiquitous (Mobley and Hausinger 1989). They also

colonise urine-collecting systems (Udert et al. 2003c).

Urease decomposes urea into ammonia and bicarbonate causing a pH increase

NH2 (CO)NH2 + 2 H20 -> NH3 + NH^ + HCO' (1)

The release of ammonia and bicarbonate, as well as the pH increase, promotes precipitation.

In field measurements we identified struvite, calcite, and hydroxyapatite (HAP) as precipitate

compounds. Ureolysis is the initial trigger for precipitation, but dilution with flushing water

determines the precipitate composition (Udert et al. 2003a).

In the present work, we set up a computer model for simulating how ureolysis, urine dilution,

and flushing water characteristics influence precipitation in urine-collecting systems. As indi¬

cator, we used the precipitation potential PP. Loewenthal et al. (1994) defined the PP as mass

concentration of the mineral that will precipitate from solution to establish an equilibrium

state between species in aqueous and solid phases. Accordingly, if several minerals precipi¬

tate, their overall mass concentration is the total PP. Calculating the PP enables one to predict

the composition and mass concentration of precipitates.

Another way for assessing precipitation risks is determining the mineral saturation. Precipita¬

tion is only possible if a solution is supersaturated with respect to a mineral. Thermodyna-

mically, supersaturation means that the mineral's ion activity product (IAP) exceeds the

solubility product (Ksp) (Stumm 1992). An often used indicator is the saturation index SI

(Allison et al., 1991).

Several computer models can calculate the mineral saturation, e.g. MINTEQA2 (Allison et al.

1991) for geochemical problems, or EQUIL93 (Brown et al. 1994) for evaluating urinary

stone risks. However, estimating the saturation is only of limited use for assessing the risk of

precipitation. Not all supersaturated minerals will actually precipitate and the degree of satu¬

ration is not directly related to the expected amount of precipitates.

The PP is the final mass concentration of precipitates at solid-solute phase equilibrium.

However, kinetic factors such as activation energy barriers, nucleation seeds, or inhibitors

determine outset and velocity of precipitation (Stumm 1992). Therefore, fresh precipitates

may not accord with the PP. Nevertheless, their composition and mass concentration will

converge to the PP, while the solid-solute phase equilibrium establishes.

Computer programs that can calculate PP's are available for special cases. Loewenthal et al.

(1994) presented a program for struvite precipitation in digester effluents. Ashby et al. (1999)

used a similar approach for assessing the composition of urinary stones. Several computer

programs or models are available to calculate the calcium carbonate precipitation potential

CCPP in tap water (Holm and Schock 1998, Jefferies and Comstock 2001). Minteqa2 can be

used as well for calculating mineral mass concentrations at solid-solute phase equilibria.

Compared to the programs and models above our model has additional features

effects of dynamic processes such as ureolysis and carbon dioxide degasing can be

simulated

concentrations and pH of a mixed solution can be calculated

data and processes can easily be changed or added
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2. Estimating the Precipitation Potential in Urine-Collecting Systems

- no special programming skills are necessary

Musvoto et al. (2000a) have published a similar model. With it, the authors could successfully

reproduce batch aeration tests on anaerobic digester supematants (Musvoto 2000b). We will

shortly compare the two models at the end of the Model section.

MODEL

Our model basically calculates a thermodynamic equilibrium state. It considers solubility

equilibria, acid-base and complex formation reactions.

The solutes integrated in the model are urea, calcium, magnesium, potassium, sodium, ammo¬

nia, carbonate, phosphate, sulphate, chloride, citrate, oxalate, protons, and hydroxylions, their

Table 1 Acid-base and complex formation reactions of solutes. All equilibrium constants are given for 25°C

and ionic strength 1=0 molT1.

Equation pK Equation pK

H2C03 <-> HC03" + H+ 6.35
3

HC03" <-> CO32" + H+ 10.33
3

Ca2+ + Cit3" 0 CaCif -4.86
2*

Ca2+ + HC03" oCaHC03+ -1.11
3

Ca2+ + HC03" <->CaC03 + H+ 7.11
3

Ca2+ + H2P04" <-»CaH2P04+ -1.41
4

Ca2+ + H2P04" <-> CaHP04+H+ 4.49
4

Ca2+ + H2P04" <-> CaP04" +2H+ 13.09
4

Ca2+ + Ox2" <-> CaOx -2.42
2*

Ca2+ + S042' <-> CaS04 -2.30
3

H2Cit" <-> HCit2' + H+ 4.78
1

HCit2" <-> Cit3" + H+ 6.40
1

H20 <-> OH" + H+ 14.00
3

K+ + Cit3" <H> KCit2" -0.59
2

K+ + Ox2" <-> KOx' -0.91
2»

K+ + H2P04" O' KH2P04 -0.23
2

K+ + H2P04" <->KHP04" + H+ 6.12
4

K+ + S042" <-> KS04" -0.85
3

Mg2+ + HC03" oMgHC03+ -1.07
3

Mg2+ + HC03" O MgC03 + H+ 7.35
3

Mg2+ + Cit3" <r> MgCit" -4.71
2*

Mg2+ + Ox2" <-» MeOx -3.14
2»

Mg2 + H2P04" <-> MgH2P04

Mg2+ + H2P04" <-> MgHP04 + H+

Mg2+ + H2P04" <-> MgP04" +2 H+

Mg2+ + S042" <H> MgS04

Na+ + HC03" <-> NaHC03

Na+ + C032" <->NaC03"

Na+ + Cit3" <-> NaCit2"

Na+ + H2P04' <-> NaH2P04

2 Na+ + H2P04" <-> Na2HP04 +H+

Na+ + H2P04" <-> NaHP04" + H+

Na+ + Ox2" <-> NaOx"

Na+ + S042" <-> NaS04"

NH4+ <H> NH3 + H+

NH4+ + Cit3"<^NH4Cit2'

NH4+ + Ox2" <-> NH4Ox"

NH4+ + H2P04" <H>NH4H2P04

NH4+ + HP042" <H>NH4HP04"

NH4+ + SO42" <-» NH4S04"

HOx" <-> Ox2" + H+

H2P04" <H> HP042" + H+

HP042" O P043" + H+

-1.51
4

4.3
4

12.96
4*

-2.37
3

0.25
3

-1.27
3

-0.3
2*

-0.25
2

6.11
2

6.01
4

-0.9
'

-0.70
3

9.24
'

-1.6
>*

-0.9
'

-0.1
'*

-1.3
'*

-1.03
'

4.25
2*

7.21
4

12.35
4

References: '
Martell et al. (1997),2 Pettit and Powell (1997),3 Stumm and Morgan (1996),

4
Viellard and Tardy (1984)

Values marked with an asterisk *
were adjusted for ionic strength using the Davies approximation or for

temperature using the van't Hoff equation.
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Table 2 Solubility constants for amorphous calcium phosphate (ACP), calcite, dicalcium phosphate anhydride

(DCPA), dicalcium phosphate dihydrate (DCPD), hydroxyapatite (HAP), octacalcium phosphate

(OCP), struvite, and tricalcium phosphate (TCP). All solubility constants are given for 25°C and ionic

strength 1=0 molT1.

Equation pKs
sp

Reference

ACP <-> 3 Ca2+ + 2 P043"

Calcite <-> Ca2+ + C032"

DCPA <-> Ca2+ + HP042"

DCPD <h> Ca2+ + HP042'

HAP ++ 5 Ca2+ + 3 P043" + OH"

OCP <-> 4 Ca2+ + 3 P043" + H+

Struvite <-> Mg2+ + NH4+ + P043

TCP <-> 3 Ca2+ + 2 P043"

24.69 Madsen et al. (1991) constant given for 40°C

8.48 Stumm and Morgan (1996)

6.9 McDowell et al. (1977) cited in Nancollas (1984)

6.6 Patel et al. (1974) cited in Nancollas (1984)

57.5 Chander and Fuerstenau (1984) cited in Elliot (1994)

48.4 Tung et al (1988) cited in Elliot (1994)

13.15 Taylor et al. (1963) cited in Viellard und Tardy (1984)

28.92 Gregory et al. (1974) cited in Nancollas (1984)

species and complexes. The modelled solids are amorphous calcium phosphate (ACP,

Ca3(PÛ4)2), dicalcium phosphate anhydride (DCPA, CaHP04), dicalcium phosphate dihydrate

(DCPD, CaHP04-2H20), hydroxyapatite (HAP, Cai0(PO4)6(OH)2), octacalcium phosphate

(OCP, Ca8H2(P04)6-5H20), tricalcium phosphate (TCP, Ca3(P04)2), calcite (CaC03), and

struvite (MgNH4P04-6H20). Struvite, calcite, and HAP are the identified compounds of

precipitates in urine-collecting systems (Udert et al. 2003a). ACP, DCPA, DCPD, OCP, HAP

and TCP are minerals known to precipitate from natural calcium phosphate solutions

(Nancollas and Zhang 1994). Especially ACP, OCP and DCPD are known to be precursors of

HAP (Elliot 1994). All thermodynamic equilibria are presented in Table 1 and 2. We collected

the solute equilibrium constants from data compilations of Martell et al. (1997), Pettit and

Powell (1997), Stumm and Morgan (1996), and Viellard and Tardy (1984). We searched these

databases for complexes formed by the solutes listed above. We did not distinguish between

ion pairs (outer-sphere complexes) and inner-sphere complexes (Stumm and Morgan 1996),

because the difference in their properties is irrelevant for our model calculations.

A first model version comprised all complexes found. For the final version, we simulated

precipitation in undiluted urine and selected those complexes which bound at least 1 %o of any

solute. For the solubility constants we chose values, which we assumed to be most reliable

(Table 2). However, literature values can vary widely, especially for ACP. All equilibrium

constants are given for 25 °C. Temperature adjustment is not provided.

We implemented the model in the simulation environment Aquasim version 2.0 (Reichert

1998). Aquasim is a computer program for identifying and simulating aquatic systems. It

solves nonlinear differential equations numerically (Reichert 1994). In our model, we formu¬

lated thermodynamic equilibria using the dynamic approach presented by Reichert et al.

(2001). As an example, Equation 2 shows the rate expression for the carbonate/bicarbonate

equilibrium
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2. Estimating the Precipitation Potential in Urine-Collecting Systems

rC03 - _rHC03 - keq C03 " \ShC03 ' ^Al ~ $003 ' ^A2 " ^proton 'fAl" 10 C°3 j (2)

rco3 rate of carbonate formation

[moiled"1]
TH0C3: rate of bicarbonate formation

[mol-r'-d"1]

keqco3: rate constant for carbonate/bicarbonate equilibrium

Ed"1]
fAi : activity coefficient for ions with charge 1 [-]

f^: activity coefficient for ions with charge 2 [-]

This approach is an alternative to the classical kinetic procedure, in which thermodynamic

equilibria are simulated with forward and reverse reactions (Musvoto et al. 2000a).

So far, we simulated all equilibria including solid-solute equilibria with the approach by

Reichert et al. (2001). However, we had to adapt the rate term for the solid-solute equilibria to

prevent the release of solutes when the precipitate concentration is zero. This was necessary,

because solids conventionally have the activity 1 (Stumm and Morgan 1996) and therefore do

not enter the rate term presented in Equation 2. Hence, we extended the process rates of solid-

solute equilibria with switching functions. Equation 3 describes the solid-solute equilibrium
of calcite

rCalcite=-keqcalcite-(l-Sca^^ (3)

rx calcite rate of calcite formation [molT'-d"1]

keq caicrte: rate constant for calcite equilibrium [d"1]

sign(x): returns the sign ofx (-1,0,+1) [-]

SI calcite: saturation index of calcite [-]

Xcaicite^ mass concentration of calcite in [molT1]

A mineral's PP corresponds to its mass concentration [g-m"3] at solid-solute phase equilibrium.
The total PP is the sum of the PP's of all minerals.

To determine the saturation of the minerals, the model calculates the saturation index SI. It is

given by the equation (Allison et al. 1991)

SI = log10(IAP) + pKsp (4)

where IAP is the ion activity product and pKsp the negative logarithm of the solubility product

Ksp (see Table 2). A solution is supersaturated with respect to a certain mineral if SI is

positive.

Ureolysis is simulated as a process of zero order with respect to urea. The hypothetical reac¬

tion rate is several magnitudes smaller than the rates of the equilibrium reactions. In this way,

PP's and Si's can be calculated as function of hydrolysed urea.
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Table 3 Input concentrations of urine, tap water, and rainwater. The values for tap water are averages of 5

measurements. All measured values are rounded to two digits.

Urine Tap water EAWAG Rain water

Average ±SD cv%

r%i

Data range Average ±SD CV% EAWAG

r%i

Ammonia
'

Urea

Phosphate

Calcium

Magnesium

Sodium

Potassium

Carbonate
'

Sulphate

Chloride

Oxalate
'

Citrate
'

pH

Total acidity2

Ionic strength

[mol-r1] 0.034 0.010 29 - 0 - - 3.4E-05

[moll"1] 0.27 0.05 20 - 0 - - -

[moll"'] 0.024 0.003 14 - 0 - - 6.5E-08

[mol-1"1] 0.0046 0.0010 22 - 0.0020 0.0009 5 2.3E-05

[moll"1] 0.0039 0.0008 21 - 4.0E-04 0.2E-04 5 6.6E-06

[mol-1"1] 0.12 - - 0.076 0.25 3.0E-04 0.1E-04 3 7.0E-06

[moll"1] 0.056 - - 0.032 - 0.080 5.0E-05 0.5E-05 10 2.6E-06

[mol-1"1] 0 - - - 0.0032 0.0002 6 1.2E-05

[moll"1] 0.016 0.005 29 - 1.9E-04 0.02E-04 0.8 3.4E-05

[mol-1"1] 0.11 - - 0.064 0.22 2.7E-04 0.04E-04 1.6 2.4E-05

[mol-1"1] 2.3E-04 0.6E-04 26 7.0E-05 - 4.2E-04 0 - - -

[moll"1] 0.0026 0.0010 38 1.7E-04 - 0.007 0 - - -

[-] 6.2 0.5 8 - 7.5 0.1 1.9 4.5

[moll"1] 0.0748 - - - 0.00338 - - 9.0E-05

[moll"1] 0.206 - - - 0.00671 - - 1.8E-04

Including all system species, e.g. in this table carbonate includes [H2C03*], [HC03"] and [C03 ']

Estimated with Aquasim

References for urine

Most values found in Ciba-Geigy (1977)

Some values were calculated bv assuming an average urine volume of 1.25 1-pers" d"
.

Phosphate Hesse and Bach (1982)

Carbonate zero assumed, because usually bicarbonate is negligible in urine (Ciba-Geigy, 1977)

Sulphate Hesse and Bach (1982)

References for rain water

All values from Zobrist (1985) except for carbonate

Carbonate calculated for a C02 partial pressure of 0.000355 atm and KH = 0.034 molT'-atm"1

(Stumm and Morgan, 1996)

For considering ion activity coefficients, we use the Davies approximation of the Debye-

Hiickel equation as cited by Stumm and Morgan (1996). The authors stated that this approxi¬

mation is applicable for ionic strengths lower than 0.5 molT1. This value is reached in

undiluted urine after ureolysis. Other authors, e.g. Pitzer (1979), set the application limit to

0.1 moll"
. Therefore, the Davies approximation may only give a rough estimation of the

activity coefficients in low diluted urine. However, errors in ionic strength correction are of

secondary importance compared to the uncertainties of equilibrium constants.

Input parameters are the total concentrations of urea, calcium, magnesium, potassium, sodium,

ammonium, carbonate, phosphate, sulphate, chloride, citrate, oxalate, and pH. Before simu¬

lation, two parameter values have to be calculated: initial ionic strength and total acidity. The

total acidity is the amount of protons present in the solution as free ions or bound in solute
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2. Estimating the Precipitation Potential in Urine-Collecting Systems

species. E.g. H2P04_ contains two protons, NH4+ one proton, which is available under normal

conditions. The total acidity is necessary to calculate solute speciation in solution mixtures.

The target value for estimating the total acidity is the initial pH. We used the simplex algo¬

rithm integrated in Aquasim to estimate total acidity and initial ionic strength.

Input concentrations for urine, tap water, and rainwater are listed in Table 3. The tap water is

of medium hardness. We calculated the input parameters, total acidity and initial ionic

strength of mixed solutions as follows

^mixture —
JM .. 7 7 ^urine "•"v*— ... . Z

"

/''-'water v-5)
dilution factor dilution factor

dilution factor = -^- (6)
V

•

T
urine

As already mentioned above, Musvoto et al. (2000a) have set up a similar model and success¬

fully applied it for simulating batch experiments with anaerobic digester supernatant

(Musvoto et al. 2000b). The authors also used a kinetic approach for simulating chemical

equilibria, and implemented the model in the simulation environment Aquasim. While the

basic approach is the same, major differences exist in the selection of equilibria, in the

formulation of rate equations for solute and solid-solute equilibria, and in the calculation of

the initial state. Similarly to Musvoto et al. we later enhanced our model with dynamic

processes to simulate batch experiments (Udert et al. 2003c).

MATERIALS AND METHODS

We took samples of precipitates and waste water in one NoMix toilet (Type DS, Wost Man

Ecology AB, Saltsjö-Boo, Sweden), two waterless toilets (Urimat AG, Tann-Rüti, Switzer¬

land), and one conventional urinal (trap from Geberit AG, Jona, Switzerland, Art. No.

152.936.11.1). The pipe of the NoMix system between toilet and collection tank had a length

of 4.0 m, of which about 2.0 m were nearly horizontal. The inner diameter of the pipe and trap

was 25 and 20 mm, respectively. The urine retention time in the collection tank was at least 3

weeks. The traps of the waterless urinals worked without sealing liquid. No detergents were

used for cleaning the NoMix toilet and the waterless urinals.

Solid samples were analysed with X-ray diffraction (XRD) within one week after collection

[Institute for Clinical Chemistry (IKC), University of Zurich, with a Guinier System 600 from

Huber GmbH (Rimsting, Germany)]. Qualitative visual densitometry was used to evaluate the

X-ray films. This method allows to estimate weight fractions of up to four crystalline

compounds in one sample.

We described the chemical analysis of the solutes in (Udert et al. 2003a).
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RESULTS AND DISCUSSION

Effects of flushing with tap water

Conventional and NoMix toilets are usually flushed with tap water. For our simulations, we

used tap water concentrations typical for the Swiss Midlands (Table 3). We neglected

complexation with citrate and oxalate assuming that bacteria have degraded these substances

before the solid-solute phase equilibrium is reached.

In our simulations, flushing with tap water had two effects.

1. The total amount of precipitates increased, because tap water supplied additional calcium

and magnesium (Figure 1 and Table 3). Over the whole range of simulated dilution

factors, nearly all calcium was incorporated into solids indicating that calcium was the

limiting ion for precipitation (Figure 2). Magnesium was limiting at very low dilution

factors. The elimination of phosphate increased concomitantly with the total amount of

precipitates. In our simulations, 28% of the total phosphate precipitated in undiluted urine,

but the fraction approached nearly 100% at dilution factors higher than 20. Contrary to

phosphate, ammonium precipitation was negligible. The maximum fraction of total

ammonia fixed in the precipitates, i.e. in struvite, was 1%. Total ammonia concentrations

in urine are too high and magnesium concentrations in urine and tap water are too low for

substantial ammonium precipitation.

2. In contrast to the absolute precipitate amount, the PP decreased with dilution. PP repre¬

sents the concentration of precipitates. It decreased, because the flushing water not only

supplied additional cations but also water thereby diminishing the concentration of all

compounds (Figure 1). The reduction of PP was strong at dilution factors below 18. A

further increase in the flushing water volume was only slightly effective. Between dilution

factor 18 and 100, PP dropped only by 12%.

Total Struvite HAP — — — • Calcite

1600 8000 r

10 20

Dilution factor

30 10 20

Dilution factor

Figure 1 Precipitates in urine diluted with tap water PP per volume mixed solution (left), and total amount of

solids from one litre urine (right)
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Figure 2 Fraction of solutes eliminated by precipitation in urine diluted with tap water. Total ammonia:

ammonium and ammonia after all urea has been hydrolysed.

The PP corresponds to the amount of precipitates in a confined volume, e.g. in a trap or in a

pipe section. Since the PP decreases with dilution, we conclude that flushing reduces the

blockage risk.

Regarding precipitate composition struvite, HAP, and calcite were the only minerals calcu¬

lated for the solid-solute phase equilibrium. However, the mineral fraction varied with

dilution (Figure 3). HAP was found at any dilution factor shown, but struvite occurred only at

dilution below 18, while calcite was found at higher dilution. Magnesium and calcium

determined the solid composition. Changes in their concentrations influenced the precipitate

composition.
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Figure 3 Simulated composition of precipitates in urine diluted with tap water
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To conclude, urine dilution with tap water reduces the risk of blockages since PP decreases

with dilution. However, mineral phosphate fixation reaches nearly 100% because of the

addition of calcium from tap water. This affects the possibilities of phosphate recycling. On

the one hand, the later treatment of phosphate is limited, on the other hand, phosphate is

already fixed in HAP and struvite. Both minerals are supposed to be good slow release

fertilisers (Udert et al. 2003a).

Effects of flushing with rainwater

Flushing with soft water, e.g. rainwater, is one approach to diminish blockages in toilets, since

rainwater contains little magnesium and calcium. To determine the effect of rainwater

flushing we simulated PP in completely ureolysed urine at different dilution factors. Again,

we neglected complexation with citrate and oxalate.

As expected, rainwater flushing reduced PP more strongly than flushing with tap water espe¬

cially at higher dilution (Figure 4). Furthermore, the total amount of precipitates decreased

with urine dilution. Concomitantly, nutrient fixation fell from 28% at dilution factor 1 to 16%

at dilution factor 30 dilution (Figure 5).

In rainwater-flushed urine, the precipitates consisted only of struvite and HAP with struvite

being the prevailing compound at low dilution factors. Calcite did not occur at all.

Thus, rainwater flushing strongly reduces the risk of blockages and diminishes phosphate
fixation. Furthermore, the simulations show that the precipitate composition highly depends

on the flushing water characteristics.

Total Struvite HAP

1600 1600

10 20

Dilution factor

30 10 20

Dilution factor

Figure 4 Precipitates in urine diluted with rainwater. PP per volume mixed solution (left) and amount of solids

from one litre urine (right)
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Figure 5 Fraction of solutes eliminated by precipitation in urine diluted with rainwater

Influence of urea hydrolysis
Field measurements showed that ureolysis triggers mineral precipitation in NoMix systems

(Udert et al. 2003a). To validate this observation, we simulated the PP as function of ureo¬

lysis. Furthermore, we varied the urine dilution and estimated how much urea has to be

hydrolysed for reaching 95% of PP. In the simulations, we used tap water for flushing and we

considered citrate and oxalate complexation.
The simulations indicated that in low diluted urine only little urea had to be hydrolysed for

reaching 95% of PP (Figure 6). The concentration of hydrolysed urea was between 0.014 and
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Figure 6 Amount of hydrolysed urea for reaching 95% of the maximum PP Dilution with tap water

Complexation with citrate and oxalate considered.
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0.016 mol-1"1, except for undiluted urine, where it was 0.023 mol-1"1. Compared to the total

urea concentration, the fraction of hydrolysed urea increased from 8% at dilution factor 1 to

55% at dilution factor 10.

Since microbial ureolysis is a very fast process (Mobley and Hausinger 1989) and little urea

has to be hydrolysed for reaching 95% of PP, we conclude that substantial precipitation

already occurs at very short retention times.

Importance of organic complexing agents

Urine contains various organic complexing agents (Brown et al. 1994). Alike inorganic

ligands they reduce the concentration of free cations and thereby the extent of precipitation.

However, in contrast to inorganic compounds the concentration of specific organic substances

is mostly unknown and difficult to estimate. We wanted to determine if neglecting organic

complexing agents strongly affects the reliability of the model results. Therefore, we included

two well known and very effective organic complexing agents in our model, citrate and

oxalate, and compared simulations with and without organic complexation.

The results show that PP's were generally lower in solutions with organic complexing agents

(Figure 7). However, as soon as all urea had been hydrolysed the PP's only differed slightly.

Only while ureolysis was in progress, high differences occurred.

In addition to this simulation results it must be considered that organic complexation in

source-separated urine is also restrained by microbial degradation. In urine from the investi¬

gated NoMix system we could not detect any citrate or oxalate.

Since complexation with citrate and oxalate did not strongly reduce the total amount of

precipitates, we conclude that organic complexation can be neglected for the simulation of the

PP in stored urine. However, organic complexing agents slow down the precipitation process

and may therefore diminish the blockage risk in pipes and traps, where urine has only short

retention times.
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Figure 7 Influence of the organic complexing agents citrate and oxalate. Increase of PP without citrate and

oxalate (left). PP as function of ureolysis in undiluted urine (right). Urine diluted with tap water.
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Complexation with citrate and oxalate considered. Urea completely hydrolysed. Dilution with tap
water. No precipitation.

Comparison of saturation and PP

SI is often used for assessing precipitation risks. To compare this indicator with PP we calcu¬

lated Si's for struvite, calcite, and all calcium phosphates of our model. To simulate the Si's

that correspond with the PP, we considered complete ureolysis but switched off precipitation
reactions.

The comparison of Si's (Figure 8) and PP's (Figure 1) reveals that the two indicators correlated

poorly. Although calcite was supersaturated, it did not occur in PP up to a dilution factor of

18. HAP supersaturation was constant between dilution factors from 1 to 10, but its PP

decreased sharply. Nearly all simulated calcium phosphates were supersaturated except for

DCPD. Nevertheless only HAP was found in the PP.

Comparison with real systems
To validate our model, we compared simulation results with field measurements. We took

solid samples from a urine-collecting system and two waterless urinals and measured their

mineral composition (Figure 9). Furthermore, we collected urine solution from the same

toilets and one conventional urinal and determined the solute concentration. Based on

dissolved potassium, sodium, and chloride, we calculated the urine dilution (Udert et al.

2003a). We used the dilution factors for estimating the actual solute elimination (Figure 10).

The dilution factors were 600 (conventional urinal), 30 (NoMix trap), 4 (NoMix tank), and 1

(waterless trap). Urine dilution in NoMix tanks usually varies between factor 1 (no flushing)
and 10 (see e.g. Hanaeus et al. 1997).
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Figure 9 Comparison of simulated (left) and measured weight fractions (right)

The simulations were based on the estimated dilution factors. We neglected complexation by

organic agents because the measured citrate and oxalate concentrations were negligibly low in

all samples. The investigated toilets were flushed with tap water, which is characterised in

Table 3 (Udert et al. 2003a).

Generally, measurements and simulations were consistent in that struvite, HAP, and calcite

were the only precipitate compounds. Furthermore, we found good agreement in mineral

composition for the conventional urinal, the NoMix tank and the waterless trap. In addition,

simulations reproduced well the solute elimination in the NoMix tank and the waterless trap.

However, measurements and simulations differed widely for the NoMix trap. While

measurements revealed high struvite contents, simulations predicted no struvite precipitation

at all. We assume that a high variance in urine dilution is responsible for this deviation.

Flushing changes the urine dilution in the trap drastically. Periods with low urine dilution are

followed by periods with high dilution after flushing. Since all samples were taken after

flushing, the measured dilution factor (30) represents the situation with high urine dilution. It

is very likely that urine dilution before flushing is far below 18, and therefore in a range where

struvite occurs (Figure 3).

In general, there may be several reasons for deviations between measurements and simulations

such as

kinetic influences; systems are not in solid-solute phase equilibrium

literature values for urine vary widely

"field data" are uncertain: high variations in measurements and sampling

preliminary precipitation in pipes, erosion and translocation of precipitates
Since the simulation results reproduced the conditions in most samples quite well, we

consider the model to be applicable for estimating precipitation effects in urine-collecting

systems. However, bench-scale experiments under well controlled conditions are necessary for

a further model validation.
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Figure 10 Precipitated solutes according to simulation and measurement. The error bars show the 95% confi¬

dence intervals.

CONCLUSIONS

Modelling the precipitation potential PP is a promising approach for predicting precipitation

effects in urine-collecting systems. PP predicts both the mineral composition and the expected

mass concentration of precipitates. However, it does not consider further effects, which

govern the occurrence of blockages, such as precipitation kinetics, attachment of minerals on

pipe walls or foreign solids. Calculating PP is particularly applicable for old precipitates, since

they are supposed to be in equilibrium with the solutes in the aqueous phase. Younger

precipitates may deviate in their composition and mass concentration.

We compared simulation results with field measurements and found good agreement for low

and very high diluted urine. Only in the NoMix trap simulation results and measurements did

not agree sufficiently. Varying urine dilutions are probably responsible for the deviation.

However, well controlled experiments are necessary for a further model validation.

Simulation results showed that the composition of the precipitates changes with dilution.

Struvite precipitates only at low dilution while HAP occurs over a wide range of dilution

factors. HAP is the sole calcium phosphate mineral, although several other calcium phosphate

minerals are saturated before precipitation. The third compound of the precipitate - calcite - is

only found in urine highly diluted with tap water, but not in urine diluted with rainwater.

In low diluted urine, only little urea has to be hydrolysed for reaching 95% of the maximum

PP. Since urease is known to hydrolyse urea very efficiently, we conclude that substantial

precipitation can occur in traps and pipes where urine retention is usually short.

Flushing water characteristics affect the composition and amount of precipitates. Rainwater

flushing reduces the PP more effectively than tap water flushing. Therefore, we recommend

rainwater flushing as one measure against blockages by precipitates. Since phosphate fixation

is high in urine diluted with tap water, tap water flushing may facilitate the extraction of

struvite and HAP, which both may be recycled as slow-release fertilisers (Udert et al. 2003a).
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APPENDIX

The Aquasim file of the precipitation potential model, the stoichiometric matrix, and the

description of the processes and parameters is attached as CD-ROM in Appendix 2 or can be

accessed on http://www.sww.ethz.ch/udert.
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Urea Hydrolysis and Precipitation Dynamics
in a Urine-Collecting System

KAI M. UDERT, TOVE A. LARSEN, MARTIN BIEBOW, WILLI GUJER

Abstract

Blockages caused by inorganic precipitates are a major problem of urine-collecting systems.

The trigger of precipitation is the hydrolysis of urea by bacterial urease. While the

maximum amount of precipitates, i.e. the precipitation potential, can be estimated with

equilibrium calculations, little is known about the dynamics of ureolysis and precipitation.

To gain insight in these processes, we performed batch experiments with precipitated solids

and stored urine from a urine-collecting system and later simulated the results with a

computer model. We found that urease-active bacteria mainly grow in the pipes and are

flushed into the collection tank. Both, bacteria and free urease, hydrolyse urea. Only few

days are necessary for complete urea depletion in the collection tank. Two experiments with

precipitated solids from the pipes showed that precipitation sets in soon after ureolysis has

started. At the end of the experiments, 11% and 24% of urea was hydrolysed while the mass

concentration of newly formed precipitates already corresponded to 87% and 97% of the

precipitation potential, respectively. We could simulate ureolysis and precipitation with a

computer model based on the surface dislocation approach. The simulations showed that

struvite and octacalcium phosphate (OCP) are the precipitating minerals. While struvite

precipitates already at low supersaturation, OCP precipitation starts not until a high level of

supersaturation is reached. Since measurements and computer simulations show that

hydroxyapatite (HAP) is the final calcium phosphate mineral in urine solutions, OCP is only

a precursor phase which slowly transforms into HAP.

KEYWORDS

Urine separation, NoMix, Ureolysis, Precipitation, Struvite, Calcium phosphate

INTRODUCTION

The separate collection and treatment of urine is a possible way to reform today's waste water

management. Since urine contributes most nutrients but also many problematic micropol-

lutants to urban waste water, urine separation has several benefits: it relieves conventional

waste water treatment, enables high nutrient recycling to agriculture and facilitates the elimi¬

nation of micropollutants (Larsen et al. 2001).

Urine-separating toilets (NoMix toilets) and waterless urinals are used for collecting low

diluted urine. First experiences show that blockages of the stench traps and pipes, caused by

inorganic precipitates, are frequent and persistent (Hellström and Johansson 1999). They are a

serious obstacle to a wide introduction of urine-collecting systems. In previous studies we

have identified struvite, hydroxyapatite (HAP, Caio(P04)ô(OH)2), and calcite (CaCOs) as

precipitate compounds and we could show that microbial urea hydrolysis - also called ureoly¬

sis - triggers precipitation (Udert et al. 2003a). With the help of a computer model, we

estimated precipitation potentials PP as a function of urine dilution and hydrolysed urea

(Udert et al. 2003b). The PP is the mass concentration of precipitates when all solute and solid
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phases are in equilibrium. It provides information about the expected amount and composition

of precipitates. However, the calculation of PP's considers only thermodynamic equilibria but

no kinetic effects. Since kinetic effects rather than solute-solid phase equilibria govern the

initial crystallisation, the composition of fresh precipitates can substantially differ from the

model predictions.

In this study we focused on kinetics by examining ureolysis and precipitation in a urine-

collecting system. We estimated the efficiency of urea-hydrolysing bacteria in the urine

collection tank and in the pipes, we elucidated the interaction of ureolysis and precipitation

and we gained insight into the mechanism and sequence of precipitation.

UREOLYSIS

The enzyme urease (urea amidohydrolase) hydrolyses urea to ammonia and carbamate. The

latter compound decomposes spontaneously to carbonic acid and a second molecule of

ammonia (Mobley and Hausinger 1989). The overall reaction can be written as follows

NH2(CO)NH2+2H20->NH3+NH4+HC03 (1)

Due to the ammonia release, pH increases during ureolysis.

A variety of eucaryotic and procaryotic organisms produce urease (Mobley and Hausinger

1989), though bacteria are the most abundant. They are widely distributed in the soil and in

aquatic environments, inhabit human intestinals and can cause urinary stone diseases (Hasan

2000, Mobley and Hausinger 1989, Gleeson and Griffith 1990). Since urease-positive bacteria

are ubiquitous, they also occur in urine-collecting systems.

Michaelis-Menten kinetics can be applied to bacterial ureolysis. However, kinetic constants

can vary widely from species to species, even from strain to strain. With the possible excep¬

tion of urease from Helicobacter, bacterial ureases appear to be located in the cytoplasma and

are not deliberately excreted to the environment. Nevertheless, much of the urease activity in

soil is due to extracellular enzymes probably derived from plants and disintegrated bacteria

(Mobley et al. 1995, Mobley and Hausinger 1989). Therefore, the occurrence of free ureases

in urine-separating systems cannot be excluded.

The pH has low influence on the saturation constant Km of ureases but may strongly affect the

specific activity. The optimum pH of most microbial ureases is near neutrality. Denaturation

of microbial urease occurs at pH values below 5. No evidence for substrate inhibition or allo-

steric behaviour has been detected (Mobley et al. 1995, Mobley and Hausinger 1989).

There are several mechanisms for the regulation of urease synthesis. Environmental condi¬

tions such as the availability of nitrogen sources, the urea concentration or the pH can regulate

the urease synthesis. However, many bacteria synthesise urease constitutively (Mobley et al.

1995).

In addition to urease, a second enzyme is known to hydrolyse urea, urea amidolyase, which is

produced by several yeasts and algae (Mobley and Hausinger 1989). Furthermore, urea

decomposes non-enzymatically with a half-life time of 3.6 years at 38°C (Andrews et al.
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3. Urea Hydrolysis and Precipitation Dynamics in a Urine-Collecting System

1984). In urine-collecting systems, both processes are negligible because the presence of

efficient ureolyzing bacteria are highly probable.

PRECIPITATION OF PHOSPHATE MINERALS

In this study, we focused on the precipitation of calcium phosphate minerals and struvite,

because preliminary investigations have shown that precipitates from ureolysed undiluted

urine consist of HAP and struvite. HAP precipitation is known to be preceded by the

formation of other calcium phosphate minerals. Therefore, we also investigated the

precipitation ofcommonly reported HAP precursors.

Generally, mineral precipitation is only possible in supersaturated solutions. At supersatu¬

ration the ion activity product IAP of a mineral exceeds its solubility product Ksp (Stumm

1992). The saturation index SI provides a non-linear scale for supersaturation

TAP

SI = log10-^- (2)

If SI is positive, the mineral can precipitate, while a negative SI indicates dissolution condi¬

tions. However, a positive SI is not sufficient for precipitation, since an activation energy

barrier prevents the lattice ions to aggregate as crystallites. The activation energy can be

surmounted by high Si's and nucleation seeds, such as pre-existing crystals or foreign bodies

and surfaces. In toilet systems many nucleation seeds are present which promote the formation

of crystallites, especially when scales already exist. After nucleation the crystallites further

increase to large crystals and particles by aggregation, coagulation, and crystal growth (Stumm

1992, Nancollas 1984).

Crystal growth describes the incorporation of solutes into the crystal lattice. This process

comprises the transport of lattice ions from the bulk to the crystal and their adsorption and

dislocation on the crystal surface. At low supersaturation, crystallisation is usually controlled

by surface processes. Several mechanisms have been proposed for describing surface-

controlled crystal growth. Most of them lead to an expression, in which crystal growth is a

function of supersaturation (Nancollas 1979, 1984)

( \ np
dX

*

IAPv-Kspv— = k-s-

dt
(3)

v J

where X is the mineral concentration in [mol-1"1], k the precipitation rate constant, s a factor

proportional to the total number of available growth sites, u the sum of all stoichiometric coef¬

ficients in IAP, and p a constant depending on the crystallisation mechanism. At low super-

saturation, the value ofp is typically 2 for many sparingly soluble salts.

This value accords with the screw dislocation model by Burton, Cabrera, and Frank

(Nancollas 1979). However, Heughebaert and Nancollas (1984) found p=4 for the growth of
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octacalcium phosphate (OCP) at low supersaturation. They concluded that OCP precipitation

is governed by a polynuclear growth mechanism.

In complex solutions such as urine a variety of substances impede crystallisation. The high

ionic strength as well as the organic and inorganic complexing agents reduce the concentration

of free lattice ions substantially. In Udert et al. (2003b) we give an overview of relevant

complex formation reactions comprising ion pairs and inner-sphere complexes. Moreover,

foreign ions can inhibit crystal growth by blocking growing sites. Inhibition is well studied for

calcite (Meyer 1984) but also for calcium phosphates, especially HAP. Citrate, magnesium,

pyrophosphate, and various macromolecules are important HAP inhibitors (Elliot 1994).

Struvite is less susceptible to inhibition. Neither citrate nor pyrophosphate inhibit struvite

crystallisation strongly, but phosphocitrate is an efficient inhibitor (Wierzbicki et al. 1997).

Furthermore, foreign ions can destabilise the crystal lattice when they are incorporated. E.g.

carbonate can significantly increase the solubility of HAP, when substituting phosphate (Elliot

1994). In general, thermodynamically more stable phases - such as HAP among calcium

phosphates - are more sensitive to foreign substances (Nancollas and Zhang 1984).

Natural and technical aqueous systems are often supersaturated with respect to several

calcium phosphate phases. HAP is the most stable and the only one that will be found in urine

solutions at solid-solute phase equilibrium (Udert et al. 2003a). However, HAP seldom

precipitates directly from supersaturated solutions. It is well established that amorphous

calcium phosphate (ACP, Ca3(P04)2), octacalcium phosphate (OCP, Ca8H2(P04)ô-5 H2O) and

dicalcium phosphate dihydrate (DCPD, CaHP04-2 H20) are precursors of HAP, with ACP

and OCP being the most likely in alkaline solutions. Dicalcium phosphate anhydride (DCPA,

CaHPÛ4) and tricalcium phosphate (TCP, Ca3(P04)2) have also been proposed as possible

precursor but there is little evidence for its formation at ambient temperature. In alkaline and

slightly alkaline solutions, ACP is often the first phase, with a short lifetime, followed by

OCP, which quickly converts to HAP. Direct transformation of ACP to HAP is also possible.

However, if crystalline nucleation seeds are abundant, ACP formation can be skipped (Elliot

1994, Heughebaert and Nancollas 1984).

Abbona et al. (1982) investigated the conditions under which newberyite (MgHP04-3 H2O)

and struvite (MgNH4P04-6 H2O) may occur in urine like liquors. Both are magnesium min¬

erals which have been detected in urinary stones. The authors showed that under regular

conditions and especially at elevated pH values struvite can precipitate but not newberyite.

MATERIALS AND METHODS

Investigated subject
The subject of our investigation was a NoMix system, which had been running at EAWAG for

3.75 years. The toilet was a Type DS from Wost Man Ecology AB (Saltsjö-Boo, Sweden). We

used medium hard drinking water for flushing (Udert et al. 2003b). The total length of the

pipe from toilet to collection tank was 3.6 m, of which about 1.5 m were nearly horizontal

including a 0.6 m long tube, which served as stench trap. The inner diameter of the pipe and

stench trap was 25 and 20 mm, respectively. The pipe material was PVC. At point 2.6 m from
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3. Urea Hydrolysis and Precipitation Dynamics in a Urine-Collecting System

the toilet, a magnetic valve was installed, which diverted flushing water. In the collection

tank, urine was diluted about four times and had a retention time of at least three weeks. No

detergents were used for toilet cleansing. Measurements of precipitates and dilution factors

are given in Udert et al. (2003a).

Urea hydrolysis in the collection tank (tank experiment)

To investigate urea hydrolysis in the collection tank we added fresh urine to stored urine from

the collection tank. Concentrations in the solutions are given in Table 1. Fresh urine was

collected in bottles (6 persons, age 25 to 34), and were pressure-filtered through 0.45 urn

cellulose nitrate filters (Sartorius, Göttingen, Germany).

We ran four parallel glass reactors (volume 1 1), which were previously cleaned with 10%

hypochlorite solution. Each reactor was magnetically stirred, and covered for preventing

ammonia volatilisation. As reference, we operated one reactor with fresh urine only. The three

other reactors started with 250 ml fresh urine and 750 ml stored urine. They differed in the

treatment of the stored urine. We added untreated stored urine to the first reactor, filtered

(0.45 urn) and centrifuged (7000 rpm, 10 min) stored urine to the second reactor, and urine

sludge dissolved in filtered and centrifuged stored urine to the third reactor. The resulting TSS

concentration in the third reactor was 720 gTSS-m" .
Values behind the ± sign generally

indicate population standard deviations. We fixed the temperature to 25±0.1 °C. The experi¬

ments lasted 12 hours, and the sample interval was 1.5 hours.

To validate the first results, we performed a second experiment in which we added a 20gNT

urea solution to untreated and to filtered stored urine. This time, we filtered the urine with a

0.2 um microfiltration unit (polypropylene membrane, Microdyn, Wuppertal, Germany)

instead of centrifuging, for being sure that all bacteria were separated. We used stored urine

from the same collection tank. However, between the two tank experiments the urine dilution

in the urine-collecting system had decreased, so that the total ammonia concentration in the

collection tank had risen from 1700 gN-m"3 to 2700 gN-m"3.

Urea hydrolysis in NoMix pipes (pipe experiment)
To determine the ureolysis activity in solids from the NoMix pipe we ran three reactors: one

reference reactor and two reactors with different solid samples. The reactors were two litre

Erlenmeyer flasks, filled with ca. 700 ml solution. They were magnetically stirred, covered for

preventing ammonia volatilisation, and previously cleaned with 10% hypochlorite solution.

The solution in each reactor was fresh urine, collected in bottles (6 persons, age 25-34). This

time, we washed the collecting vessel with 10% hypochlorite solution before each sampling

and centrifuged the urine (7000 rpm, 10 min). We took solid samples from a horizontal part

(ca. 1.2 m from the toilet) and a vertical part of the pipe (ca. 2.5 m from the toilet). We name

the corresponding reactors reactor horizontal and reactor vertical, respectively.

The solid samples can be characterised as follows:

horizontal pipe: layer thickness: ca. 2 mm; channel height: ca. 8 mm; sample length: ca. 30

mm; sample thickness ca. 1 mm; sample surface in the pipe: 710 mm2; sample surface relative

to the reactor volume (750ml): 0.9 m"1; TSS in the reactor: 810 gTSS-m"3.
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vertical pipe: layer thickness: ca. 2 mm all over the cross section; sample length: 20 mm;

sample surface in the pipe: 1300 mm2; specific sample surface relative to the reactor volume

(760ml): 1.7 m"1; TSS in the reactor: 804 gTSS-m"3
Again, we fixed the temperature at 25±0.1 °C. The experiments lasted 4.5 hours and the

sample interval was 45 minutes.

Sampling and analytical methods

We took 25 ml samples for dissolved compounds, additionally 25 ml samples for TSS in the

beginning and at the end of the experiments. The samples were pressure-filtered through 0.7

um glass microfibre filters (Whatman, Maidstone, UK). For analysis of phosphate, calcium,

magnesium, chloride, sulphate, total ammonia, urea, and COD we conserved the samples with

65%> HNO3, resulting in a sample pH below 2. All samples were stored at 4°C before analysis.

Chloride (precision of analysis: CV%> = ±2%), sulphate (±2%), and phosphate (±5%>) were

analysed with ion chromatography (column: IonPac® AS 12A; Dionex Corporation,

Sunnyvale, Ca, USA). Potassium (±3%>), sodium (±3%), calcium (±2%), and magnesium

(±2%) were determined with ICP-OES (Inductively Coupled Plasma - Optical Emission

Spectrometer, Spectro Analytical Instruments, Kleve, Germany). COD (±5%) was measured

with HACH test tubes (HR, test tube 435, HACH Company, Loveland, CO, USA). We deter¬

mined total ammonia (±2%>) and urea (±3%) photometrically (reaction with bromocresol

purple) with flow injection analysis FIA (Ismatec AG, Glattbrugg, Switzerland). Before FIA

analysis, urea was hydrolysed to ammonia with urease (Merck 16493) according to EAWAG

standard procedures. TSS (±5%) was measured as described in APHA standard methods

(APHA 1998). pH and oxygen were tracked with electrodes (combination pH electrode

Mettler HA405-DXK-S8/225, Mettler-Toledo GmbH, Greifensee, Switzerland; CellOx 225

WTW, Weilheim, Germany). The accuracy of analytical methods was determined with

recovery tests. All analyses had mean recoveries of 100% ± confidence interval, except for

potassium, sodium and COD, where the mean recoveries were 95%. Precision of length

measurement of the pipe samples was about 10%.

MODEL

To simulate the measurements of the pipe experiment we used a modified version of the

precipitation potential model presented in Udert et al. (2003b). This model is implemented in

the computer simulation program Aquasim 2.0 (Reichert 1998). We introduced process

kinetics for ureolysis and substituted the solute-solid equilibria with precipitation processes.

The model considers complexation and ionic strength effects. Reference temperature is 25°C

and activity coefficients are calculated according to the Davies approximation as cited in

Stumm and Morgan (1996). Input parameters are the total concentrations of urea, calcium,

magnesium, potassium, sodium, ammonium, carbonate, phosphate, sulphate, chloride, citrate,

oxalate, and pH.
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Urea hydrolysis by urease usually follows Michaelis-Menten kinetics. Since the bacteria in our

experiment had previously grown in pipes, where urine is diluted up to 30 times, we assumed

substrate saturation in undiluted urine and applied a zero order kinetic

urea ^ureolysis
'

•" inoculate

rurea: rate of ureolysis

kureoiysis^ zero order rate constant of ureolysis

Ainocuiate: specific surface area of pipe sample in the reactor

(4)

[mol-1"1-d"1]
[mol-1"1-m-d"1]
[m"1]

Furthermore, we assumed constant bacteria concentration per unit surface.

We used Equation 3 as basic approach for precipitation kinetics postulating that precipitation

is controlled by surface dislocation processes. As an example, the rate of struvite precipitation

was modelled as follows

dX

struvite

struvite _u y-
—

struvite 'nucleate
dt

I 1^
3 3

TAP — K
struvite sp struvite

1 + sign(lAPSstruvite ^sp struvite ;

rstruvite: rate of struvite precipitation

Xstruvite: concentration of new struvite precipitates

kstruvite^ rate constant for precipitation

Xnucieate: concentration of pipe sample

sign(x) : returns the sign of x (-1,0,+1 )

(5)

1 A-h
[mol-f d"1]

[mol-1"1]
[mol2-r2d"']

[gTSS m"3]
[-]

We postulated that the crystallisation sites were proportional to the TSS concentration of the

pipe sample and substituted the factor s from Equation 3 with XTss- The last term in Equation

5 was introduced for preventing precipitation when the solution is not saturated. Otherwise,

precipitation would occur, when the term (IAPstruVite1/3 - Ksp struvite1/3) was negative and p was

an even number.

We did not simulate dissolution processes assuming that they were negligible in our experi¬

ments.

It should be noted that XstrUvite is the actual mass concentration of newly formed struvite and

not its activity. Conventionally, the activity of solids is set equal to unity (Stumm and Morgan

1996).

Preliminary studies showed that struvite and HAP are the sole minerals to be found in undi¬

luted urine (Udert et al. 2003a, 2003b). Therefore, we postulated that struvite and one calcium

phosphate mineral - HAP or a precursor - precipitates. We tested the following minerals as

possible precursors ofHAP: ACP, TCP, DCPD, DCPA, and OCP.

The p values were either 2 or 4, representing spiral growth mechanism or polynuclear growth

mechanism, respectively.
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The unit used for dissolved and solid components was mol-1"1. In the simulation of ureolysis

and precipitation in the NoMix pipes we used literature values for the complexing agents

oxalate and citrate: 2.3-10"4 mol-1"1 and 2.6-10"3 mol-1"1, respectively (Udert et al. 2003b).

To fit parameters, we applied least-square methods implemented in Aquasim. We fitted three

parameters: the precipitation rate constants for struvite and calcium phosphate, and the ureoly¬

sis rate constant. The precipitation rate constants were fitted on solute concentrations of

calcium and magnesium in reactor horizontal and validated with measurements of reactor

vertical. We performed simulations with different calcium phosphate phases and different p

values. The specific sample surface and the mass concentration of added solids was chosen

according to the measured values. Furthermore, pH and concomitantly the proton concentra¬

tion were fixed on the measurements.

We used the sum of squares of the weighted deviations x to assess quantitatively the consis¬

tence of measurement and simulation (Reichert 1998)

x2(Pfit)=i:
i=l

Smeas.i _Si(Pfit)

CTmeas,

(6)

Pflt: fitting parameter

Smeas.i: i-th measurement of fitted concentration [mol-1"1]

;: standard deviation of Smeas,i [mol-1" ]

Sj(Pfit): calculated value corresponding to Smeas,i [mol-1"1]
a

The smaller x2, the better the match of measured and simulated concentrations. omeas,i corres¬

ponded to the precision of analysis stated in the Materials and Methods section.

RESULTS

Solution composition
In the tank experiment, the fresh urine contained urea hydrolysing bacteria. One indication is

the elevated pH value (Table 1). We also detected ammonia formation in the reference reactor.

Consequently, we had to correct the measured total ammonia concentrations in the other

reactors for determining the net total ammonia production by stored urine and urine sludge.

Hence, we diminished the concentrations by subtracting the measured values in the reference

reactor in proportion to the volume of added fresh urine.

In the pipe experiment, the composition of fresh urine corresponded well with literature values

(Table 1). Only the phosphate concentrations differed significantly.
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3. Urea Hydrolysis and Precipitation Dynamics in a Urine-Collecting System

Table 1 Measured urine concentrations and literature values (Udert et al. 2003b)

Ureolysis in collection tank Ureolysis in pipes Literature

Fresh urine Stored urine Fresh urine Urine

Mean CV% Mean CV% Mean CV% Data range

Ammonia
' [gN-m"3] 254 4.5 1720 386 2.5 480 29 -

Urea [gN-m"3] 5810 - 73 8750 3.1 7700 20 -

Phosphate [gP-m"3] 367 0.9 76 559 4.6 740 14 -

Calcium [gm"3] 129 1.4 28 168 1.7 190 22 -

Magnesium [gm"3] 77 2.7 1 121 1.7 100 21 -

Sodium [g-m ] 2670 - 837 3730 3.2 2800 - 1800-5800

Potassium [g-m-3] 2170 - 770 2250 2.3 2200 - 1300-3100

Sulphate [gso4-m-3] 748 - 292 1350 0.8 1500 29 -

Chloride r -3i
[g-m ] 3830 - 1400 5230 1.6 3800 - 2300 - 7700

Carbonate
'

[gC-m-3] - - 966 <5 -

- - -

Total COD [g02-m"3] 8150 0.6 1650
2

9700 4.9 - - -

PH [-] 7.2 - 9.0
2

6.0 0.3 6.2 8 -

'

Including al system species, e.g. for carbonate [H2C03*], [HCO3-] and [C03z-]

Total COD and pH in the collection tank origin from older measurements

Ureolysis
We expected two causes for ureolysis in the collection tank, urease-active bacteria and free

urease. Bacteria could either be suspended in the solution or settled to the bottom as part of

urine sludge (Udert et al. 2003a). The COD content of the urine sludge was 0.18 gCOD/gTSS.

To determine the main cause of ureolysis we ran reactors with untreated stored urine, centri¬

fuged urine, which should not contain any bacteria, and centrifuged urine with urine sludge.
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Figure 1 Ammonia production in the first tank experiment. Lines are fitted with linear regression.
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Figure 2 Ammonia production in the pipe experiment. Dashed lines are fitted with linear regression. Left side

reactor horizontal, right side reactor vertical

In all three reactors, ammonia was produced (Figure 1). The sum of total ammonia and urea

remained constant in a range of maximally ± 2.5% indicating that ammonia volatilisation was

negligible. We fitted the total ammonia concentrations with linear regression and obtained a

ureolysis rate of 1820 gN-m" -d" (standard deviation ±110 gN-m" -d" ) for untreated stored

urine, 260±30 gN-m'^d"1 for centrifuged urine, and 230±40 gN-m"3-d"' for centrifuged urine

with urine sludge. All rates were related to the volume of stored urine. Ammonia production

in centrifuged stored urine indicated that free urease was present. 14%> of ureolysis activity

was due to free urease. Consequently, suspended bacteria were the main cause for urea

hydrolysis. Urine sludge appeared to contain no ureolyzing bacteria, since rates in centrifuged

stored urine with and without urine sludge were similar.

We performed a second tank experiment with stored urine. In the meantime, the total ammo-

nia concentration in the collection tank had increased from 1700 gN-m" to 2700 gN-m" due to

lower urine dilution. In this experiment, we treated urine with filtration (0.2 urn) for being

sure that all bacteria were separated. The rates were 2770±230 gN-m" -d" in untreated urine

and 630±200 gN-m" -d" in filtered urine. Free urease was responsible for 23%) of the ureolysis

activity.

We investigated urease activity in the pipe of the NoMix system. Here, the ammonia produc¬

tion was accompanied by a sharp pH increase (Figure 2). The pH kink at 7.2 coincided with

the onset of struvite precipitation (Figure 3). Ammonia production could sufficiently be fitted

with linear regression. The fit of the total ammonia concentrations resulted in ureolysis rates

of 4610±180 gN-m"3-d_1 and 9860± 330 gN-m"3-d_1 for the reactor vertical and the reactor

horizontal, respectively. The difference in the rates diminished, when we related the rates to

the wetted sample surfaces in the pipe. The specific activities came to 4900±600 gN-m' -d" in

reactor vertical and 5800±700 gN-m" -d" in reactor horizontal. The two activities do not

differ significantly. The average specific rate per surface is 5400±900 gN-m^-d"1.
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3 Urea Hydrolysis and Precipitation Dynamics in a Urine-Collecting System

These values enabled us to estimate the urease activities in the investigated NoMix system.

About 960 g urea-N-d"1 could be hydrolysed in the pipe (1.5 m horizontal sections and 2.1 m

vertical sections), and 180 g urea-N-d"1 in the collection tank (filled with 0.1 m3 stored urine).

Precipitation
We observed strong precipitation in the pipe experiment (Figure 3 and 4). Generally, precipi¬

tation was faster in the reactor vertical due to a faster pH increase by ureolysis. Here 90% of

magnesium was eliminated in less than one hour after struvite saturation had been exceeded.

In the reactor horizontal 1.5 hours were necessary for the same elimination. In both reactors,

more than 99% of dissolved magnesium precipitated during the whole experiment. Precipita¬

tion of calcium was less. In both reactors, 70%) of dissolved calcium was incorporated into

solids. Phosphate elimination was 44%> in each reactor.

We simulated precipitation and ureolysis in the pipe experiment by fitting their rate constants

to measured solute concentrations of calcium and magnesium from reactor horizontal. To

validate the fitting results, we simulated the measurements in reactor vertical with the same

three rate constants. We only changed the initial concentrations, and the sample surface. The

ureolysis rate constant was proportional to the sample surface area. We found good results

with specific surface areas of 0.9 and 1.8 m"1 for reactor horizontal and reactor vertical,

respectively. These values agreed well with the measured values of 0.9 and 1.7 m" consi¬

dering the measurement precision of 10%. In contrast to ureolysis, precipitation rates were

•a

proportional to the mass concentration of added solids which we fixed at 800 gTSS-m" for
-a -j

both reactors. This value corresponded with the measured 810 gTSS-m" and 804 gTSS-m" for

reactor horizontal and reactor vertical, respectively.
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Figure 3 Measured (points) and fitted (solid lines) concentrations of dissolved components in reactor

horizontal Rate constants for struvite and OCP precipitation were fitted to measured solute

concentrations of calcium and magnesium Dotted lines 95% confidence intervals of model
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Figure 4 Measured (points) and simulated (solid lines) concentrations of dissolved components m reactor

vertical Dotted lines 95% confidence intervals of model Validation of fit in reactor horizontal

In addition to the rate constants, we had to determine which calcium phosphate mineral

precipitated and which were the p factors of the rate equations.

For fitting and validating we fixed the pH values on the measurements

The best fit resulted with OCP as calcium phosphate mineral, p=4 for OCP, and p=2 for

struvite (Figure 3 and 4). Measurements and model predictions agreed well in both reactors

with a x value of 367 in reactor horizontal. The precipitation constants k came to 1.2-10

m3-gTSS"1-mol"1-l-d"1 and 2.8-1017 m3-gTSS"1-mol"3-l3-d"1 for struvite and OCP, respectively.

The 95% confidence intervals of the model were narrow for magnesium and calcium, but

wide for phosphate, which we attribute to the higher variation in the chemical analysis.

We tested other calcium phosphate minerals and thereby used p values of 2 and 4. However,

the fits were generally worse, which can be seen in Figure 5 and 6 and which is also indicated

by the x2 values. The fit with p=2 for OCP reproduced the sigmoidal run of the measurements

badly and resulted in a x2 value of 410 (Figure 5). Fits with HAP and TCP and p=2 predicted a

steeper concentration decrease at the end of the experiment than observed (Figure 6). The %

values were 602 and 490, respectively. We also performed fits with p=4 for HAP or TCP,

although we did not find references for such behaviour in literature. Once again, the devia¬

tions were higher than for OCP (p=4) with x2 values of 593 and 442, respectively (graphics

not shown).

DCPD, DCPA, and ACP were not suited for fitting the measurements. These minerals were

partly undersaturated during precipitation, furthermore, the saturation maxima of DCPD and

DCPA were not concomitant with the highest calcium precipitation rate (Figure 3 and 7).

However, according to Equation 3 the precipitation rate is directly related to saturation, so that

saturation maxima and highest precipitation rates should coincide.
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Figure 5 Fitted free calcium concentrations in reactor horizontal. Fitted for OCP precipitation with p=2 and

p=4

According to measurements and fits struvite precipitation set in abruptly after the saturation

limit had been exceeded causing a sharp decrease in soluble magnesium and phosphate.

Struvite supersaturation therefore never reached high values (Figure 7). Calcium elimination

proceeded slowly, although OCP was supersaturated during the whole experiment.

Saturation and concomitantly precipitation is highly influenced by complexing agents. In our

model we usually considered two organic complexing agents, citrate and oxalate. For

estimating their influence, we neglected them in one simulation and refitted the precipitation

rate constants for struvite and OCP (data not shown). All other processes and concentrations

were unchanged. The precipitation rate constant for struvite decreased 4 times and the one for

o
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Figure 6 Fit of calcium concentrations in reactor horizontal assuming OCP, TCP, and HAP precipitation

53



Struvite

t i i i i i i i i i i i i i i i i i i i

D.00 0.05 0.10 0.15 0.20

Time [d]

0.00 0.05 0.10 0.15 0.20

Time [d]

Figure 7 Saturation indices during precipitation in reactor horizontal

OCP 4.8 times, which means that complexation with citrate and oxalate reduced the precipi-
•y

tation rate by the same factors. The new fits were somehow worse with a x value of 548.

In the initial simulations, we fixed the pH values on the measurements. However, when pH

was free for calculation, the fitted model could still reproduce the course of measurements

quite well (Figure 8). A refit of the precipitation rate constants resulted in a very good agree¬

ment for calcium and magnesium, but pH values still differed slightly (results not shown).
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Figure 8 Calcium and magnesium concentrations and pH values from simulations without fixing pH to

measurements. Left side reactor horizontal, right side reactor vertical
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Figure 9 Fraction of precipitated solutes 4.5 hours after ureolysis started and at solid-solute phase equilibrium
in reactor horizontal

We assessed the final extent of precipitation by comparing the measured solute elimination

with the theoretical elimination at solid-solute phase equilibrium. The latter was calculated

with the precipitation potential model presented in Udert et al. (2003b). Figure 9 illustrates

that phosphate and magnesium elimination had already reached the values at equilibrium,

while the soluble calcium concentrations were still too high.

We calculated the mass concentrations of OCP and struvite at the end of our experiment and

compared them with the precipitation potential. The calculated total mass concentrations were

1370 and 1530 gTSS-m"3 in reactor horizontal and reactor vertical, respectively, which

corresponded to 87% and 97% of the precipitation potential. Concomitantly, only about 11%)

and 24%) of urea was hydrolysed, respectively.

DISCUSSION

Ureolysis
In the investigated NoMix system, stored urine did not contain any significant amount of urea

(Table 1). Urea was completely hydrolysed in the urine-collecting system. Urease activity in

the pipe was somewhat higher, but urea was mainly hydrolysed in the collection tank, because

most urine passed quickly through the pipe. According to the measured urease activities, urea

would be completely hydrolysed in the collection tank within little more than 1 day. However,

the ureolysis rate in conventional collection tanks will be slightly lower, because the urine is

not stirred. Nevertheless, we can state that retention times of only few days are sufficient for

complete ureolysis.

We can not determine how much urea is hydrolysed in the pipes, since data on the restrained

urine volume are missing. However, a rough estimation shows that urea in restrained urine is

completely hydrolysed: assuming that the channel of the investigated horizontal pipe is filled

with undiluted urine, it takes only about 2 minutes for complete ureolysis.
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To classify the estimated urease activities, we can compare them with urease activities in agri¬

cultural soils. Von Steiger et al. (1996) determined a urea hydrolysis of 3.1±0.3 gN-kgTS" -d"

(at 37 °C) in a pasture soil near Zurich. Accordingly, the rates measured in our experiments

correspond to 310 and 60 kg pasture soil for the pipe and the collection tank (0.1 m ),

respectively.

In both tank experiments, we found that ammonia production without bacteria is slower but

still proceeds. This indicates that dissolved urease is present. We estimate that about 20%> of

the urease activity in the collection tank is due to free urease. On the basis of our results, we

assume that ureolysing bacteria grow in the pipes, and are later flushed into the collection

tank, where urease is released during cell lysis. Since we could not find any significant urease

activity in the urine sludge, urea hydrolysing bacteria probably die off in the collection tank.

One reason could be the high pH in the collection tank. Höglund et al. (1998) reported that

faecal bacteria added to stored urine died off more quickly at pH 8.9 and 10.5 than at pH 6.0.

In the pipe experiments, the increase of total ammonia could be well approximated with linear

regression. A direct correlation of pH value and increase of total ammonia was not visible,

although pH rose from 6.2 to 8.9 (reactor vertical). Therefore, we conclude, that urease

activity does not depend on pH in our system.

The ureolysis rate correlated with the initial pipe surface, hence the urease activity per pipe

surface was similar in both pipe sections. However, the kinetic constant that we fitted for the

ureolysis rate is not generally applicable. On the one hand ureolysis in completely stirred

reactors with suspended bacteria is faster than in the pipes because of the increased contact of

bacteria and urea. On the other hand the specific urease activity differs between urine-

collecting systems.

Ureolysis in pipes generally tends to increase with the retention time of the urine. Hence, in

very long and slightly inclined pipes most of the urea will be hydrolysed when the urine

reaches the collection tank.

Precipitation
Our measurements confirm that microbial urea hydrolysis triggers precipitation. A pH kink at

about pH 7.2 marks the onset of struvite precipitation (Figure 2). Only little urea has to be

hydrolysed for substantial precipitation. In reactor horizontal and reactor vertical, 87% and

97% of the precipitation potential were reached after 11%> and 24% of urea had been hydro¬

lysed, respectively.

Ureolysis and precipitation can be modelled based on first order kinetics for urea hydrolysis

and the surface dislocation approach for precipitation (Equation 3). The exponents in the

precipitation rate equation p correspond with literature. As mentioned above, Heughebaert and

Nancollas (1984) already determined p=4 for OCP. Furthermore, Bouropoulos and

Koutsoukos (2000) could fit their experiments on spontaneous struvite precipitation with p=2.

The good agreement with literature values supports our conclusion that OCP and struvite are

the minerals that initially precipitate.

Although precipitation and transformation was still in progress at the end of the experiments,
the maximum mass concentration of precipitates was nearly reached. The magnesium

concentration corresponded well to its value at solid-solute equilibrium. Consequently,
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3 Urea Hydrolysis and Precipitation Dynamics m a Urine-Collecting System

struvite precipitation had already reached its final state. The calcium concentration was still

considerably higher than at solid solute equilibrium. Hence, calcium phosphate formation was

still in progress. Since the phosphate concentration corresponded to its value at solid-solute

equilibrium, further calcium phosphate formation was only possible by transformation of OCP

into a calcium phosphate mineral, which has a higher Ca/P04 fraction. The simulation of the

precipitation potential give HAP and not OCP as calcium phosphate at solid-solute phase

equilibrium. This corresponds to measurements with X-ray diffractometry, which indicated

that struvite, and HAP are the crystalline minerals which occur in precipitates of ureolysed

undiluted urine (Udert et al. 2003a). Therefore, OCP is only a precursor and transformation to

HAP will follow.

Salimi et al. (1985) showed that magnesium ions inhibit the crystallisation of HAP more

strongly than the crystallisation of OCP. HAP formation may therefore set in as soon as

struvite precipitation has reduced the concentration of soluble magnesium.

Transformation of OCP to HAP has been described in literature. Brown et al. (1981) proposed

the following reactions depending on the availability of calcium

1.25 Ca8H2(P04)6-5 H20 -* 2 Ca5(P04)3OH + 1.5 H3P04 + 4.25 H20

Ca8H2(P04)6-5 H20 + 2 Ca2+ -> 2 Ca5(P04)3OH + 3 H20 + 4 H+ (7)

The uptake of calcium seems to be the most likely transformation process, because in our

experiments calcium elimination did not reach its maximal value, while phosphate elimination

already corresponded with the solid-solute phase equilibrium. The long-term course of solute

concentrations could eventually be simulated by including this transformation process in our

model.

Struvite precipitates immediately as soon as supersaturation is reached, but high supersatu¬

ration is necessary for considerable OCP precipitation. While struvite precipitated completely

until the end of the experiment, OCP formation was still in progress. However, the maximum

mass concentration of solids was nearly reached in both reactors indicating that only short

urine retention times are necessary for maximum precipitate formation. After precipitation had

started, it took only about four hours for reaching the maximum mass concentration of

precipitates in reactor vertical. However, crystallisation in urine-collecting systems will be

slower than in completely stirred lab-scale reactors. In the reactors, the suspended solids from

the pipe surface not only increased ureolysis (see above) but also crystallisation.

For fitting and validating the measurements with our computer model, we had fixed the pH on

measurements. Without pH fixation, simulation could reproduce the course of pH, calcium,

magnesium, and phosphate (latter results not shown) quite well, but simulated and measured

values differed more. We assume that neglecting processes like carbon dioxide degassing or

mineral dissolution is responsible for this deviation. However, the influence of these processes

seems to be rather small. Fixation of pH may be an appropriate means to consider their

influence.

Beside ureolysis and precipitation several other processes influence the occurrence and extent

of inorganic blockages in urine-collecting systems, as there are dilution of urine, retention
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time of urine solution in the stench traps and pipes, attachment of crystals on the walls,

cohesion of minerals and erosion of scales. In addition to inorganic precipitates foreign

substances are an important cause for blockages of urine-collecting pipes. To find solutions

for preventing blockages, all these influences have to be considered.

CONCLUSIONS

In this study, we investigated ureolysis and precipitation in a urine-collecting system. We

proved that ureolysis triggers precipitation. High urease activity in the pipes and in the collec¬

tion tank causes fast precipitation of calcium and magnesium phosphates. For complete urea

hydrolysis in the collection tank, urine retention times of only few days are necessary.

We found that urease-active bacteria primarily grow in the pipes. Long pipes may therefore

enhance ureolysis. In the collection tank, lysis of urease-active bacteria sets urease free. About

20%i of the urease activity is due to free urease.

Precipitation could be simulated with a dynamic computer model based on the surface

dislocation approach. The simulations resulted in struvite and octacalcium phosphate (OCP)

as precipitating phases, which accords with literature. Since hydroxyapatite (HAP) is the

calcium phosphate phase at solid-solute phase equilibrium, OCP transforms later into HAP.

In undiluted urine, maximum mass concentrations of precipitates can be reached in few hours.

Struvite precipitates earlier than OCP. Soon after the solubility product has been exceeded,

strong struvite precipitation sets in, while OCP needs high supersaturation for substantial

precipitation.
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Source-Separated Urine
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Abstract

In laboratory experiments, source-separated urine was stabilised with nitrification and

denitrified via nitritation and anaerobic ammonium oxidation. The highest total ammonia

concentration in the influent was 7300 gN/m3, the maximum pH 9.2. In a moving bed

biofilm reactor (MBBR) with Kaldnes® biofilm carriers, we stabilised urine as a 1:1

ammonium nitrate solution. The maximum nitrification rate was 380 gN/m3/d corresponding

to 1.7 gN/m2blofiim/d. Nitrite ammonium solutions were produced in a continuous flow stirred

tank reactor (CSTR) with 4.8 days sludge retention time (SRT) at 30 °C and in a sequencing

batch reactor (SBR) with more than 30 days SRT. Nitrate build-up was negligible in both

reactors. Nitritation rates were 780 gN/m3/d in the CSTR and 280 gN/m3/d in the SBR,

respectively. However, shortening the cycles would increase nitritation in the SBR. High

concentrations of nitrous acid, salts, and presumably hydroxylamine suppressed nitrite

oxidation in the nitritation reactors. In all three nitrification reactors, maximally 50% of the

influent total ammonia was oxidised without pH control. None of the common inhibition or

limitation approaches could explain why ammonia oxidation always stopped at pH values

around 6. In a batch experiment, we showed that source-separated urine can be denitrified

autotrophically by anammox bacteria.

Keywords

Anammox, Biofilm carrier, Nitrification, Nitritation, Urine separation

INTRODUCTION

Separate treatment of urine is a promising alternative to the present urban waste water

systems, because it may better conserve our natural resources (Larsen and Gujer 1997, Larsen

et al. 2001). However, source-separated urine is a highly concentrated and unstable solution.

After collection in separating toilets (NoMix toilets) or waterless urinals, urine is usually

stored for several days or even weeks. During storage, bacterial urease hydrolyses urea to

ammonia and bicarbonate, causing a pH increase. The high pH triggers precipitation of

calcium phosphate, struvite, and calcite. As a result, 90% of total nitrogen is present as

ammonia or ammonium, the pH is close to 9, and at least 30% of phosphorus is precipitated

(Udert et al. 2003b).

After storage, urine contains a large amount of ammonia NH3, which can volatilise in case the

urine solution is agitated during transport or application as fertiliser (Hellström and Johansson

1999). In general, there are two objectives for nitrogen treatment of source-separated urine:

either stabilise and recover nitrogen for later use (e.g. as fertiliser), or remove nitrogen as

dinitrogen gas. Whenever possible, the first should be favoured, because recovery and conser¬

vation of resources is a primary goal of urine separation. However, if efficient reuse is not
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possible, nitrogen removal from urine may be a good method for saving energy and resources

(Maurer et al. 2003).

In this study, we investigated whether biological nitrification can be used to stabilise nitrogen

in urine. Nitrification not only lowers the pH but also converts ammonia to nitrite and nitrate.

Both effects conserve nitrogen in the solution. Our aim was to produce an ammonium nitrate

solution, which may be used as fertiliser in terms of nitrogen composition. Ammonium nitrate

is the main fertiliser in Europe (UNIDO 1998). Additionally, we examined nitritation and

autotrophic denitrification as methods for nitrogen removal.

Nitrification and denitrification of urine

Stable biological nitrate production requires that nitrite oxidation is as fast as ammonia oxida¬

tion. Changes in environmental conditions affect ammonia and nitrite oxidisers differently and

may destabilise the overall process. The most important factors that influence nitrification are

- oxygen (nitrite oxidisers have a lower affinity to oxygen than ammonia oxidisers)
- temperature (the growth rate of nitrite oxidisers increases more slowly with temperature

than the growth rate of ammonia oxidisers)
- substrate inhibition and limitation (ammonia NH3 and nitrous acid HN02 are the

substrates for ammonia and nitrite oxidisers, respectively)
- product inhibition (ammonia oxidisers are strongly inhibited by nitrous acid, though nitrate

inhibition of nitrite oxidisers is usually negligible)
- inhibition by intermediates (nitrite oxidisers are inhibited by hydroxylamine NH20H,

which is an intermediate of ammonia oxidation)
- growth limitation by inorganic carbon or phosphate
- alkalinity (high alkalinity prevents strong pH changes)

pH is a key parameter. It determines the acid-base equilibria of ammonia, nitrite, and hydro¬

xylamine. Furthermore, the proton concentration influences the metabolism of nitrite and

ammonia oxidisers. Since the factors that control nitrification are still not fully understood,

the proposed kinetic constants and threshold values vary widely. Comprehensive overviews

and discussions are given by Nowak (1996) and Dombrowski (1991). Recently, several

metabolic pathways of ammonia oxidation and denitrification have been detected (Schmidt et

al. 2002). The new knowledge may enable us to better control nitrification processes.

Nitrification of source-separated urine has already been investigated by Johansson and

Hellström (1999). They treated stored urine with a total nitrogen concentration of 4.6±0.4

kg/m .
Without pH control 50% of the influent total ammonia was oxidised to nitrite and

nitrate. Complete nitrification to nitrate was not achieved. With NaHC03 addition, ammonia

oxidation could be increased.

In the last years, several new denitrification processes have been investigated and developed

(Verstraete and Philips 1998). One promising process is the combination of partial nitritation

with anaerobic ammonium oxidation by anammox bacteria (Strous et al. 1998). Since

anammox bacteria are autotrophic, no organic substrate is necessary. Additionally, sludge

production is very small.
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MATERIALS AND METHODS

Urine solutions

We used stored urine from two collection systems. After complete urea hydrolysis, total

ammonia concentrations were 1800±400 gN/m3 and 3800Ü00 gN/m3, respectively. The pH

values varied between 8.9 and 9.1. The ratio of total COD to total ammonia was 0.88±0.14

gCOD/gN. Phosphate precipitated as struvite and hydroxyapatite during storage. The concen¬

tration of dissolved phosphate was at least 80 gP/m3 after precipitation (Udert et al. 2003b).

Diluted urine solutions were prepared with distilled water. To increase the total ammonia

concentration to values up to 7300 gN/m3, we spiked the urine with a 3 M ammonia solution

(1.5 MNH4HCO3 and 1.5 MNH3).

Moving Bed Biofilm Reactor (MBBR) for nitrate production
To produce an ammonium nitrate solution, we used a MBBR with Kaldnes® biofilm carriers

(Kaldnes Miljoteknologi AS, Tonsberg, Norway). The Kaldnes® biofilm carriers were

polyethylene tubes with a diameter of 10 mm and a length of 8 mm. The volumetric surface

available for bacterial growth was assumed to be 460 m2/m3 f,ued reactor (Maurer et al. 2001).

The filling ratio of the reactor (total volume 2.8 It.) was 50%. The biofilm carriers had already

been used in a nitritation reactor (Fux et al. 2003) and were stored for 9 months at 4 °C. The

temperature in the reactor was 25.3±0.5 °C. The oxygen concentration was kept between 3

and 5.2 g02/m .
We continuously logged pH and oxygen concentrations. Respiration rates

were calculated online. Before sampling started (day 0, see Figure 1), the reactor had been

running for eleven days with pH control at 7.9 (1 M HCl). From day 0 to day 4, the pH was

controlled to values between 7.0 and 7.8, until the nitrification was strong enough to decrease

the pH below 7.0. Thereafter, pH was only controlled, when a pH increase had occurred due

to an aeration failure (day 16).

Continuous flow stirred tank reactor (CSTR) for nitritation

We inoculated the CSTR with activated sludge from another nitritation experiment (Fux et al.

2002). Before feeding urine, digester supernatant with increased ammonia concentrations was

used as influent (total ammonia 4500 gN/m3). The reactor had a volume of 2.8 lt. pH was not

controlled. Temperature was fixed to 30.0±0.4 °C. The oxygen concentration was kept

between 2.5 and 4 g02/m3. pH and oxygen were continuously monitored and logged and

respiration rates were calculated online.

Sequencing batch reactor (SBR) for nitritation

The reactor volume was 7.5 lt., the total cycle duration 2 days. For each cycle, 30 min. were

used for sedimentation, 7 min. for drain and max. 3 min. for filling. Half of the reactor volume

was exchanged, which resulted in a hydraulic retention time HRT of 4 d. Except for sedimen¬

tation and drain, the reactor was aerobic with oxygen concentrations between 2 and 4.5

g02/m .
Neither pH nor temperature were controlled. The temperature was 24.5±0.5 °C. pH

values dropped from maximally 8.8 to a minimum of 6.
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Batch reactor for anaerobic ammonium oxidation

To investigate autotrophic denitrification we used anammox sludge from a pilot plant, which

was running with digester supernatant (Fux et al. 2002). The reactor had a volume of 2.2 It.

The temperature was kept constant at 30.0±0.1 °C and the pH was controlled at 8.0Ü0.02 by

addition of 1 M HCl. Before adding the substrate, the sludge was sparged with nitrogen gas

for half an hour to establish anaerobic conditions.

Analytical methods

Due to the high concentrations in source-separated urine, samples had to be strongly diluted

before measurement. The estimated variation coefficients for all analyses were generally less

than 5% except for inorganic carbon (80% at low concentrations). We used the following

analytical methods: for COD test tubes from Hach and Dr. Lange; for total ammonia flow

injection analysis (reaction with bromocresol purple); for nitrite and nitrate ion

chromatography, flow injection analysis (reduction of nitrate to nitrite with cadmium, reaction

of nitrite with sufphanilamide), and Dr.Lange test tubes; for phosphate flow injection analysis

(ammonium molybdate method). pH, temperature and oxygen were measured with WTW

measurement devices. The carbonate alkalinity was determined with titration subtracting the

alkalinity of nitrite, ammonia and phosphate species. Total carbonate concentrations were

calculated form the carbonate alkalinity. COD measurements were corrected for nitrite

concentrations.

Calculations

To calculate the concentration of ammonia and nitrous acid, we used the pKa values 9.25 and

3.29, respectively (T = 25 °C, I = 0 M, Stumm and Morgan 1996). Ion activities were calcu¬

lated with the Davies approach (Stumm and Morgan 1996). We assumed that the ionic

strength is proportional to the total ammonia concentration. After urea hydrolysis, undiluted

urine has a total ammonia concentration of 8200 gN/m3 and an ionic strength of 0.55 eq/1

(Udert et al. 2003b). Growth rates and necessary SRT of nitrite oxidisers were calculated with

the kinetic model of Hellinga et al. (1999). This model includes limitation and inhibition by

nitrous acid and limitation by oxygen. Since decay processes are not considered, we supple¬

mented the kinetics with a decay coefficient of 0.05-(j,max. The kinetic data from Hellinga et al.

(1999) were also used for calculating the inhibition of ammonia oxidation by nitrous acid.

NITRATE PRODUCTION IN THE MBBR

In this experiment, we investigated whether bacterial nitrification is suitable for converting

stored urine into a 1:1 ammonium nitrate solution. We aimed at a nitrification rate of 400

gN/m Id. In order to acclimatise the bacteria to highly concentrated urine, we started with

diluted urine (total ammonia 1300 gN/m3) and slowly increased the inflow rate until we nearly

reached the maximum total ammonia load (Figure 1). Then, we gradually raised the influent

urine concentration and concomitantly decreased the inflow rate. The final total ammonia load

was 750±50 gN/m3/d at an influent concentration of 7100 ±100 gN/m3. This is 87% of the
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4. Nitrification and Autotrophic Denitrification ofSource-Separated Urine

expected total ammonia concentration in undiluted stored urine (8200 gN/m3, Udert et al.

2003c). The pH in the influent was 9.2. On day 73, the reactor was kept at steady state until

the end of the experiment (day 79). 11% of the inflow was lost due to evaporation during

periods with high aeration (starting on day 20). Nitrogen loads in the influent and effluent

differed only by 4%, which is in the range of measurement variations. Thus, nitrogen loss by

denitrification was negligible.
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below 1% of the total measured nitrogen compounds. T = 25.3±0.5 °C. No pH control after day 4
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Nitrification capacity. About 50% of the total ammonia in the influent was oxidised to nitrate.

This fraction was reached on day 23 and maintained for the rest of the experiment. Nitrite in

the effluent was less than 1% of the influent total ammonia. The maximum nitrification rate

was 380±30 gN/m3/d (day 42 to 79), which corresponds to a specific nitrification rate per

biofilm surface of 1.7±0.1 gN/m2/d. Rüsten et al. (1995) reported similar maximum

nitrification rates (1.4 to 1.6 gN/m2/d) in a waste water treatment plant with post-denitrifi-

cation (8.0-15.6 °C). Rostron et al. (2001) reached 4.0 gN/m2/d at 25 °C in a laboratory

reactor with a synthetic influent (500 gNH4-N/m3/d). Consequently, higher nitrification rates

may also be possible in the treatment of source-separated urine.

Limitation and inhibition effects. None of the common limitation and inhibition effects can

explain why only 50% of total ammonia was oxidised. Usually, MBBRs are diffusion-limited

by either oxygen or ammonia (Hem et al. 1994), but in this reactor nitrification rates did not

correlate with total ammonia or oxygen concentrations at all. Inhibition by heterotrophic

growth (Hem et al. 1994) is unlikely, since nitrification rates were not sensitive on changes in

the influent organic substrate load (data not shown). As we could show in a SBR experiment

(see nitritation in the SBR), limitation by inorganic carbon is not the reason why only 50% of

total ammonia is oxidised.

Ammonia and phosphate did not limit the process at anytime. While the ammonia concentra¬

tion rose from 0.34 gN/m3 to 2.7 gN/m3 (day 21 to 77), the nitrification rate was unaffected.

Phosphate concentrations were persistently high, at least 80 gP/m .

However, another unknown effect related to the pH value seems to impede the ammonia

oxidisers. In all experiments (see nitritation in the CSTR and SBR), ammonia oxidation did

not occur at pH values far below 6, which corresponds to experiences with municipal

waste water treatment (Painter 1986). Since ammonia oxidation itself produces protons, the

alkalinity of the solution determines the extent of ammonia oxidation.

Finally, ammonia oxidisers are inhibited by their substrate ammonia (Dombrowski 1991,

Nowak 1996). Ammonia inhibition was negligible when nitrification was stable, but it had to

be prevented by acid addition during the initial phase of the experiment.

Long-term application. Whereas nitrification of source-separated urine seems to be stable

when inflow and influent concentrations are varying slightly, high pH fluctuations can cause a

breakdown of the process. Nitrification stopped when the pH decreased after a failure of the

inflow pump (day 23 and 55). However, when the pump was switched on again, nitrification

recovered immediately. More severe problems are caused by pH increases (see nitritation in

the CSTR). High ammonia concentrations persisting over a long time period strongly affect

ammonia oxidisers. Therefore, stable nitrate production requires that the influent load of total

ammonia and the pH in the MBBR vary only in a small range. This can be achieved by

controlling the pH via the inflow rate.
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4 Nitrification and Autotrophic Denitrification ofSource-Separated Urine

NITRITATION IN THE CSTR

In the CSTR, we produced an ammonium nitrite solution for autotrophic denitrification. At

the given temperature (30±0.4 °C), ammonia oxidisers generally have a higher maximum

specific growth rate than nitrite oxidisers, so that nitrite oxidisers can be selectively washed

out (Hellinga et al. 1999). Before we used urine as influent, the reactor had been running with

ammonia enriched digester supernatant (total ammonia 4830±280 gN/m3). On day 0 (Figure

2), we started to feed enriched urine (total ammonia 7300±250 gN/m3). The pH in the influent

was 9.2. We slowly increased the load of total ammonia from 450 gN/m là. to 1580 gN/m Id.

From day 21 onward the reactor was in steady state until the end of the experiment (day 35).

The steady state concentration of particulate COD was 830±50 gCOD/m . However, since the

reactor walls were not cleaned, biofilm growth occurred. In steady state, 9% of the influent

water evaporated from the reactor. The nitrogen load in the effluent was 3.8% higher than in

the influent indicating that denitrification was negligible.

10000

8000

E

z
6000

o
c

o

O

4000

2000

0

1000

o

800

600

400

200 -, I i i i i I i i i i I i i i i I i i i i I i i i i I

10 15 20

Time [d]

25 30

-•— Total ammonia in

-o— Sum N out

-a— Nitrite out

-o— Total ammonia out

Inflow

pH effluent

x
Q.

-55

35

Figure 2 Measurements in the nitritation CSTR. A: nitrogen compounds in the influent and in the reactor. Sum

N is the sum of nitrite, nitrate and total ammonia. B: inflow rate and pH in the reactor (after day 29

only occasional pH measurements). New influent on day 7. Period of stable nitritation (steady state

phase) starts on day 21. HRT = 4.8 d. T = 30.0±0.4 °C.
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Nitritation performance. At steady state the effluent nitrite to ammonium ratio was 1.0±0.05

and the nitritation rate 790±20 gN/m3/d. Nitrite to ammonium ratios of 1 are also common for

nitritation of digester supernatant (van Dongen et al. 2001). The maximum nitritation rate was

somewhat higher than in the nitritation reactors described by van Dongen et al. (2001)

(influent: 1180 gN/m3 total ammonia, nitritation rate 630 gN/m3/d). During the whole

experiment, nitrate was less than 1.5% of the total ammonia in the influent.

Inhibition of nitrite oxidisers. The apparent lack of nitrite oxidisers is largely due to nitrous

acid inhibition. Based on the model of Hellinga et al. (1999), which includes nitrous acid as

sole inhibitor, we calculated the minimum SRT for the growth of nitrite oxidisers (model

parameters 0.71 gHN02-N/m3 and 3.3 g02/m3). The calculated minimum SRT (4.9 d) was

equal to the actual SRT at steady state (4.8±0.3 d). However, nitrite oxidisers were probably

also inhibited by hydroxylamine (Stüven et al. 1992). Hydroxylamine concentrations are

particularly high during nitritation of high-strength ammonia solutions. Stüven et al. (1992)

also showed that hydroxylamine but not ammonia inhibited the nitrite oxidisers. Furthermore,

high salt concentrations reduce the growth rates of nitrite oxidisers and ammonia oxidisers as

well (Hunik et al. 1993). Apparently, inhibition of nitrite oxidisers by nitrous acid, salt, and

hydroxylamine was sufficient to prevent significant nitrate build-up in the CSTR.

Inhibition of ammonia oxidisers. As we have postulated in the MBBR section, ammonia

oxidisers are inhibited by an unknown effect around pH 6. In nitritation reactors, however,

ammonia oxidation is also inhibited by nitrous acid. Using the kinetic data compiled by

Hellinga et al. (1999) (non-competitive inhibition, Kj = 0.21 gN/m3), we calculated that

nitrous acid reduced the growth rate by nearly 80% at steady state. Once again, substrate

inhibition of ammonia oxidisers was negligible because of low pH values.

Long-term application. CSTRs are more sensitive to extreme pH values than MBBRs,

because bacteria can be washed out. Sudden increases of the inflow rate or lack of oxygen are

particularly harmful. On the one hand higher inflow rates decrease the SRT, on the other hand

high ammonia concentrations reduce the growth rate of the ammonia oxidisers. Consequently,

the bacteria cannot rapidly adapt to the high influent rates, so that they may be washed out. To

sum up, ammonia inhibition has a positive feed back and destabilises ammonia oxidation.

Corresponding to the MBBR, we suggest controlling the pH via the inflow rate to prevent

high pH fluctuations.
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NITRITATION IN THE SBR

In the SBR, we produced an ammonium nitrite solution for experiments on chemical nitrite

oxidation (Udert et al. 2003d). The reactor was inoculated with activated sludge from a deni¬

trifying waste water treatment plant. After an initial phase of some weeks, the reactor was

steadily running for more than 3.5 years with total ammonia concentrations in the influent

between 700 and 1300 gN/m3. From January to March 2002, after 3.5 years of continuous

operation, we carried out additional experiments with higher influent concentrations (see

Table 1). In all experiments, pH values in the reactor ranged from 8.8 at the beginning and 6.0

at the end of the cycle (see Figure 3). According to three mass balances 4 to 12% of nitrogen

was lost during a cycle. However, the uncertainty of mass balances was high, because the

influent flow rate and reactor volume were estimated based on previous measurements. If

nitrogen was lost, it was mainly due to denitrification. Ammonia volatilisation was negligible,

as we had determined in a separate experiment. The SRT based on the concentration of

suspended solids was between 30 and 100 days, but large amounts of biomass were attached

to the reactor walls. The concentration of suspended solids ranged from 2000 to 3600

gCOD/m3 (see Table 1).

Nitrification performance. Nitritation in the SBR proved to be very stable with total ammonia

concentrations in the influent as high as 2240 gN/m (Table 1). The nitrite to ammonium ratio

was 1.0±0.1 on average. Nitrate in the effluent accounted for less than 5% of the influent total

ammonia. Figure 3 shows that ammonia was oxidised only during a short time of the cycle.

During the rest of the cycle, nitrite and total ammonia concentrations did not change signifi¬

cantly. Nitrate build-up occurred similarly: in the beginning when pH values were high, nitrate

increased faster than in the idle phase with pH 6.0. The overall nitritation was low, maximally

280 gN/m Id (cycle 16.3.02), but during the phase of ammonia oxidation, the nitritation rate

reached values of 1300 gN/m3/d (cycle 18.2.02).
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Table 1 Concentrations in the SBR at various influent concentrations

Date of cycle start 15.12.98 10.02.02 18.02.02 16.03.02

Influent Total ammonia ;gN/m3] 720 1380 1840 2240

pH :-] 8.9 8.8 8.9 8.8

End of cycle Total ammonia jN/m3] 410 680 860 1100

Nitrite ;gN/m3] 410 720 750 1180

Nitrate .gN/m3] 8 50 60 30

Nitrite/ammonium gN/gN] 1.00 1.06 0.87 1.07

End of ammonia pH .-] 6.0 6.0 6.0 6.1

oxidation NH3 gN/m3] 0.18 0.30 0.39 0.64

HN02 [gN/m3] 0.73 1.08 1.09 1.28

Biomass in reactor Suspended solids [gCOD/m3] 2000 3100 3000 3400

Inhibition of nitrite oxidisers. Generally, nitrite oxidation was slow and even decreased after

ammonia oxidation had stopped (Figure 3). At pH 6, nitrite oxidisers were strongly inhibited

by their substrate nitrous acid. According to the kinetic model of Hellinga et al. (1999),

nitrous acid inhibition reduced the growth rate by 80%. During ammonia oxidation, however,

pH values were higher and nitrous acid did not inhibit strongly. Nevertheless, nitrate build-up

was also low. In this phase, the nitrite oxidisers were probably inhibited by hydroxylamine

(see nitritation in the CSTR).

Inhibition and limitation of ammonia oxidisers. Independent of the influent concentrations,

ammonia oxidation stopped at pH 6 (Table 1). As we have discussed above, none of the

common inhibition and limitation approaches can explain our observation. Ammonia

limitation can be excluded once again, because the ammonia concentrations at which

nitritation stopped differed by a factor 3.7 (Table 1). Nitrous acid inhibition slowed down

ammonia oxidation (see nitritation in the CSTR), but model estimations showed that nitrous

acid inhibition was insufficient to completely inhibit ammonia oxidation.

Limitation by inorganic carbon has often been mentioned as reason for bad nitrification

performance (e.g. Wett et al. 1998). At the end of the cycle the total carbonate concentration

was as low as 3 mM. Due to the high measurement variations the actual concentrations may

have been even lower. We tested, therefore, if lack of carbon dioxide was the reason why

ammonia oxidation stopped at pH 6. In a parallel experiment (data not shown) one SBR was

aerated with synthetic air (20% 02, 80% N2) and another with a mixture of 10% C02, 18% 02

and 72% N2. The results showed that stabilising the levels of carbon dioxide had no effect on

the overall nitritation. The nitrite to ammonium ratio in the effluent was always 1 in both

reactors.

In the experiments presented in this paper, low availability of carbon dioxide may have

slowed down nitritation at pH values near 6, but it was not the reason why nitritation stopped.
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Long-term application. The SBR was running steadily for 3.5 years, but the overall nitritation

rates were low. However, the overall nitritation performance could be strongly enhanced by

shortening the idle phase of the process. Concomitantly, the effluent nitrate concentration

would slightly increase because the cycle period with nitrous acid inhibition were shortened.

A further increase of the total ammonia concentration in the influent seems to be possible.

However, the volume of added influent solution must be reduced to prevent substrate inhi¬

bition of ammonia oxidisers.

ELIMINATION OF ORGANIC SUBSTANCES

The concentration of organic substances decreased strongly in all nitrification reactors. In

average, 82±5% of the dissolved COD was eliminated. In the influent, about 88±5% of the

total COD was dissolved. The ratio of COD to total ammonia in stored urine was on average

0.88±0.14gCOD/gN.

OVERVIEW OF NITRIFICATION PERFORMANCE

In Table 2 we compiled the data from the nitrification reactors. MBBR and CSTR values are

given for steady state. SBR values show the reactor performance at the highest total ammonia

concentration in the influent.

Table 2 Data on nitrification performance in the steady state phase (MBBR and CSTR) or at maximum loading

(SBR), respectively. SD: standard deviation. *Overall ammonia oxidation in one cycle, **maximum

ammonia oxidation

Reactor MBBR CSTR SBR

±SD ±SD ±SD

Influent ammonia [gN/m3] 7100 100 7300 250 2240 100

Influent ammonia load [gN/m3/d] 750 50 1580 30 560 30

SRT [d] - 4.8 0.3 >30

Reactor temperature [°C] 25.3 0.5 30.0 0.4 24.5 0.5

Max. ammonia oxidation rate [gN/m3/d] 380 30 790 20 280*

1300**

20

100

[gN/m2bl0fllm/d] 1.7 0.1 - -

Suspended solids [gCOD/m3] - 830 50 3640 100

Effluent total ammonia [gN/m3] 3750 20 3880 110 1100 50

Effluent nitrite [gN/m3] 75 2 3930 130 1180 50

Effluent nitrate [gN/m3] 3730 60 60 30 30 2

Effluent pH - 6.3 0.05 6.9 0.05 6.1 0.05
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ANAEROBIC AMMONIUM OXIDATION

We conducted batch experiments with anammox sludge to determine whether anaerobic

ammonium oxidation is suited for nitrogen removal from partially nitrified urine. Firstly, we

carried out a reference experiment, in which we added synthetic NaN02 to the anaerobic batch

reactor. The initial nitrite concentration was 50 gN/m .
The sludge had excess ammonium, so

that additional spiking was not necessary. Anaerobic ammonium oxidation took place imme¬

diately (Figure 4). After all nitrite had been consumed, partially oxidised urine from the CSTR

reactor (26.5 ml; total ammonia 4100 gN/m3; nitrite 3400 gN/m3) was added to the batch

reactor. The initial concentration of total COD at the very beginning was 11400 gCOD/m and

did not change in the course of the experiments.

The total nitrogen elimination rate was 1300 gN/m3/d in the reference experiment and 1000

gN/m Id with partially nitrified urine. In both tests, nitrate was produced at a rate of 100

gN/m Id. The ratios of total ammonia elimination to nitrite elimination to nitrate production

were 1 : 1.53±0.05 : 0.25±0.02 for the reference and 1 : 1.18±0.07 : 0.19±0.03 for urine,

respectively. Although these ratios vary, they are in the same range as literature values. Van de

Graff et al. (1997), for example, reported the ratios 1 : 1.31±0.06 : 0.22±0.02.

According to these results, nitrogen removal from source-separated urine is possible with

anaerobic ammonium oxidation. However, the salt concentration in the reactors was lower

than in source-separated urine. In long-term application, the salt concentrations in the reactors

will increase and may diminish the activity of the anammox bacteria. Furthermore, to

completely eliminate ammonium, the alkalinity in the preceding nitritation reactor must be

increased, so that an ammonium nitrite ratio of 1 : 1.3 will be obtained.

40 60

Time [mm]

100

Total ammonia, reference

A Nitrite, reference

o Total ammonia, urine

A Nitrite, urine

Figure 4 Total ammonia and nitrite degradation caused by anaerobic ammonium oxidation. Comparison of a

reference experiment with synthetic NaN02 and partially nitrified urine as nitrogen source. T = 30 °C
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CONCLUSIONS

Source-separated urine can be stabilised with biological nitrification. In a moving bed biofilm

reactor (MBBR), enriched urine (total ammonia 7100 gN/m ) was oxidised to a 1:1 ammo¬

nium nitrate solution. At steady state, the rates were 380 gN/m3/d and 1.7 gN/m2bi0fiim/d,

respectively (25.3 °C, filling ratio 50%). In terms of nitrogen composition, the effluent is a

suitable fertiliser.

Furthermore, we showed that nitritation combined with autotrophic denitrification is suited to

remove nitrogen from urine. In this study, we particularly focussed on the first step of the

process, nitritation. Ammonium nitrite solutions were produced in two reactors, a continuous

flow stirred tank reactor (CSTR) and a sequencing batch reactor (SBR). In either reactor,

maximally 50% of total ammonia could be oxidised without pH control. The nitritation rate in

the CSTR was 790 gN/m3/d at steady state with a total ammonia concentration in the influent

of 7300 gN/m3 (T = 30 °C, SRT - 4.8 d). The maximum nitritation rate in the SBR was 1300

gN/m3/d, but due to long idle phases without ammonia oxidation, the overall nitritation rate

was only 280 gN/m3/d at maximum (influent total ammonia 2200 gN/m3, T = 24.5 °C,

SRT > 30 d). However, shortening the cycles could substantially increase the overall

nitritation rates.

In a batch experiment with anammox sludge, we showed that source-separated urine can be

denitrified with anaerobic ammonium oxidation. However, further experiments are necessary

to investigate the long-term performance. For complete ammonium removal, nitritation must

be slightly enhanced by increasing the alkalinity.

Due to the high concentrations in source-separated urine, inhibition strongly affects nitrifi¬

cation. Ammonia and an unknown effect around pH 6 are the governing inhibitors of

ammonium oxidation. The latter determines that maximally 50% of total ammonia can be

oxidised without pH control. Nitrous acid and high salt concentrations contribute to the

inhibition of ammonia oxidisers. Limitation by inorganic carbon may slow down ammonia

oxidation but is not responsible for the nitritation stop at pH values around 6. Limitation by

ammonia and phosphate is negligible (see Appendix).

Nitrite oxidisers are mostly affected by high concentrations of nitrous acid and presumably

hydroxylamine. Both inhibitors suppress nitrite oxidation in nitritation reactors. Furthermore,

high salt concentrations seem to reduce the growth rate as well (see Appendix).

For the long-term operation of MBBRs and CSTRs, we suggest controlling the pH via the

inflow to prevent high pH fluctuations. In SBRs, the exchanged volume per cycle must be so

low that the initial ammonia concentration does not prevent ammonia oxidation.
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APPENDIX

Figure 5 and 6 show schematically the effect of the most important inhibitors or limiting

substrates on the activity of the ammonia and nitrite oxidisers, respectively. Broad areas

respresent strong impacts. The effects are discussed in the paper.

HN02 NH3 Salt H2C03 ?

Figure 5 Schematic diagram of limitation and inhibition effects on ammonia oxidisers

HN02 NH3? Salt H2C03 NH2OH

Figure 6 Schematic diagram of limitation and inhibition effects on nitrite oxidisers
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Fate of Major Compounds in Source-Separated
Urine

This thesis focuses mainly on the fate of nitrogen and phosphorus in source-separated urine,

though those two nutrients are not the only compounds of importance for the quality of urine

as a nutrient solution. Based on the results of my thesis and on literature data I discuss the fate

of major urine compounds during collection and storage. Hydrolysis and precipitation are the

two processes that change the urine composition. As shown in Table 1, the concentration

changes are significant.

Table 1 Effect of hydrolysis and precipitation on undiluted urine. Simulation with Precipitation Potential

model (Chapter 2). All values rounded to 2 significant digits. Complexation reactions are considered.

Alkalinity does not include sulphate.

Before hydrolysis After hydrolysis

Total phosphate [gP/m3] 740 540

Urea [gN/m3] 7600 0

Total ammonia [gN/m3] 480 8000

Ammonia NH3 [gN/m3] 0.30 2700

Ammonium NH4+ [gN/m3] 450 5100

Calcium [g/m3] 180 0

Magnesium [g/m3] 100 0

Total carbonate [gC/m3] 0 3200

Alkalinity [mM] 22 490

pH H 6.2 9.1

PHOSPHORUS

Recycling of phosphorus is the main incentive for nutrient recovery from urine because of the

decreasing apatite resources. Ninety-five to one hundred percent of phosphorus in fresh urine

is bound as orthophosphate (Ciba-Geigy 1977). The fate of phosphate during urine collection

has not been intensively investigated before. Hanœus et al. (1997) and Jönsson et al. (1999)

noticed that the urine in collection tanks had a higher nitrogen to phosphorus ratio than fresh

urine. They concluded that this is caused by precipitation of phosphorus in the pipes and

tanks. Hellström and Johansson (1999) analysed minerals from scalings and found that they

consisted of phosphorus, magnesium, calcium and copper when copper pipes were used.

Finally, Höglund et al. (2000) found that phosphate concentrations as well as iron, calcium

and magnesium concentrations are increased in the bottom sediment of urine collection tanks.

They concluded that metal phosphates such as hydroxyapatite and metal hydroxides are

formed at the high pH in urine-collecting tanks.
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The results presented in this thesis show that phosphate precipitates as struvite and hydroxy¬

apatite during collection and storage of urine. Urine dilution and urea hydrolysis are the major

influencing factors. Except for precipitation, no other significant phosphate conversion

processes are known. Consequently, the phosphate content of urine is most probably stable,

once precipitation has approached a solid-solute phase equilibrium.

NITROGEN

In fresh urine, about 85% of nitrogen is fixed in urea, which is a metabolic detoxification

product of bicarbonate and ammonium. Urea and total ammonia account for 90%) of nitrogen

in urine. After urea degradation, this 90% fraction entirely consists of total ammonia. The rest

of the nitrogen compounds consists mainly of creatinine, amino acids and uric acid (Ciba-

Geigy 1977).

Degradation of urea is a common feature of urine-collecting systems and has already been

reported by several authors (Kirchmann and Pettersson 1995, Hellström and Johansson 1999).

Results in this thesis show that bacterial urease produced in the collecting system causes urea

hydrolysis. Chemical hydrolysis of urea is negligible. When urea degradation has stopped, the

pH has increased from about 6.2 to above 9 and all urea nitrogen has been converted to

ammonium and ammonia. Due to the increased pH, volatile ammonia NH3 accounts for a high

fraction of total ammonia in stored urine (Table 1). During transport and treatment of source-

separated urine high ammonia losses can occur. These losses not only diminish the efficiency

of nitrogen recovery, volatilised ammonia can also have negative effects on the environment

and human health. The possible impacts on the environment are manifold ranging from acidi¬

fication and eutrophication of aquatic and terrestrial ecosystems to deterioration of buildings.

High atmospheric ammonia concentration have also a direct impact on human health: nitric

acid produced from the reaction of NH3 with NOx affects the human respiratory system

(Galloway and Cowling 2002).

Volatilisation of ammonia is marginal as long as the urine solution is stored in a tank

(Fittschen and Hahn 1998, Hellström and Johansson 1999). The high solubility of NH3 in

water prevents that a large fraction of ammonia can escape to the tank atmosphere. Further¬

more, the small surface to volume ratio of the urine solution minimises the rate of gas

exchange. However, if the tanks are not properly closed, ammonia volatilisation can cause

odour problems. In the tank headspace ammonia gas concentrations can be very high. The

equilibrium concentration with dissolved ammonia in hydrolysed urine is 2300 mgN/m ,

which is far above the toxic level of 210 - 280 mgN/m3 (KTBL 1990)!1 This maximum value

will possibly not be reached in collection tanks, because the ammonia exchange between urine

solution and gas phase is slow. Nevertheless, it must be considered that working in urine

storage tanks can be harmful. The high ammonia gas concentrations also imply that the tanks

must be completely closed to prevent odour problems. Ammonia gas concentrations higher

1
Calculated with H=0.00071 M(g)/M(aq) at 25°C, Stumm and Morgan (1996) assuming that the collection tank

is half full and the urine is undiluted.
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than 7 to 14 mg/m3 are already perceivable (KTBL 1990), so only little gas must escape from

the tank to cause odour problems.

Ammonia volatilisation can be a major problem during the transport of source-separated

urine. Especially the transport through the sewer was assumed to be critical. To verify this

assumption, we carried out a field experiment. The results have shown, however, that only

marginal amounts of ammonia would volatilise during the urine flush through the sewer (Buri

and Schildknecht, 1998). The maximum loss of total ammonia in the sewer would be 2% per

hour at T=15°C, Q=20 lt/s and pH=9. Although the decrease of total ammonia in urine might

be negligible, the volatilised ammonia would cause considerable odour problems. Hence,

urine transport through the sewer requires preliminary treatment of stored urine to prevent

ammonia volatilisation.

Finally, ammonia volatilisation can be substantial, when untreated source-separated urine is

spread as fertiliser on fields. This problem is thoroughly discussed in Chapter 6.

In contrast to phosphorus, precipitation has a negligible effect on nitrogen in source-separated

urine. Nitrogen only precipitates as struvite and less than 1% of the dissolved total ammonia

in source-separated urine will precipitate (Chapter 1).

POTASSIUM

In source-separated urine, precipitation is the only process that may affect the potassium

concentration. As I have shown in Chapter 1 and 2
,
struvite and hydroxyapatite are the main

precipitates in source-separated urine. Potassium is known to be incorporated in both min¬

erals.

In struvite, potassium can substitute ammonium (Schuiling and Andrade 1999, Lind 2000).

However, in source-separated urine the molar total ammonia concentration is nearly fivefold

higher than the potassium concentration. Therefore, one can assume that in struvite only little

ammonium is replaced by potassium. In the completely hypothetical case that all ammonium

in struvite would be replaced by potassium, the loss of soluble potassium would be less than

7% anyway.

In hydroxyapatite, potassium can substitute calcium. However, the fraction of potassium in

biologically formed hydroxyapatite is very low, in human bones and teeth for example less

than 0.1 %owt (LeGeros and LeGeros 1984). Therefore, potassium loss due to hydroxyapatite

precipitation is presumably negligible.

To conclude, the quality and quantity of potassium in source-separated urine will not signifi¬

cantly change during collection and storage.

SULPHUR

Nearly 90%> of sulphur in urine is in the form of sulphate. Other sulphur compounds are esters

of sulphuric acid and neutral sulphur compounds (Ciba-Geigy 1977). There are two processes

that may influence sulphate in source-separated urine: precipitation and biological reduction.
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Precipitation of sulphate minerals was not detected in this work, but sulphate can substitute

phosphate in apatites. Nathan (1984) cites substituent contents in sedimentary phosphate

rocks. They mainly consist of francolite, a carbonate fluorapatite, which accounts for most of

the global phosphorus reserves. The sulphur content of several analysed phosphate rocks is

small varying between 0.03 wf%> and 1.6 wt% with a median of 0.8 wt%. Therefore, one can

assume that precipitation of sulphate is negligible in source-separated urine.

However, biological processes are likely to reduce sulphate in source-separated urine. In

anaerobic environments - such as source-separated urine - dissimilative sulphate reduction or

sulphate respiration can occur if organic reductants are available (Brock 1999). The product of

sulphate respiration is hydrogen sulphide H2S, a corrosive gas which causes odour problems

and may be toxic to humans already at low concentrations. Because sulphate reduction is

likely to occur in source-separated urine and may have detrimental impacts on the urine-

collecting system and on human health, sulphate reduction should be a subject of further

investigation.

MAGNESIUM AND CALCIUM

The cations magnesium and calcium are the limiting factors for precipitation in urine-

collecting systems. They determine the amount of phosphate eliminated from solution and the

risk of blockages. In undiluted urine, both cations are completely incorporated in the solid

phase. While the fraction of precipitated magnesium decreases with the amount of flushing

water, soluble calcium is completely eliminated at any urine dilution relevant for urine sepa¬

ration, provided that a solid-solute equilibrium is reached (Figure 2 in Chapter 2). Since

precipitation is the only process that has a substantial effect on magnesium and calcium I refer

to the Chapters 1 to 3 for further discussion.

ORGANIC SUBSTANCES

The concentration of organic substances in urine is high (about lO'OOO gCOD/m3; Chapter 3).

Eighty five percent of it is biodegradable (Chapter 4). Besides ammonia volatilisation, degra¬

dation of organic substances is the other process that can significantly change the composition

of stored urine. Under anaerobic conditions, for example in the collection tank, the biode¬

gradable organic substances may serve as reactants for biological conversion processes such

as fermentation and sulphate respiration. Fermentation in source-separated urine is very likely.

Höglund et al. (1998, 2000) noticed that the bacteria of the fermenting genus Clostridium are

persistent in stored urine. At the moment, no data are available on the occurrence of typical

sulphate reducing bacteria in source-separated urine, but the conditions for their growth are

given.

On a COD basis organic acids, creatinine, amino acids and carbon hydrates are the main

organic urine compounds (Ciba Geigy 1977). On a molar basis urea is the most important

organic substance in fresh urine, although urea has no COD and does therefore not contribute

to the COD of urine.
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The organic substances in urine also include a group of compounds which do not significantly

contribute to the COD, but are nonetheless a major reason of concern: micropollutants such as

synthetic hormones and pharmaceuticals (Larsen et al. 2001). These substances and possibly

harmful metabolites are mainly excreted via urine (Bachmann Christiansen et al. 2002, Alder

2002). Micropollutants have a detrimental effect on aquatic ecosystems and may be partially

responsible for the decline offish populations in receiving waters (Daughton and Ternes 1999,

Burkhardt-Holm and Studer 2000, Bachmann Christiansen et al. 2002). If present in drinking

water or food, micropollutants pose a threat to human health (Daughton and Ternes 1999).

Waste water treatment plants reduce these substances insufficiently (Ternes 1998). Since the

treatment of higher concentrated solutions such as urine could be beneficial for the

elimination of micropollutants, source-separation of urine may be a good approach to deal

with the problem of micropollutants.

Organic substances are also included in precipitates as shown by Höglund et al. (2000) and in

this thesis (Chapter 1). Höglund et al. (2000) found that the concentration of bacteria and or-

ganics in the urine sludge is substantially higher than in the urine solution. In this work a high

COD content of 0.18 gCOD/gTSS was found in the solids of the urine sludge (Chapter 1).

FATE OF BACTERIA

The occurrence of pathogens in source-separated urine could restrict its direct use as a fer¬

tiliser. Measurements of faecal sterols in stored urine indicate that transmissible pathogens in

source-separated urine are mainly cross-contaminated from faeces (Schönning et al. 2002).

Höglund and Stenström (1999) assumed that a storage time of six months should be sufficient

to lower the transmission risk below an acceptable limit. However, not all pathogens are

eliminated after this time.

Stenström, Höglund and coworkers (Höglund et al. 2002, Höglund and Stenström 1999,

Höglund et al. 1998, Höglund et al. 2000) determined the inactivation of several test patho¬

gens in source-separated urine. Gram-negative bacteria (Aeromonas hydrophila, Escherichia

coli, Pseudomonas aeruginosa, Salmonella senftenberg, Salmonella typhimurium) died off in

few days. Rhesus rotavirus and Salmonella typhimurium phage 28B were not detected

anymore after several weeks. Similarly, most oocysts of the pathogenic protozoa Cryptospo¬

ridium parvum were killed after several weeks. The inactivation of faecal streptococci took

weeks to months. However, bacteria of the genus Clostridium and ova of the intestinal

roundworm Ascaris suum could still be found in high numbers after several months of storage.

Höglund et al. (1998) found that high concentrations of streptococci are probably due to their

growth in the tanks or pipes of the collection system. The endurance of Clostridia may be

explained by the fact that these bacteria are obligately anaerobic and typically fermentative

(Brock 1999). Hence the conditions in stored urine may be conducive for their growth.

pH values far from neutral (acid or alkaline), high temperature (20°C instead of 4°C) and

sparse urine dilution are beneficial for die-off of pathogens. In the collection tank, concentra¬

tions of bacteria were higher at the base than in the solution above (Höglund et al. 1998).
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Urine sludge therefore poses a higher risk of infection than the urine solution. Most likely,

many pathogens, especially anaerobic ones, which only die off slowly in stored urine could be

killed with aerobic treatment of stored urine.

BUFFER CAPACITY

The buffer capacity or alkalinity of urine strongly increases during storage due to urea

hydrolysis. Simulations with the precipitation potential model (Chapter 2) showed that urea

hydrolysis raises the alkalinity from 22 mM to 490 mM (Table 1). The main buffering

compounds are bicarbonate and ammonia. This increase affects the later treatment and appli¬

cation of urine. Due to the high buffer capacity acid addition to prevent ammonia volatili¬

sation is uneconomical. Acid addition is only reasonable in fresh urine (Hellström et al. 1999),

which means that the urine must be spiked with strong acids directly at the source. Handling

with strong acid in the toilet, however, is too risky in common households.

The high buffer capacity also limits the fertiliser qualities of source-separated urine. If stored

urine is directly applied to agricultural soils, the high pH combined with the high buffer

capacity may affect bacterial nitrification and cause nitrite accumulation (Burns et al., 1995). I

further discuss this effect in Chapter 6.
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Recovery of Phosphorus and Nitrogen
from Source-Separated Urine

Recycling of phosphorus and nitrogen to agriculture is only reasonable under certain

preconditions:
- the nutrients must be available for crops and should not be lost to the environment

- the nutrient concentration of the fertiliser must be high
- fertiliser handling has to be easy

- no chemical or biological fertiliser compounds must seriously impact the soil fertility, the

food quality or the environment

In the context of this thesis, nutrient recovery means that a fertiliser can be produced

according to the requirements mentioned above. Preliminary treatment might only be

necessary, if the raw product does not meet these conditions. Furthermore, the requirements

are only valid for fertiliser application. They will be different for other uses of nitrogen and

phosphorus.

RECOVERY OF PHOSPHORUS

Phosphorus removal from source-separated urine

Stratful et al. (1999) give an overview of phosphorus removal and recovery techniques for

waste water streams. All presented processes are intended to produce a solid raw material and

include precipitation as a central process step. The final product is either struvite or calcium

phosphate, most probably hydroxyapatite. Phosphate can also be precipitated with iron or

aluminium salts, a method widely used in waste water treatment.

Precipitation is also suited for nutrient recovery from source-separated urine. A significant

part of the phosphorus already precipitates spontaneously as struvite and hydroxyapatite (see

Chapter 2). However, further research is required for assessing the impact of co-precipitated

substances such as micropollutants.

Other possible removal techniques are enhanced biological phosphorus removal or selective

phosphate adsorption. Until now both methods have not been tested for solutions similar to

source-separated urine.

Direct use as a fertiliser

Investigations on the use of untreated source-separated urine as fertiliser have been made in

Sweden. While nitrogen uptake efficiency was measured in crop fields (Johansson 2001), to

my knowledge only one paper investigated crop availability of phosphates from urine.

Kirchmann and Petterson (1995) carried out pot experiments, which indicated that phosphorus

from hydrolysed urine is at least as available to crops as is soluble phosphorus fertiliser.

Probably, only the soluble fraction of source-separated urine was tested, but not the solid

precipitates. As shown in Chapter 2 a high fraction of phosphate will precipitate during urine

storage.
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Future research on the availability of phosphorus from source-separated urine should distin¬

guish between solid and solute fractions. Generally, phosphorus from precipitates - here

hydroxyapatite and struvite - will be less available than solute phosphate, because the

minerals first have to dissolve before the phosphate is available for the plants. The mineral

dissolution is strongly dependent on the soil chemistry (UNIDO 1998).

In any case phosphorus availability in agricultural soils is never very high. Even under optimal

conditions only 10 to 15% of applied fertiliser is taken up by the first year's crop. The low

uptake results from the formation of stable phosphate minerals, which dissolve only slowly

(UNIDO 1998). One consequence of phosphorus fixation in soils is that the fertiliser

efficiency can only be assessed with long-term investigations.

Reports on the plant availability of precipitated hydroxyapatite and struvite are sparse. For a

preliminary evaluation, fertiliser qualities of hydroxyapatite may be compared with those of

phosphate rock, which is mainly francolite, a fluorapatite with considerable carbonate substi¬

tution (Nathan 1984). At least 5%> of phosphate rock is directly applied as fertiliser world¬

wide (UNIDO 1998). The opinions on the merits of ground phosphate rock differ considera¬

bly, but it is generally agreed that this fertiliser is effective only on acid soils with pH values

of 6 and below. Its efficiency is higher in warmer climates, in moist soils and on crops that

have fairly long-term growing patterns.

Some experimental results on pot experiments with struvite indicate its good fertiliser

qualities (Goto 1998, Ghosh 1996, Richards and Johnston 2001). However, some of these

experiments were conducted with acid soils. Similar to apatite, struvite will be a more effi¬

cient fertiliser in acid soils because its solubility increases with falling pH. An often cited

report by Bridger (1968) that states the excellent fertiliser qualities of struvite is possibly

biased by the author having a patent for struvite fertiliser (CEEP 2001b).

To conclude based on the sparse literature data it can be assumed that hydroxyapatite and

struvite are slow-release fertilisers with good fertiliser qualities on acid soils.

Industrial processes

Currently, the raw material used by the phosphate industry is phosphate rock (Driver et al.

1999), which mainly consists of apatites, particularly fluorapatite (Nathan 2000). Therefore,

the current techniques for phosphate processing - the wet route and the thermal route - are

laid out for apatite. The use of other phosphate minerals is highly restricted. Generally,

minerals with high concentrations of aluminium and iron can not be used in today's phosphate

industry. Struvite is also an unsuitable resource because magnesium poses problems in the wet

route and ammonia in the thermal route. Apatite production, i.e. HAP precipitation, is there¬

fore the preferred way of phosphate recovery from waste water (and source-separated urine)

due to its high similarity to phosphate rock (Driver et al. 1999). For the future, one can expect

that new techniques will broaden the range of possible mineral resources for the phosphate

industry, so that struvite may become a possible resource as well. Until then HAP formation is

the concentration method of choice, if phosphate should be recovered for industrial

processing.
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RECOVERY OF NITROGEN

Nitrogen removal from source-separated urine

Nitrogen removal from source-separated urine may have two purposes. First, concentrating

nitrogen so that it may better be used for nutrient recovery. Second, reducing the nitrogen

emissions to the hydrosphere to diminish environmental pollution (Larsen and Gujer 1996).

The goal of urine separation is to fulfil both purposes. However, sole nitrogen removal should

be considered, if nitrogen recovery is not possible or not economic. One example for a treat¬

ment method that only reduces the nitrogen discharge to the hydrosphere without any nitrogen

recovery is the autotrophic denitrifcation (Chapter 4). In this process ammonium and nitrite

are converted to elemental nitrogen N2, which is harmless for the environment.

Maurer et al. (2002) give an overview of techniques for nitrogen removal from waste water:

adsorption on ion exchangers, ammonia stripping, struvite precipitation, catalytic oxidation of

ammonia, bacterial denitrification, or electrochemical treatment. The first four of these

methods allow the recovery of nitrogen after removal. The choice of methods is much broader

than for phosphorus, but few methods have been tested for human urine, including adsorption

and precipitation (Lind et al. 2000), ammonia stripping (Behrendt et al. 2002) and

denitrification (Chapter 4). Most of the removal methods deal with ammonium, which means

that they focus on hydrolysed urine. Another removal process targeting on urea has been

presented by Behrendt et al. (2002). They proposed to condensate urea with isobutyraldehyde

(IBA) to isobutylidenediurea (IBDU), a slow release fertiliser. This recovery method requires

that urea hydrolysis is prevented and that the urine is highly concentrated. Further

investigations are necessary to determine the applicability of this method. Possible problems

are phosphate precipitation during concentration of urine and high demand of chemicals such

as acid and IBA.

Criteria for the choice of the recovery method are manifold including resource consumption

(especially energy and chemicals), financial costs, applicability, reliability, and product

quality.

Stabilisation of nitrogen in source-separated urine

Urine stabilisation aims at preventing unintended nutrient loss during fertiliser use or indus¬

trial processing. The nutrients are not separated but stay in the urine solution. Generally, there

are stabilisation methods for fresh and stored urine.

The methods for stabilising fresh urine usually aim at inhibiting or separating bacterial urease.

Adding acids (Hellström et al. 1999, Madsen et al. 1991) or specific inhibitors (Benini et al.

1999) can inhibit the urease. A suitable method for separating urease is ultrafiltration (Pronk

2002). However, stabilisation of fresh urine requires the urine to be treated immediately after

collection, a task that is hard to fulfil in households.

The main unstable compounds in stored urine are ammonia, biodegradable organic substances

and presumably sulphate. Stabilisation of stored urine mainly aims at preventing nitrogen loss

in form ofammonia volatilisation. Two methods have been evaluated so far: acid addition and

nitrification. Hellström et al. (1999) found that addition of acids may be suitable to prevent or

retard urea hydrolysis in fresh urine, but ammonia fixation in hydrolysed urine would require
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an immense amount of acid. The reason for the high acid demand is the increased buffer

capacity (see Chapter 5). In their experiments Hellström et al. (1999) needed 250 ml of 1

molar hydrochloric acid per litre urine for lowering the pH to 7.0. This amount is much too

high for being economical.

At the moment, nitrification seems to be the only efficient method for stabilising nitrogen in

hydrolysed urine. Although nitrification is a very sensitive process, because high concen¬

trations of nitrous acid and ammonia may inhibit the nitrifying bacteria, the experiments

presented in Chapter 4 illustrate that stable nitrification to nitrate is possible in stored urine.

Stabilisation of urine with respect to biodegradable organic substances and sulphate aims at

preventing any biological processes that may produce harmful substances. Examples are

fermentation or sulphate reduction. A possible stabilisation process for biodegradable organic

substances and sulphate is the aerobic degradation of organic compounds by heterotrophic

bacteria. Heterotrophs oxidise the biodegradable organic compounds. As a result, fermenting

and sulphate-reducing bacteria do not have any organic substrate left. Heterotrophic degra¬

dation takes place during biological nitrification with mixed bacterial cultures. Consequently,

biological nitrification can be used as a stabilisation method for ammonia, biodegradable

organic substances and sulphate (Chapter 4).

Volume reduction

Small volumes are beneficial for transport and handling of nutrient solutions; therefore

methods for volume reduction of source-separated urine have been investigated. Drying of

urine, combined freezing and thawing and distillation were successfully tested (Madsen et al.

1991, Johansson and Hellström 1999, Lind et al. 2001, Mayer 2002). Most of these methods

have been examined for the treatment of fresh urine and they may not be applicable for

hydrolysed urine. Drying of hydrolysed urine may cause significant nitrogen losses, because

the concentrations of volatile ammonia are very high. Drying of partially nitrified urine with

high ammonium nitrite concentrations also results in nitrogen losses due to a chemical

reaction between nitrite and ammonium producing elemental nitrogen N2 (Johansson and

Hellström 1999, Takenaka et al. 1999). Chemical reactions are also responsible for high

nitrogen losses during freezing of nitrite solutions (Takenaka et al. 1996), making freezing

and thawing unsuitable for volume reduction of partially nitrified urine. However, ammonium

nitrate solutions such as nitrified urine from the MBBR reactor (Chapter 4) may well be suited

for drying or combined freezing and thawing.

Further methods for volume reduction of source-separated urine are electrodialysis and

reverse osmosis. At the moment (autumn 2002) electrodialysis is tested at the EAWAG, and

first results will soon be available.

Direct use as fertiliser

Crop availability of nitrogen from source-separated urine has been evaluated in Swedish field

experiments. After the urine had been stored for at least 6 months to minimise hygienic risks,

it was applied to fields with cereal crop production. The nitrogen uptake was 80 to 90%

compared to the nitrogen uptake from mineral fertiliser. Ammonia losses during and after

urine spreading were only 1 to 10%>. These low values were obtained by the use of trailing
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hoses and sliding shoes for urine spreading. Nevertheless, ammonia could be smelled for 24

hours after application.

The low ammonia losses reflect that urine was applied very carefully. Swiss studies with

spreading of liquid manure showed much higher ammonia losses. The Swiss Federal Research

Station for Agroecology and Agriculture (Menzi et al. 1997) estimated that 50% of the total

ammonia in liquid manure volatilises during spreading. In comparison, the loss from solid

ammonium nitrate fertiliser was assumed to be 2%, and from solid urea fertiliser 15%. Using

alternative spreading techniques could reduce the ammonia loss by 30 to 60% (trailing hoses)

or even by 90 % (deep injection). However, the study also showed that the application of such

techniques is restricted by the slope and area of the field and by the soil structure. The Swiss

wide ammonia loss due to spreading would still amount to 30% even with sophisticated

spreading techniques and better organisation. A wide application of stored urine as fertiliser

would presumably cause a similar ammonia loss.

Apart from the ammonia loss, direct use of source-separated urine may have further impacts

on the environment and may affect the soil fertility. Application of stored urine can lead to

high nitrite concentrations, because the second step of bacterial nitrification, the oxidation of

nitrite to nitrate, is inhibited at high ammonia and at high nitrite concentrations (Burns et al.

1995, van Cleemput and Samater 1996)1. The resulting high concentrations of nitrite are toxic

to plants (van Cleemput and Samater 1996). Furthermore, nitrogen oxides NOx and nitrous

oxide N2O are produced from nitrous acid at low pH values. The volatilisation of nitrous acid,

NOx and N2O has environmental impacts such as tropospheric ozone formation, acid rain, the

greenhouse effect and the degradation of stratospheric ozone (van Cleemput and Samater

1996, Udert et al. 2003d).

No experiences have been made with the use of nitrified source-separated urine as fertiliser,

but its nitrogen composition suggests a good fertiliser quality. Ammonium nitrate is the

favoured mineral fertiliser in Europe. It is better available to most crops than urea or

ammonium sulphate, because most crops take up nitrogen as nitrate (UNIDO 1998).

Additionally, inhibition effects on nitrite oxidisers are not expected when nitrified urine is

used as fertiliser, because the concentration of free ammonia is very low (Chapter 4).

However, ammonium nitrate fertilisers have two major drawbacks (UNIDO 1998). They tend

to increase leaching, because nitrate retention in soils is much lower than for ammonium.

Additionally, ammonium nitrate is less effective for flooded rice, which is one of the most

common crops world-wide (UNIDO 1998).

Industrial processes

The various processes for removal or stabilisation of source-separated urine provide a wide

range of raw materials for industrial processes. However, to my knowledge, industrial use of

nitrogen from source-separated urine has not been considered so far. Large industrial facili¬

ties, as they are used for phosphorus recovery, do not seem to be necessary for producing

nitrogen fertilisers from source-separated urine.

See Chapter 4 for a discussion of these inhibition effects.
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OTHER FACTORS IMPORTANT FOR FERTILISER APPLICATION

In addition to phosphorus and nitrogen, several other compounds influence the fertiliser

qualities of source-separated urine. While high concentrations of the nutrients potassium and

sulphur may even enhance the fertiliser qualities, high salt concentrations, pathogens and

micropollutants are risk factors. Particularly the latter two require further investigations

(Höglund et al. 1998, Larsen et al. 2001).
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Conclusions

Urea hydrolysis is likely to occur in all urine-collecting systems. At present, there is no pre¬

vention method which could be widely applied. Therefore, investigation of nutrient recovery

and transport must focus on hydrolysed urine with its particular characteristics of ammonia

volatility, phosphate fixation and high buffer capacity.

Urine collection uses only little if any flushing water, therefore the risk of blockages is

increased. Regular trap cleaning with scrubbers and strong chemicals are not acceptable

methods for preventing blockages in household toilets. A more promising approach is

constructing pipe systems that rapidly transport the urine to the storage tank, where precipi¬

tation may proceed without complications. On the short term, exchangeable traps may be a

good solution for handling precipitation, especially in waterless urinals.

Precipitation incorporates a large fraction of phosphorus in solids, however, the phosphorus is

not lost. Most of the precipitates accumulate in urine sludge, which can be easily extracted.

Enhanced precipitation is obviously a favourite method for phosphorus recovery from stored

urine. My experimental results suggest that struvite formation is more efficient than hydroxy¬

apatite production, though struvite is an unsuitable raw material for the phosphorus industry.

Alternatively struvite and hydroxyapatite may be directly applied as fertilisers on acidic soils.

Further research is required to determine the phosphorus availability in different soils and to

assess the impact of co-precipitated micropollutants.

Nitrification is a good method for stabilising nitrogen in source-separated urine. Ammonia

volatilisation is prevented while a possible fertiliser, ammonium nitrate, is produced. The

resource consumption during operation is low including energy for aeration, stirring, and

pumping and acid for emergency dosing at operation failures. However, a reliable pH control

is required. Nitrogen elimination from source-separated urine is possible via partial nitrifi¬

cation and autotrophic denitrification.

A beneficial side effect of nitrifying reactors is the oxidation of organic substances. In nitrified

urine, biological reactions such as fermentation or sulphate reduction are unlikely to occur,

because most biodegradable organics are already exhausted. Thus nitrified urine is very stable

and causes hardly any odour problems. The strong decrease of the buffer capacity is a side

effect which may be beneficial for the later use of nitrified urine. Possibly, problematic

substances such as micropollutants and pathogens are also oxidised. This aspect requires

further research.

The computer models developed in this thesis are useful tools for ongoing research in urine

separation. Simulating the precipitation potential enables one to predict the extent of phos¬

phate fixation, the composition of the precipitates and the blockage risk. Furthermore, the

concentration of the main dissolved compounds in hydrolysed urine can be calculated. The

precipitation potential model is also suited to evaluate enhanced phosphate precipitation by

calcium and magnesium addition. The second model, which describes the dynamics of urea

hydrolysis and precipitation, can be a basis for simulating the processes in pipes, storage

tanks, or precipitation reactors.
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Appendix 1 Nutrient Loads and Volume ofUrine, Faeces and Grey Water

URINE - REFERENCE VALUES USED IN SIMULATIONS

Average SD Data range

Total ammonia [moll'1 0.034 0.010 -

Urea [mol-1"
"

0.27 0.05 -

Phosphorus [mol-1"1 0.024 0.003 -

Calcium [moll" 0.0046 0.0010 -

Magnesium [mol-1"1 0.0039 0.0008 -

Sodium [mol-1" 0.12 - 0.076 - 0.25

Potassium [mol-1' 0.056 - 0.032 - 0.080

Bicarbonate [mol-1"1 0 - -

Sulphate [mol-1"1 0.016 0.005 -

Chloride [mol-1" 0.11 - 0.064 - 0.22

Oxalic acid [moll" 2.3E-04 0.6E-04 -

Citric acid [mol-1" 0.0026 0.0010 -

pH [-] 6.2 0.5 -

Total acidity
'

[mol-1" 0.0748 - -

Ionic strength
'

[moll" 0.206 - -

Volume [1] 1.25 0.61 -

1
Estimated with Aquasim

References

Most values from Ciba-Geigy (1977)

Phosphorus Hesse and Bach ( 1982)

Assuming all phosphorus is phosphate (Ciba-Geigy 1977)

Bicarbonate zero assumed, because bicarbonate is normally negligible in

urine (Ciba-Geigy 1977)

Sulphate Hesse and Bach ( 1982)
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COMMENTS ON THE LITERATURE DATA FOR URINE

All values for healthy adults. 24h samples if not stated otherwise. All loads rounded to two

digits. No differentiation between men and women.

No differentiation between total phosphorus and phosphate: 95-100% of the phosphorus in

urine is inorganic phosphate (Ciba-Geigy 1977).

The concentration of heavy metals is very low and therefore not mentioned. A good overview

is given in Ciba-Geigy (1977).

Ciba-Geigy (1977)

A lot of additional information on the influence of nutrition and illness on the urine

composition can be found in Ciba-Geigy (1977)

Total phosphorus: 95-100% as phosphate

About 50-80% of nutrient phosphates occur in urine.

Total ammonia: only men

About 60% of protons produced in the body are fixed in ammonium.

Potassium: calculated value assuming 90% of potassium is exrected with the urine

Magnesium: average of values for men and women

About 30% is excreted via urine.

Sodium: calculated value assuming 90-95% of sodium is excreted with the urine

Chloride: calculated value assuming 80% of chloride is excreted with the urine

Citric acid: average calculated from two values for men and women, respectively

Oxalic acid: average calculated from three literature values

Biarbonate: zero assumed because bicarbonate is usually negligible in urine

Volume: average calculated from two values for men and women, respectively

Hesse and Bach (1982)

Healthy people, 8 women, 7 men, 1400 ml drinking water per day, individual nutrition

Naudascher (2001)

19 persons, age 23 to 53, most of them between 24 and 30, about as many men as women

Hellström and Kärrman (1996)

15 women, 15 men, 23 to 62 years old

Udert et al. (2003c)

No 24h sample. 1 woman, 5 man, age 25-34

Urine collected during working hours for ureolysis experiment

Loads calculated assuming daily volume of 1.25 1/p/d

Haug (1996)

TOC does not contain carbon from urea
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APPENDIX 2

Precipitation Potential Model

The CD-ROM attached to the inside back cover of this thesis contains the AQUASIM-file

'Precipitation Potential Model' and an EXCEL-file with the stoichiometric matrix, the kinetic

processes and a description of all variables. I used this model for the calculations discussed in

Chapter 2.

A second EXCEL-file includes the main processes and variables which were supplemented to

the 'Precipitation Potential Model' for the simulations presented in Chapter 3.

To use the model successfully one should be experienced in simulating with AQUASIM.

Further information on AQUASIM can be found at www.aquasim.eawag.ch or in Reichert

(1994) and Reichert (1998).
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