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Introduction

Introduction

Within the EU-funded demonstration project 'Sanitation Concepts for the Separate Treatment
of Urine, Faeces and Greyweater' (SCST), initiated, financed, and coordinated by Berlin
Centre of Competence for Water (Kompetenzzentrum Wasser Berlin), Berliner
Wasserbetriebe and Veolia Water the Institute of Wastewater Management and Water
Protection of Hamburg University of Technology (TUHH) investigated processes for resource
recovery and elimination of pharmaceutical residues from separate collected human urine.

The main processes for resource recovery were steam stripping for nitrogen extraction
and vacuum evaporation for volume reduction and obtaining highly concentrated nutrient
solutions. The processes precipitation, crystallization, and adsorption, were used for nutrient
recovery as follow-up techniques. The effect of steam stripping and evaporation on the
reduction of PhaR was investigated, as well as the effect of the additional processes UVC-
radiation, ozonation.




Background

Nutrients in wastewater, to a large amount emanated from human urine, have to be eliminated
before being released to the aquatic environment, or as a more sustainable alternative they can
be reused e.g. in agriculture. As a third and sustainable option for larger cities nutrients can be
extracted and recovered in concentrated form for later use abroad.

The recovery of nutrients becomes interesting, since the value of fertilizers will
increase due to the fact of limited phosphorous resources while world demand in fertilizer will
rise in the coming years because of economical growth, and more important due to the
constant population increase and thus a decrease of available arable land per person.

The reuse of nutrients contained in wastewater by spreading sewage sludge or separate
collected urine onto fields can be an option in some areas. However, in many countries this is
not allowed, mainly because of contamination of sludge with heavy metals respectively
micropollutants such as pharmaceutical residues which are released to a large fraction via
human urine into wastewater and the environment [Larsen et al. 2004]. Additionally for mega
cities or larger cities where agricultural areas for application can only be found in a distance,
the amounts of sludge or separate collected urine would be so large, that economical storage
and transport to agricultural fields is questionable. Therefore, new approaches have to be
found to reduce volumes of wastewater flows and to extract contained nutrients.

The separate collection and treatment of human urine might also allow a more specific
treatment regarding pharmaceutical residues (PhaR). Already now, more and more PhaR are
detected in surface, ground, and drinking water [Daughton & Ternes 1999], since nowadays
wastewater treatment systems (wwt) are not designed to work as barrier against these. A large
fraction of these micropollutants are released to the environment via urine. Thus, by finding
treatment options for separate collected urine that eliminate these micropollutants, a great
reduction of micropollutants in the environment could be achieved.
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Figure 1: Increasing population and reduced land availability for food production per capita




Background

Nutrients

Nutrients such as nitrogen and phosphorous are essential for all forms of life. While the input
in agriculture is used for increased crop production, nutrients in wastewater will lead to
eutrophication of surface waters and to increasing deoxygenated areas -also called dead
zones- in the costal areas of the oceans [UNEP 2004]. The nutrient flow is mainly linear from
industrial fertilizer production for agriculture and food production over the consumer into the
wastewater which is -after hopefully sufficient treatment- released to surface waters. Main
focus in this study is on the nutrients nitrogen and phosphorous, being the ones with the
largest fractions and the biggest impact in the environment.

In 1990, 60 % of all industrial fixed nitrogen was produced with the Haber Bosch
process [Galloway & Cowling 2002]. Industrial nitrogen fixation does not deplete nitrogen
resources but is very energy intensive. According to [Patyk & Reinhardt 1997] is the energy
consumption for one metric ton of nitrogen fertilizer about 42 GJ/t N (11.7 kWh/kg N). In
Germany the total energy consumption for production, transport and broadcasting of nitrogen
fertilizer is about 49 GJ/t N (13.6 kWh/kg N)

It can be assumed that the world demand in fertilizer will increase in the coming years
due to economical growth, leading -amongst others- to a change in diet (increased standard of
living often leads to growing protein consumption per person, requiring more grain for animal
feed), and even more important due to the population increase and thus a decrease of the
available arable land per person, since almost no increase in farmable land is possible. At the
same time the production of bio-fuels is becoming more and more a market, becoming
additionally a competitor in arable land [Yara & IFA 2006]. An enormous factor, next to
improved resource management, new crop varieties, and expanded agricultural knowledge are
highly efficient fertilizers and also fertilizers affordable for people in low income countries to
increase fertility of the available land.

Additionally to the demand of nitrogen in agriculture there is an increasing demand in
pure ammonia and urea for industrial purposes such as plastic production and for combustion
processes (e.g. waste incineration), where ammonia or urea is used for NOx-removal of the
off-gas (flue-gas).

Next to the high energy demand for nitrogen synthesis resources in form of
phosphorous and potassium for fertilizer production are limited. Especially for low income
countries most mineral fertilizers are not affordable. On the other side urine has a high
nitrogen content, and also high phosphorous and potassium contents, which make it a good
source for fertilizer production. In Germany about 1.8 million tones of nitrogen are used in
agriculture per year [IFA 2005]. The amount of nitrogen contained in human urine in
Germany -if all urine was collected separately- would sum up to 20 % of this.

Phosphorus is the most valuable compound in urine, since depots of phosphorus are
becoming scarce [Udert, Larsen, & Gujer 2004]. Yearly, around 38 million tones of
phosphate (expressed as P,Os) are extracted worldwide [Pinnekamp et al. 2003]. The source
for 'phosphorous-products’ is so called phosphate rock, a general name given to natural
calcium phosphates of various forms. The decrease of phosphate rock depots of good quality
will induce an increase of phosphorus prices in the near future. The yearly consumption of
phosphate rock is demonstrated in Figure 2. Phosphate consumption increased heavily until
the nineties, following a slight decrease. The expected availability of phosphorous depots is
depending on factors like growth of world population, trends in nutrition, land use patterns
and on the definition of reserves, with is changing with the mining-techniques and processes.




Nevertheless the life expectation of phosphorous reserves is limited, according to [Driver,
Lijmbach, & Steen 1999; Pinnekamp et al. 2003] to about one hundred years (Figure 3).

Phosphate usage in Western Europe can be divided in four categories [Pinnekamp et al.
2003].

79 % for production of fertilizers

11 % fodder production

7 % washing and cleaning agents

3 % other industrial usage

million tonnes P205
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30— : H 30
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[Driver, Lijmbach, & Steen 1999]
Figure 2: World phosphate rock consumption 1920 — 1995

Worldwide phosphate rock is mainly used for fertilizer production (about 80 %).
Unfortunately, many phosphate reserves include contaminants. Most notable of these
contaminants are cadmium, also uranium, nickel, chromium, copper and zinc. These metals
are critical in the end products (fertilizers, detergent builders, food additives). The limits for
cadmium content of sewage sludge for agricultural use is far more stringent than that applying
to fertilizers. Thus, the content of heavy metals in sewage is mostly one or two orders of
magnitude lower than those encountered in most commercial phosphate rocks [Driver,
Lijmbach, & Steen 1999]. Due to high dilution of phosphorous in the raw wastewater
recovery is normally done in high concentrated sludge streams [Jardin & P6pel 2001; Ueno
& Fujii 2001]. While nearly 50 % of all phosphorus in the municipal wastewater are coming
from the urine fraction, urine adds nearly no heavy metals to it [CIBA Geigy 1977].
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Figure 3: Scenarios for lifetimes of phosphate rock reserves

If urine was collected and treated separately, not only resources could be recovered,
also energy and land could be saved in conventional wastewater treatment plants that is
normally required for removal of the high nitrogen and phosphorous content of urine
[Niederste-Hollenberg 2003].

Pharmaceutical residues

In the last years more and more pharmaceutical residues (PhaR) were detected in surface,
ground, and drinking waters [Daughton & Ternes 1999]. One of the main reasons is the low
ability of today’s conventional wastewater treatment to work as a barrier for PhaR [Niederste-
Hollenberg 2003]. Residues are mainly released via the urine fraction, therefore
implementation of alternative wastewater treatment like source separation systems are an
option to reach systematic cleaning effects [Larsen & Lienert 2004; Niederste-Hollenberg
2003]. Before a reuse of nitrogen, phosphorus, and potassium by usage of urine as
anthropogenic plant fertilizer can be recommended as safe solution the behaviour of PhaR
during treatment and in the ecosystem soil needs to be clarified [Larsen & Lienert 2004;
Niederste-Hollenberg 2003].

Pharmaceuticals are a very diverse group of chemicals. Also they change in types and
amounts from year to year. Some substances were known for over 20 years to enter the
environment as published by [Garrison, Pope, & Allen 1976; Hignite & Azarnoff 1997,
Norpoth et al. 1973; Tabak & Bruch 1970]. Over time it became more aware to the public as
chemical detection tools improved [Daughton 2001]. Hence, it took time until the degree of
pollution by PhaR was realized. Additionally, yearly amounts of prescribed PhaR slightly
increased in the last decade (29.5 bn DDD (= defined daily dose, [CAS 2005] in 1992 via 31.4




bn in 2003) [Schwabe & Paffrath 2004]. Due to this, potential concerns regarding PhaR in the
environment increased and are summarized by [Kolpin et al. 2002]:

- abnormal physiological processes and reproductive impairment

- increased incidences of cancer

- development of antibiotic-resistant bacteria

- potential increased toxicity of chemical mixtures

- potential effects on humans and the aquatic environment just roughly understood.

In the year 2004 around 3000 active agents within 9000 medical products were used in
health management [Rote Liste® 2005; Schwabe & Paffrath 2004]in Germany. Literature
provides various approaches how to distinguish between hazardous and harmless substances.
In general, it can be concluded a hazardous substance is persistent, bio-accumulating, and
toxic [Fitzke & Geiflen 2007] as well as very polar, what makes it harder to eliminate by
classic wastewater treatment since polar molecules usually are very water soluble [Heberer,
Schmidt-Baeumler, & Stan 1998; Stackelberg et al. 2004].

Thus, when it comes to elimination of pharmaceuticals via source separation systems
the available treatment techniques have to be investigated in respect to urine for finding
appropriate methods for PhaR removal respectively reduction.

Objective
The aim of a separate collection and treatment of urine is manifold.

The first step is to reduce and in a long term to avoid high nutrient loads in the
wastewater. In areas with proper conventional wastewater management energy and space
requirements of existing treatment plants can be reduced or used for optimized advanced
treatment steps. In cases where functioning wastewater management is lacking, collecting
urine separately can be a first step towards efficient nutrient management. In both cases
accumulation of nutrients in surface waters can be reduced drastically and increasing
formation of dead zones in the oceans can be avoided [Gujer 2007; UNEP 2004].

Next to reducing the accumulation in surface waters nutrients from separate collected
urine shall be concentrated, extracted, and recovered to allow the production of marketable
products for usage as fertilizer in agriculture or as resources for industrial processes. The
direct use of urine instead of mineral fertilizer is an option in some areas and for some crops
(e.g. production of plants used for energy production). However, often this option is limited
due to constrains because of pharmaceutical residues contained in urine and due to socio-
cultural reasons that cannot be disrespected.

Although not all consequences are fully understood regarding pharmaceutical residues
released into the environment, the third objective of collecting and treating urine separately is
to enable us to keep a large quantity of these problematic substances within a relatively small
volume allowing appropriate and selective treatment.

Target products
In this study focus was on following different products obtained from separate collected urine.

The first target product is a concentrated nutrient solution, not only gaining the
macronutrients nitrogen and phosphorous, but also the other nutrients, potassium and sulfur,
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and additionally the trace elements, contained in urine. This concentrated nutrient solution
could be source material for fertilizers or could be used as fertilizer itself. Other than in stored
urine, pH should be in a neutral range towards acid conditions to avoid ammonia losses and
odor nuisance. In case of direct use of the concentrated nutrient solution the product should be
liquid and of low viscosity and free of pharmaceutical residues.

Next to a general concentration of all contained elements in urine extraction of
nitrogen and phosphorous should lead to pure products such as ammonia water or different
phosphate crystals (struvite and others). The products could be used directly in industry or
agriculture or they could be considered raw material for other industrial or fertilizer products.

Since the questions of potential hazards from PhaR are not completely clear, from the
current point of view all obtained products for use in agriculture should be free of
pharmaceutical residues.

The value of a product is normally appointed by the market. For a new product or a
product from 'new' resources a competition analysis with market analysis, consumer survey,
competitor- and product analysis has to be conducted. This was not performed within this
study. The costs for the obtained product can be derived from the energy demand for
production which is given and discussed in each section.




Location, Material & Methods

Site description

The two plants in demonstration-scale, the unit for steam stripping of ammonia water from
separate collected and stored urine and the evaporation unit for volume reduction and
concentration of yellow water were set-up and operated at the wastewater treatment plant of
Hamburg, Klarwerk Koéhlbrandhoft, next to the plant for sewage sludge de-watering and
drying (KETA). Infrastructure with water, electrical energy, and steam was provided by the
Hamburg wastewater facility, Hamburg Wasser (former Hamburger Stadtentwasserung,
HSE).

The evaporation unit was placed in a standard container, that was also used for storage
of tools and supply. A four story scaffolding was erected as stand for the steam stripping
reactor. For storage of untreated separate collected urine and for the processed urine 1 m* big-
packs were used.

Picture 1: Demo site for urine treatment at Klarwerk Kéhlbrandhéft, Hamburg
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Substrates

Urine

Urine is the liquid excreta released over the kidneys. Physically it is an aqueous solution of
numerous organic and inorganic substances. The composition of human urine can vary in a
wide range. Factors like diet and habits influence the contained ingredients and concentrations
as well as the change of the metabolism during daytimes and day and night. The usage of
pharmaceuticals and hormones can also have an impact on the composition. Typical values of
undiluted fresh urine are given in Table 1. More data from literature can be found in the
appendix in Table 52.

Table 1: Typical concentrations of urine

Daily average values from Typical Concentrations [mg/l]
derived from derived Rink 1964,
[CIBA Geigy [Roempp [CIBA Gei from extracted from
1977] 1997] 1977] 9y [Roempp [von Wolffersdorff
1997] et al. 2004]
Amount 1.251/d 151d 1.25-1.51/d
pH 6.2 5.0-64 6.1
CcoD 15 000 mg/d 12 000
Total-N 11 500 mg/d 9 200 9150
Urea-N 9 600 mg/d 9 300 mg/d 7 700 6200 7 700
Total P 1 200 mg/d 1000 730 - 3650
Total-S 1 300 mg/d 1000 1170 -2 640
S0,”-S 1 200 mg/d 2 400 mg/d 960 1600
cr 4 800 mg/d 8 900 mg/d 3800 5930 4 400 - 6 600
K" 2 700 mg/d 2700 mg/d 2200 1800 1 833 - 6600
Na* 5 200 mg/d 5900 mg/d 4 200 3930 2933 -4 400
ca® 210 mg/d 500 mg/d 170 330 7.35-220
Mg 120 mg/d 400 mg/d 100 270 126 - 209

Fresh urine from healthy persons contains hardly any micro-organisms [Hoéglund
2001]. During collection in separating toilets or waterless urinals, a contact with the enzyme
urease will normally occur. Ubiquitous urease-positive bacteria, mainly growing in pipes are
partially flushed into the collection tank [Udert 2002], where thereafter urea will be
hydrolyzed into ammonia and bicarbonate within a little more than a day leading to an
increase in pH. The hydrolysis of urea is also called ureolysis (Eq 1).

NH,(CO)NH, + 2H,0 fi NH, + NH + HCO; Eq1

The pH increase triggers the precipitation of struvite, hydroxylapatite and occasionally
calcite [Udert 2002]. Also ammonia volatilization may occur during storage. Therefore,




stored urine has very different characteristics from fresh urine. A comparison of stored and
fresh urine is given in Table 2.

Table 2: Reference values of fresh urine and stored urine.

Fresh Stored

Urine Urine
Total Nitrogen gN/m® 9 200 9 200
Total Ammonia gN/m® 480 8 100
Urea gN/m? 7 700 0
Phosphate™® gP/m® 740 540
Calcium g/m? 190 0
Magnesium g/m® 100 0
Potassium g/m® 2200 2200
Total Carbonate | gC/m® 0 3200
Sulfate @ gS04/m?® 1500 1500
Chloride g/m® 3800 3800
Sodium g/m® 2 600 2 600
pH - 6.2 9.1
Alkalinity mM 22 490
coD gO2/m? 10 000 10 000
Volume I 1.25 1.25

(1) 95-100% of total phosphor
(2) about 90% of total sulfur

Note:  Concentrations of fresh urine according to [CIBA Geigy 1977].
Concentrations of stored urine are derived from [Udert 2002]

As can be seen in Table 2 about 85% of nitrogen in fresh urine is present as urea, only
5% as total ammonia. The rest is organic nitrogen. After urea hydrolysis, total ammonia
makes up to 90% of total nitrogen. This high ammonia concentration and the high pH can
lead to ammonia volatilization during storage, transport or application. The equilibrium
reaction between ammonium and ammonia can be described with following equation.

H++NH3(aq) << NHZ Eq2
From Eq 2 the equilibrium constant k can be derived (Eq 3). This constant shows the

ratio of ionogenic ammonia to dissociated ammonia, and is a function of temperature and pH.

K(T) = c[NH,]

= " Eq3
C[NH,]-c[H"]

An increase of pH and/or temperature moves this reaction to the side of ammonia ions
in solution, as can be seen in Figure 4.
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Additionally to the equilibrium between ammonium and ammonia in solution there is
an equilibrium between ammonia in solution and ammonia in the surrounding gas phase:

NH << NH

3(aq) 3(gas) Eq4
The dynamic gas-liquid equilibrium does not mean that concentrations of the two

phases become equal. It is the equality of chemical potentials that determines the state of

equilibrium for each set of conditions of temperature and pressure. For dilute concentrations

of most gases, the equilibrium-distribution curves can be described by Henrys law:

y=Hx or C;, =H.*C, Eq5
with
x,y:  mol fractions of compound A in liquid and gas phase respectively
H: Henry coefficient [gas mol fraction / liquid mol fraction]

C.,Cg: concentration of compound A in liquid and gas respectively [g/m’]
Hc: Henry coefficient expressed in terms of volumetric concentrations
[g/m® / g/m?]

Low values of H mean that at equilibrium with a small concentration of A in the gas
phase will provide a large concentration in the liquid, meaning that compound A is very
soluble in the liquid. High values of H mean compound A is not very soluble, but very
volatile.

With lab experiments and model simulation the temperature dependency of the Henry
coefficient for ammonia was derived. Data are given in Table 3 and Figure 50.

Table 3: Henry constant for ammonia in liquid-air at different temperatures

Temp He 1/Hc
(«c1 | [g/m®/gim¥ | [g/m*/ g/m?]
10| 41*10% 2447
25| 7,6*10™ 1311
50| 2,2*10% 463
75| 6,1*10% 164
100 | 1,7*10 58

Note:
Henry-coefficient for the system water/ammonium in dependency of the temperature (T in °C)
function f = 3709.1*exp(-0.0416*T); extracted from [Arevalo 2000]

For the temperature range between 10 and 80 the Henry coefficient for ammonia is
exponentially. This one of the main points, that makes the steam-stripping quite efficient
compared to an air-stripping process.

The mass transfer can be described by global mass transfer coefficients

J= kLa((llHC)CG _CL) Eq 6
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