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Abstract 

Application of the ecosan projects in practice are based on the separate collection and 
treatment of different wastewater flows to minimize the water consumption and optimize the 
potential for nutrient recovery and reuse. Toilet waste, known as blackwater, constitutes of 
only 1-2 volume % of the total domestic wastewater stream, but contains more than 95 % of 
the total nitrogen and about 90 % of the total phosphorus. Through blackwater collection, 
with a minimum quantity of flush water, the organic matter and nutrients present in the 
material remain concentrated.  

The primary objective of this study was to assess the nutrient enrichment, removal, recovery 
potential in digested blackwater through evaporation, precipitation, and adsorption. Nitrogen 
(N) and phosphorus (P) are the target nutrients that are to be removed and recovered in this 
research study. However, P has a more significant role since its sources are limited on the 
earth.  

In this study, fresh samples of blackwater were obtained from Flintenbreite-Lübeck ecological 
settlement. This settlement is the first residential estate that realized source separation for 350 
inhabitants residing in a densely populated area. The system incorporates vacuum toilets and 
vacuum sewers. Blackwater was treated anaerobically in a continuously stirred tank reactor 
(CSTR) in the laboratory of the Institute of Wastewater Management and Water Protection at 
Hamburg University of Technology. 

The water content of digested blackwater was reduced by evaporation, in order to decrease the 
volume and create a valuable concentrate from which important nutrients could be recovered. 
Other advantages from this volume reduction are the decrease in cost for both, transport and 
storage, due to smaller volumes. This also makes the handling of the blackwater easier. 
Evaporation showed to be an effective technique to achieve volume reduction and nutrient 
enrichment in digested blackwater. The average volume reduction achieved was around 91 % 
and all of the important parameters like PO4

3-, TN and TOC increased their concentration 
when an appropriate low pH value around 4.5 and 4.0 was used for the substrate.  

The precipitation study focused mainly on the removal and recovery of PO4
3- from BW as it is 

recognized as a limited resource on earth. Additionally, recovery of the removed P and N in 
the form of an agricultural product, namely struvite, was aimed as a part of the project. Effects 
of pH and the Mg:P ratio on PO4

3- removal were investigated for MgCl2, MgO, Mg(OH)2, and 
MgSO4. At pH value of 9.5 and Mg:P ratio of 2, MgCl2 and MgO produced the highest PO4

3- 
removal efficiencies with 94 and 91 %, respectively. In conclusion, struvite precipitation was 
decided to be an attractive alternative to remove and recover PO4

3- in blackwater. 

For the adsorption experiments, zeolite (clinoptilolite) was the main material used as 
adsorbent. The objective of this study was to investigate the effectiveness of using zeolite to 
remove and recover nitrogen and phosphorus from blackwater. In this study, batch and 
column adsorption tests were performed. It has been seen that the removal of NH4

+ was quite 
high, up to 90 % for higher amount of zeolites, due to the fact that the pre-treatment has 
increased the ion exchange capacity of the zeolite. Adsorption on zeolite was proved as an 
effective method as well. 
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1. INTRODUCTION  

1.1 Background 

1.1 billion people globally do not have access to improved water supply sources, whereas 2.4 
billion people do not have access to any type of improved sanitation facility (WHO/UNICEF, 
2003). The most affected people, who live with contaminated drinking water and 
accompanying illnesses, are in developing countries.  

The main burdens are the consequences of inadequate drinking water sources and lack of 
sanitation facilities, which causes undeniable health and environmental problems especially 
water pollution. 

A sanitation system that provides Ecological Sanitation (ecosan) is a cycle—a sustainable, 
closed-loop system, which closes the gap between sanitation and agriculture. Ecosan is 
recognized as a modern alternative to the traditional sanitation concepts. The whole idea is 
based on the maximum recovery, reuse, and recycling of the waste and wastewater. 
Perceiving human excreta not as a waste but as a valuable resource, turning the available 
nutrients into the useful agricultural products, and minimizing the water consumption by 
developing ways to treat and reuse it with a most probable closed-loop system are the sine qua 
nons for the ecosan system. In that sense, ecosan can be regarded as a driving force towards 
sustainable development, which suggests ways to use resources efficiently and conserve them 
for the next generations as much as possible.  

The four main flows of wastewater involved in ecosan concept are: Blackwater, greywater, 
yellowwater and brownwater. 

Toilet waste, known as blackwater (BW), constitutes of only 1-2 volume % of the total 
domestic wastewater stream, but contains more than 95 % of the total nitrogen and about  
90 % of the total phosphorus (Kujawa-Roeleveld and Zeeman, 2006). The elements N and P, 
known as nutrients, are essential to the growth of microorganisms, plants, and animals. Trace 
quantities of other elements, such as iron, are also needed for biological growth, but N and P 
are, in most cases, the major nutrients of importance.  

On the other hand, nitrogen (N) and phosphorus (P) can be a threat to the surface water 
quality. Eutrophication is recognized as a pollution problem in aqueous environments sourced 
by the increase of nutrients N and P in water bodies (Ueno and Fuji, 2001). These problematic 
substances of the aquatic environments can be also transformed into valuable agricultural 
products (Esrey et al., 2001) and can substitute artificial fertilizers (Vinnerås et al., 2003) 
produced mostly by limited fossil resources (Palmquist and Jönnson, 2004). 

1.2 Objectives 

The general scope of this research was to assess the nutrient removal and recovery potential in 
digested BW through evaporation, precipitation and adsorption. The experiments were 
conducted to prove the technical feasibility of below mentioned processes: 

Anaerobic digestion (AD) of BW is a favorable alternative within the context of ecosan, as it 
promises resource conservation and reuse potential for the digested effluents (STOWA, 
2005). In order to recover nutrients with further treatment methods (evaporation, 
precipitation, and adsorption) in this study, the substrate was treated anaerobically 
(Chapter 4).  
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Evaporation 

BW contains a high amount of nutrients and also trace elements that are important for the 
growth of plants. For an application in agriculture a concentrated or a solid product would be 
more useful (Ergünsel, 2006). However, in some countries, reuse of nutrients contained in 
BW by spreading onto fields is not allowed. Additionally, for peri-urban areas where 
agricultural areas can only be found in remote distances, amount of BW to be transported 
would be very large, therefore economical storage on-site and later transport to agricultural 
fields is questionable (Tettenborn et al., 2006). Thus, it would be beneficial to concentrate the 
nutrients for transportation and storage purposes (Maurer et al., 2006). Hence, new 
approaches have to be found to reduce volumes of BW and extract contained nutrients on-site. 
Therefore, in this research, the evaporation process as an alternative solution to reduce the 
volume of anaerobically digested BW and its effect towards hygienisation were investigated 
(Chapter 5). 

Precipitation 

Nitrogen and phosphorus were the target nutrients that are to be removed and recovered. 
Additionally, recovery of the removed N and P in the form of an agricultural product was 
aimed as a part of the study. Experimental investigations formed the basis of the whole study, 
while similar researches in the literature were referred frequently to interpret and compare the 
results of the experiments (Chapter 6).  

Adsorption 

In order to remove ammonium (NH4
+), ion exchange has been demonstrated to be competitive 

with other methods in terms of performance and costs (Mercer et al., 1970; Culp et al., 1978). 
However it might be very expensive if commercial resins are used (López-Vigil et al., 2006). 
In order to cope with this problem natural zeolites have been successfully applied over the 
past two decades (López-Vigil et al., 2006).  

The effectiveness of using zeolite (clinoptilolite) to remove and recover ammonium and 
phosphorus from BW was investigated as well. Therefore, batch and column adsorption tests 
were performed (Chapter 7).  

Finally, a case study was conducted which contains a detailed economical analysis concerning 
two different settlements having anaerobic digestion and evaporation, precipitation or 
adsorption in process. This case study looks intensively at each treatment process and stresses 
their economical feasibilities (Chapter 8). 
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2. SUSTAINABLE SANITATION 

20 % of the world’s population do not have access to safe or affordable drinking water and  
50 % to safe or sufficient sanitation (WHO/UNICEF, 2000). The majority of people, who live 
with contaminated drinking water and accompanying illnesses, are in Asia and Africa (UN, 
2003; Gordon et al., 2004). 

Conventional sanitation concepts are based on flush toilets which are wasteful of water and 
are not an ecological solution for both industrialized and developing countries. The most 
commonly used solutions to sanitation problems are describes as either “drop and store” or 
“flush and forget” (Winblad, 1997; Esrey et al., 2001; GTZ, 2003). Alternative wastewater 
systems, focusing on source control, were initially developed with emphasis on sanitation 
without water (Winblad and Kilama, 1985). This idea was further developed with the aspects 
of reuse gaining importance and is now widely known as ecosan (ecological sanitation) or 
susan (sustainable sanitation) (Otterpohl et al., 1997; Otterpohl et al., 2003; Winker, 2009).  

Ecosan projects are based on the separate collection and treatment of different wastewater 
flows to minimize the water consumption and optimize the potential for nutrient recovery and 
reuse (Esrey et al., 1998; Wilderer, 2001; GTZ, 2003). The four main flows of wastewater 
involved in ecosan concept are:  

• Blackwater (BW): Wastewater generated from a toilet and a mixture of urine and 
faeces with toilet paper. 

• Greywater (GW): Domestic wastewater without BW respectively from kitchen, 
bathroom and laundry. 

• Yellowwater (YW): Separately collected urine. 

• Brownwater or Faecal Matter: Separately collected faeces, with or without flush 
water respectively. 

The objective of this research was to investigate methods for removal and recovery of 
nitrogen and phosphorus from BW. Since BW is the major wastewater flow focused on in this 
study, the following section gives specific information on the BW concept as a part of ecosan. 

2.1 Blackwater (BW) 

Blackwater (BW) is a wastewater stream originated from toilets and thus comprises urine, 
faeces, and flushing water. Blackwater contains more than 95 % of the total nitrogen and 
about 90 % of the total phosphorus. Moreover, it contains half of the COD present in 
domestic wastewater (Kujawa-Roeleveld and Zeeman, 2006) and the major part of the 
pathogens, drug residuals and hormones (Otterpohl, 2002). 

When BW is collected, either with or without a minimum quantity of flush water; the organic 
matter and nutrients present in the material remain concentrated and can be used for energy 
recovery through anaerobic digestion and for reuse as agricultural fertilizer (STOWA, 2005). 
In addition, potentially hazardous components, such as pathogenic organisms and drug 
residuals, can be isolated and degraded. The remaining greywater is then relatively simple to 
treat.
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2.2 Vacuum Collection of Blackwater  

Some toilets based on vacuum and gravity that uses only 0.5 – 1.5 L per flush, are 
commercially available. These toilets produce 5 – 7 L of BW per person per day, whereas 
conventional toilets produce 6 – 15 times more.  

The idea of separate collection of BW by vacuum is not new. A pneumatic system for 
separate collection was invented by Charles Liernur (1828 – 1893) and developed in the 
Netherlands in the 1870s.  

Vacuum toilets have been used widely in aircraft and maritime applications, now their use in 
commercial buildings and public restrooms is increasing. In these systems the waste is 
evacuated from the toilet bowl using a vacuum that is generated by a vacuum pump. The 
waste is then macerated and is either directly discharged to a sewer or transported to a holding 
tank or treatment system. A major advantage of vacuum systems is that all the nutrients 
originating from the faeces and urine are collected with a very low dilution rate. A major 
disadvantage of these systems is that they are highly mechanized and therefore need 
considerable maintenance (Vinnerås, 2001). 

Example: Flintenbreite, Lübeck, Germany 

Residential source separation was first realized for 350 inhabitants in Lübeck-Flintenbreite, 
Germany (Otterpohl et al., 1997; Wendland and Oldenburg, 2003). The construction of the 
technical equipment and the buildings started in February 1999 and by 2002, 28 houses for 95 
inhabitants had been completed. The project demonstrates the feasibility of the source control 
system combined with water saving technology with additional fertilizer and energy 
production. The installed system comprises a strict separation of blackwater, greywater and 
stormwater.  

The vacuum toilet system has been running for 8 years with only minor technical problems. 
The flushing system needs approximately 0.7 L per flush. The average water consumption is 
77 L/p.d (liters per person per day), which is significantly lower than the German average of 
129 L/p.d (Langengraber and Muellegger, 2005). After an adjustment period, vacuum toilets 
are well accepted by residents and are seen as more hygienic than conventional flushing 
toilets. The installation produces an average of 5 L/p.d of BW.  

It was planned, but up to now not implemented, that BW together with organic waste should 
be treated anaerobically to produce biogas for energy and heat production. Despite the highly 
technical approach the operating costs have been found to be much lower than for a 
conventional sanitation system. The monthly operating costs, including the costs for 
electricity and solid waste disposal, are 1.44 EUR/m2 compared to 2.22 EUR/m2 in the 
neighboring houses with conventional systems (Langengraber and Muellegger, 2005). 

Example: Sneek, The Netherlands 

In Sneek in the Netherlands, a housing estate of 32 houses has been fitted with a collection, 
transport and treatment system for BW. Each house is equipped with two vacuum toilets; a 
central vacuum station, comprising vacuum pump, receiver tank and transfer pump situated in 
an outside cellar. BW is conveyed to the vacuum station receiver tank from where it is 
pumped in batches to the treatment system (Zeeman et al., 2007). Two 6 m3 UASB-septic 
tanks were installed for anaerobic treatment and production of biogas. The effluent is then 
subjected to a post-treatment where residual COD is removed and nitrogen, as NH4

+ and 
phosphorus, as PO4

3- recovered. First results indicated a water consumption of about 70 L/p.d, 
which is very low compared to the Dutch average of 134 L/p.d (STOWA, 2005).  
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3. MATERIALS AND METHODS 

In order to measure certain parameters, different methods were used in this study. This 
chapter contains the explanation of the working principles behind them. 

3.1 Materials 

3.1.1 Blackwater 

In this study, fresh samples of BW were obtained from Flintenbreite, Lübeck. Samples were 
taken directly from the pipe. During the sampling, first flush coming from the pipe was 
always allowed to flow. This avoids the collection of sludge that may previously accumulate 
within the pipes. Samples were collected in various sizes of drums, transported to the 
Hamburg University of Technology (TUHH), Institute of Wastewater Management and Water 
Protection (AWW), and stored at 4 °C in the refrigerator. 

3.1.2 Digested Blackwater 

Digested BW was obtained from the anaerobic digesters (CSTR). The reactors were run at 
mesophilic temperature (37.5 °C). More information is given in chapter 4.7. 

3.2 Methods 

3.2.1 pH Measurement 

The pH values of the wastewater samples were measured with a microprocessor pH meter. 
Every time, prior to the experiments, the pH meter was calibrated using buffer solutions of pH 
7.0 and pH 10.0.  

3.2.2 Chemical Oxygen Demand (COD)  

The COD test is used to measure the oxygen equivalent of the organic material in wastewater 
that can be oxidized chemically (Metcalf and Eddy, 2003). The determination of COD was 
carried out with Dr. Lange test kits, LCK114 (150-1000 mg/L) (Hach Lange, Germany). 
Samples in the cuvettes were oxidized at 148 °C for 120 min and then analysed 
photometrically. 

3.2.3 Total Organic Carbon (TOC) 

The TOC test is used to determine the total organic carbon in an aqueous sample. The TOC of 
wastewater can be used as a measure of its pollution characteristics (Metcalf and Eddy, 2003). 

The determination of TOC was performed with the TOC/TN Analyzer multi N/C 3000 
(Analytik Jena, Germany).  

Since the TOC test is faster, cheaper and environmentally friendlier than COD measurement, 
in this study TOC tests were chosen as the process control parameter. 
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3.2.4 Volatile Fatty Acids (VFA)  

Volatile fatty acids are created as intermediate products during anaerobic digestion. Levels of 
up to 6000 mg/L have been shown not to inhibit the reactions, however if the pH of the 
reactor moves away from the optimum levels, inhibition of the methanogenic bacteria can 
occur at lower concentrations (Seereeram, 2004). It is known, for instance, that concentration 
of volatile fatty acids (VFA) in excess of 2000 mg/L inhibits methane formation in anaerobic 
digester (McCarty and McKinney, 1961; Kroeker et al., 1979; Chen et al., 1980). 

For determination of VFA, 3 mL of H3PO4 was added to the sample and the solution was 
distilled with water steam (Büchi 321, Switzerland). After 10 minutes boiling in the Büchi 
gadget, the solution was cooled down, 5 drops of phenolphthalein was added and titrated with 
NaOH solution (0.1 mol/L) until pink colour appeared. The concentration of organic acids 
was calculated in terms of equivalents (mg/L HA). 

3.2.5 Total Solids (TS) and Volatile Solids (VS)  

The term "total solids" refers to matter suspended or dissolved in water or wastewater, and is 
related to both specific conductance and turbidity. TS is the residue remaining after a 
wastewater sample has been evaporated and dried at a specified temperature (103 to 105 °C). 
For the determination of the TS, crucibles were dried overnight at 105 °C, cooled in a 
dessicator and then weighted (empty weight). After measuring the sample volume, it was 
added to the crucible and weighted again (A). Then the crucible was placed overnight at  
105 °C, cooled in a dessicator, and then weighted again (B). The difference in between A and 
B represents the TS.  

Volatile solids are those solids in water or other liquids that are lost on ignition of the dry 
solids at 550 °C. For the determination of the VS, the crucible with the sample was placed in 
an oven and ignited around 2 hours at 550 °C, cooled in a dessicator and weighted (C). The 
difference between B and C represents the VS. 

3.2.6 Total Nitrogen (TN) 

TN in water is comprised of dissolved inorganic (NO2
-, NO3

- and NH3) and organic N. TN 
was analysed with the TOC/TN Analyzer multi N/C 3000 as well as TOC. 

3.2.7 Ammonium (NH4
+
)  

The ammonium cation is a positively charged polyatomic cation of the chemical formula 
NH4

+. NH4
+ content of the BW samples was determined using the Büchi 321 Distillation 

Apparatus. This method was developed by the Central Laboratory of TUHH. This method has 
three steps: distillation, absorption in an acid solution (0.1N H2SO4), and titration with a base 
(0.1N NaOH). This method is capable of extracting pure NH4

+ from the complex BW 
solution.  

A sample of 50 mL was used during the measurement. After conversion to ammonia through 
the alkalinization with NaOH, the sample is distilled into H2SO4 solution. For each 
measurement, a blank sample consisting of deionised water was distilled to be included into 
the calculations. BW samples were subjected to 1:5 dilution due to their high NH4

+ content. 
Distilled NH4

+ was collected simultaneously in the acid solution consisting of 20 mL 0.1N 
H2SO4 and 100 µL of “mixed indicator 5” (a mixture of bromocresol green and methyl red, 
Merck) indicator solution. This acid solution was then titrated with 0.1 N NaOH until the 
color turned from purple into green. The volume of NaOH consumed during the titration was 
used in the calculations.  
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Calculation of NH4
+ concentration with the consideration of blank is given as: 

14 x 
E

))xNB()xNA(())BxN()((AxN
  N/L g 2BV1BV21 −−−

=           [Eq. 3.1] 

 

A : Volume of H2SO4, mL 

N1 : Normality of H2SO4 

B : Volume of NaOH consumed during titration, mL 

N2 : Normality of NaOH 

ABV : Volume of H2SO4 for the blank, mL 

BBV : Volume of NaOH for the blank, mL 

E : Exact volume of sample used (disregarding dilution), mL 

3.2.8 Phosphate (PO4
3-
) 

Determination of orthophosphate concentration of BW samples was carried out with the 
stannous chloride method (APHA, 1999). The principle of this method is the formation of 
molybdophosphoric acid. By stannous chloride (SnCl2), molybdophosphoric acid is reduced 
to intensely colored molybdenum blue. 

Since the above mentioned PO4
3- measurement method was available only for the substrates 

with low concentration of PO4
3-, a new method for the highly concentrated substrates have 

been developed. The new optimized method was carried out by standard addition.  

Initially BW was diluted with the appropriate dilution ratio that ensures the range valid for the 
spectrophotometric measurement. To have a dilution ratio of 1:50, a sample of 2 mL was 
drawn from the drum containing BW and was diluted to 100 mL with distilled water. 60 mL 
of this dilution was divided into three bottles of sub samples each amounting to 20 mL. The 
initial PO4

3- concentration was kept in the first bottle as it was, whilst 25 and 50 µL of 
standard phosphate solution were added into the second and the third bottles. Subsequently, 1 
drop of phenolphthalein solution was added into each bottle. If a pink color was observed at 
any of the bottles, 1 drop of strong H2SO4 solution was added to dispel the color. Finally,  
800 µL of ammonium molybdate solution and 2 drops of stannous chloride solution were 
added into the bottles. In this case, three different tones of blue were obtained changing from 
light to dark blue with the increase in PO4

3- concentration. The sample having the highest 
PO4

3- concentration gave the darkest blue.  

 

Figure 3.1 Samples that are to be analyzed at the spectrophotometer 
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Approximately 10-12 minutes after the addition of SnCl2, three samples were analyzed with a 
spectrophotometer at a specific wavelength of 690 nm. Afterwards they were plotted against 
the added PO4

3- concentrations in mg/L and the standard addition graph was obtained (Figure 
3.2). This graph was used to extrapolate the unknown PO4

3- concentration of the BW sample 
by making use of the two samples of known PO4

3- concentrations.  

y = 0.739x + 0.1604

R
2
 = 0.9992
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Figure 3.2 Standard addition graph 
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4. ANAEROBIC DIGESTION OF BLACKWATER 

Anaerobic digestion (AD) of BW is a favorable alternative within the context of ecosan, as it 
promises resource conservation and reuse potential for the digested effluents (STOWA, 
2005). In order to recover nutrients with further treatment methods (evaporation, 
precipitation, and adsorption) in this study, the substrate was obtained from the anaerobic 
digester.  

Wendland (2008) focused on to find out the performance of AD in a CSTR with BW from 
vacuum toilets (and together with kitchen refuse). She conducted her experimental work with 
the same substrate (BW from Flintenbreite), in the same CSTR as well as under the same 
experimental conditions as explained in chapter 4.7. Since the biodegradability of BW and the 
performance of the CSTR were known from her study, this study was more focused on the 
behaviour of the nutrients during the AD process. 

4.1 History of Anaerobic Digestion 

Anecdotal evidence indicates that biogas was used for heating bath water in Assyria 3,000 
years ago. The first digestion plant is said to be built at a leper colony in Bombay, India in 
1859. AD reached England in 1895, when biogas was recovered from a sewage treatment 
facility to fuel street lamps in Exeter, Devon. 

In 1907, in Germany, a patent was issued for the Imhoff tank (Haandel and Lettinga, 1994), 
an early form of digester and than in 1951 half the biogas from sewage sludge was being 
converted for use as fuel in cars. AD has also been used to treat agricultural waste for several 
years and it now treats segregated municipal solid waste. Putrescibles and paper in household 
waste are ideally suited to AD, as are certain types of garden waste. 

After the energy crisis in 1973, the interest of AD has been increased again. Many researches 
were carried out on the AD of different wastes during the last four decades (Buhr and 
Andrews, 1977; Ahring, 1994; Battistoni et al., 1997). 

4.2 A General Overview 

AD is a well established technology to convert organic material from a wide range of 
wastewaters, solid waste and biomass. It is a technologically simple process that requires little 
energy. One of the end products – biogas consisting principally of methane (55-75 % volume) 
and carbon dioxide (25-45 % volume) is a useful, renewable energy source. Digested medium 
is rich in organics and nutrients and it can be considered for reuse in agriculture (STOWA, 
2005). The principle advantages and disadvantages of anaerobic treatment are given below: 

Advantages   

• Low energy requirements 

• Low biological sludge production 

• Fewer nutrients required 

• Methane production, a potential energy source 

• Small reactor volume requirements 

• Elimination of off-gas air pollution 

• Rapid response to substrate addition after long periods without feeding 
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Disadvantages 

• Longer start-up time to develop necessary biomass inventory 

• May require alkalinity addition 

• May require further treatment with an aerobic treatment process to meet discharge 
requirements 

• Biological nitrogen and phosphorus removal is not possible 

• Much more sensitive to the adverse effect of lower temperatures on reaction rates 

• May be more susceptible to upsets due to toxic substances 

4.3 The Anaerobic Digestion Process 

Transformation of complex macromolecules, present in sewage into biogas, requires 
mediation of several groups of microorganisms. Figure 4.1, which is suggested by Gujer and 
Zehnder (1983), shows a schematic presentation. Different steps are necessary for the AD of 
proteins, carbohydrates and lipids. Four different phases can be distinguished in the overall 
conversion process: 

 

Figure 4.1 Reaction sequence for the anaerobic digestion of complex macromolecules (Gujer 
and Zehnder, 1983) 
* Numbers refer to percentages, expressed as COD  

1. Hydrolysis 

In this process, complex particulate matter is converted into dissolved compounds having 
lower molecular weight. Proteins are degraded via (poly)peptides to amino acids, 
carbohydrates are transformed into soluble sugars (mono- and disaccharides) and lipids are 
converted to long chain fatty acids and glycerine. In practice, the hydrolysis rate can be 
limiting for the overall rate of AD (Van Velsen, 1981; Zeeman, 1981). 

1. Hydrolysis 

2. Acidogenesis 

3. Acetogenesis 

4. Methanogenesis 
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2. Acidogenesis 

During this process sugars, amino acids, and fatty acids are converted to C3 and C4 volatile 
fatty acids (76 %), H2 (4 %), and acetic acid (20 %).  

3. Acetogenesis  

The products of acidogenesis are converted into the final products for methane production: 
acetate, hydrogen, and carbon dioxide. A fraction of approximately 70 % of COD originally 
present in the influent is converted into acetic acid and the remainder of the electron donor 
capacity is concentrated in the formed hydrogen.  

4. Methanogenesis 

Methane is produced from acetate or from the reduction of carbon dioxide by hydrogen using 
acetotrophic and hydrogenotrophic bacteria respectively (Haandel and Lettinga, 1994). 

4.4 Affect of Temperature on the Anaerobic Digestion Process 

Important environmental factors affecting AD are pH, temperature, presence of essential 
nutrients and excessive concentrations of toxic compounds in the influent.  

AD, like other biological processes, strongly depends on temperature (El-Mashad, 2003). It is 
an important factor affecting the performance of AD. According to Grady and Lim (1980), the 
exact effect of temperature on the performance of a system depends on the characteristics of 
waste and can only be determined experimentally. Three ranges of temperature classify three 
types of ‘controlled’ digestion: psychrophilic (10-20 °C), mesophilic (20-40 °C) and 
thermophilic (50-60 °C). Due to a lower bacterial growth rate under lower temperatures, 
longer retention of wastewater is required resulting in larger volumes.  

Most of the AD systems are mesophilic, while psychrophilic operation has been considered 
difficult due to the slower degradation rates and long hydraulic retention times (Lettinga, 
2001).  

Thermophilic temperatures of 50 to 55 °C are commonly applied throughout Europe for 
treatment of manure from several farms in large scale biogas plants for the treatment of 
municipal solid waste (Ahring, 1995). The main reason of applying thermophilic temperatures 
is the better sanitizing effect of the higher process temperature in comparison to mesophilic 
temperatures and need for lower retention times (Buhr and Andrews, 1977; Ahring et al., 
2002). 

4.5 Anaerobic Digestion Systems for Treating Concentrated Domestic Wastewater 

As explained in chapter 2, one of the objectives of ecosan is the implementation of a simple, 
effective and robust treatment system. Considering AD of concentrated domestic wastewater, 
there are three relatively simple technical configurations: accumulation system (AC), high 
rate system (UASB), continuously stirred tank reactor (CSTR) (STOWA, 2005; Wendland, 
2008).  

The AC is continuously fed, by which its effective (digestion) volume increases in time and it 
has been used for the digestion of liquid animal manure (Wellinger and Kaufmann, 1982; 
Zeeman, 1991; El-Mashad, 2003) as well as for the concentrated wastewater and solid wastes 
(Zeeman, 1991; Gaillard, 2002). 
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High rate anaerobic treatment systems refer to bioreactors in which the sludge retention time 
(time for sludge biomass solids to pass through system) is separated from the hydraulic 
retention time (time for liquid to pass through system). The UASB reactor is the most applied 
high rate anaerobic system for the treatment of industrial and domestic sewage (Zeeman and 
Lettinga, 1999; Lettinga, 2001).  

Continuously Stirred Tank Reactor (CSTR) 

The most common form of an anaerobic digester is the CSTR. The content of a CSTR 
consists of a mixture of bacteria and treated medium. It is a continuously fed system. Both 
bacteria and wastewater have same retention times, so hydraulic retention time (HRT) equals 
solid retention time (SRT). CSTR systems are often applied for digestion of sludge and slurry 
(Van Velsen, 1981; Zeeman, 1991; Angelidaki and Ahring, 1994). The CSTR system operates 
usually well between 15 and 20 days (Zeeman and Lettinga, 1999). 

The term “steady state” can be applied to CSTR under the condition that the system is “well” 
adapted and loading is constant. Steady state conditions will ensure stable gas production and 
effluent quality.  

In general, it can be stated that the mesophilic CSTR systems are applicable when the influent 
is highly concentrated that it will at least provide enough biogas to produce the energy for 
heating the system. The higher the concentration, the more surplus energy is produced for 
other applications. Moreover, concentration of the medium to be treated (e.g. vacuum 
collection of blackwater) will result in a smaller reactor volume to be installed, providing that 
the same SRT can be applied for a diluted and a concentrated influent (considering that no 
inhibiting compounds are present). The digested effluent can be applied easier in agriculture 
(if possible), as the transport cost will be limited when small volumes are produced.  

4.6 Benefits of Anaerobic Digestion 

Energy 

Opportunity of biogas production from wastewater for using as a fuel energy resource 
qualifies AD as a sustainable technology for renewable energy generation. For every 1 kg of 
COD in wastewater that is converted by AD, 0.35 m3 of CH4 is produced. For solid wastes, 
concentrated BW and high-strength wastewaters, amount of biogas produced is significantly 
higher than the amount of energy required by the process (STOWA, 2005). 

Environmental Quality 

Application of AD should be considered for the environmental benefits of the process, in 
addition to its potential for energy production from wastewater. There are many potential 
environmental benefits that can be realized as a result of the application of AD, such as low 
excess sludge production (Wilkie, 2005), odour, green gas and pathogen reduction (Olsen and 
Larsen, 1987; Dumontet et al., 1999) and nutrient recovery (STOWA, 2005). 

4.7 Experimental Set-up 

A pilot plant was installed in the laboratory of the AWW at TUHH. This unit consisted of two 
parallel CSTRs each having 10 L volume and made of PVC. The reactors were run at 
mesophilic temperature (37.5±1 °C) in a heated water tube (Figure 4.2). Temperatures of both 
reactors were controlled with a thermostat. Water loss through evaporation was reduced by 
means of spherical plastic bubbles covering the water surface. 
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Figure 4.2 Scheme of the CSTR (Wendland et al., 2007) 

In order to reduce the time required for start-up, reactors were initiated with the use of 
adapted sludge obtained from a mesophilic sludge digester with a 1:3 feed/seed ratio. Both 
reactors were fed discontinuously with raw BW obtained from Lübeck, Flintenbreite three 
times a week, each time with a volume of 1 L. Hydraulic retention time (HRT) of each reactor 
was 20 days.  

Each reactor was equipped with a flexible U-tube for pressure equilibration during the 
feeding. The gas volumes, produced in the reactors as a result of anaerobic processes, were 
determined by the replacement method. The headspaces of both digesters were purged with 
nitrogen gas (N2).  

In order to characterize BW and understand the behaviour of nutrients in AD, parameters such 
as pH, COD, TOC, VFA, TS, VS, TN, NH4

+ and PO4
3- were analyzed as explained in chapter 

3. In addition to them, calcium (Ca), magnesium (Mg) and potassium (K) concentrations of 
the samples were measured by the Central Laboratory with the inductively coupled plasma - 
optical emission spectrometer (ICP-OES). 

4.8 Results and Discussion 

4.8.1 Characteristics of BW from Vacuum Toilet 

The concentrations of BW are much higher than typical German wastewater due to the low 
flush water demand for flushing the vacuum toilets. In Germany, daily mean drinking water 
consumption is 124 L/p.d and 27 % (ca. 35 L) of it in private households is for flushing toilet 
(BDEW, 2008).  

As it can be clearly seen from the results of Wendland (2008) as well, concentrations are 
significantly varying, especially for the organic parameters like COD, VS and TS. The high 
standard deviations result from the high fraction of solids and the sample taking practices. 
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Table 4.1 Characteristics of raw BW from Flintenbreite 

Blackwater 
Parameter 

Wendland, 2008 This study 

Total P, mg/L 175 229 

PO4
3-, mg/L - 59.6 ± 20 

Total N, mg/L 1495 ± 244 1382 ± 435 

NH4-N, mg/L 1111 ± 137 1002 ± 59 

Ca, mg/L - 148 ± 20 

Mg, mg/L - 111 ± 39 

K, mg/L - 429 ± 57 

Total COD, mg/L 8060 ± 2950 5461 ± 1634 

TOC, mg/L - 2253 ± 780 

TS, mg/L 6530 ± 2110 4800 ± 366 

VS, mg/L 4090 ± 1830 2685 ± 375 

pH 7.7 7.1 ± 0.3 

4.8.2 Performance of the CSTR  

According to Wendland (2008), AD is a very stable process for the BW treatment. The 
anaerobic biodegradability of BW was determined as total COD removal of 72 %.  

The value and stability of the pH in an anaerobic reactor is extremely important because 
methanogenesis proceeds only at a high rate when the pH is maintained in the neutral range. 
At pH values lower than 6.3 or higher than 7.8 the rate of methanogenesis decreases (Haandel 
and Lettinga, 1994). The pH value in the reactor was ranged between 7.4 and 7.8. VFA 
concentrations were always lower than 120 mg/L HA. Low VFA concentrations and pH 
values proved that the digestion process was stable (Seereeram, 2004). These results meet 
Wendland’s outcomes. 

Table 4.2 Characteristics of digested BW 

Parameter Mean value ± Standard deviation  

pH  7.8 ± 0.2 

PO4
3-, mg/L  159 ± 38 

NH4
+, mg/L 1101 ± 96 

TS, mg/L 3271 ± 1621 

VS, mg/L 2050 ± 800 

TOC, mg/L 1371 ± 268 

Total COD, mg/L 4771 ± 1123 
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In order to recover nutrients from digested BW, it was important to know the quality of the 
effluent. Table 4.2 shows that nutrients in BW mostly remained in the effluent of the 
anaerobic digester as expected. The average concentration of NH4

+ in the effluent was slightly 
higher than influent due to hydrolysis and ammonification of the organically bound nitrogen. 
The same tendency was observed by Kujawa-Roeleveld et al. (2005) as well. 

PO4
3- concentrations in the digested BW are quite higher than in the raw BW. The increased 

PO4
3- concentration supported the idea that AD increased phosphorus availability (Wrigley et 

al., 1992; Battistoni et al., 1997; Beal et al., 1999; Adnan et al., 2003). This high PO4
3- 

concentration may lead to scaling and pipe blockage, which increase operating and 
maintenance costs (Neethling and Benisch, 2004). On the other hand, controlled precipitation 
allows PO4

3- recovery. Further details on PO4
3- recovery will be explained in chapter 6. 

4.9 Conclusions 

Since AD removes mainly carbon, nutrients contained in organic matter are conserved and 
mineralized to more soluble forms. This provides an opportunity of recovering nutrients from 
BW.  

AD of BW is a favorable alternative within the context of ecosan, as it promises resource 
conservation and reuse potential for the digested effluents. BW is one of the most 
concentrated wastewater fractions and regarded as a useful substrate for AD. 

The fact that the nutrients are present mainly in a soluble form makes the reuse of digester 
effluent in agriculture an attractive option, when distance for transportation is limited. When 
distances to agricultural fields are too long, further processes are necessary to form products 
which can be handled easily.  
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5. VOLUME REDUCTION AND CONCENTRATION OF NUTRIENTS IN 

BLACKWATER BY EVAPORATION 

As explained in chapter 2, BW contains a high amount of nutrients and also trace elements 
that are important for the growth of plants. For an application in agriculture a concentrated or 
a solid product would be more useful (Ergünsel, 2006). However, in some countries, reuse of 
nutrients contained in BW by spreading onto fields is not allowed. Additionally, for peri-
urban areas where agricultural areas can only be found in remote distances, amount of BW to 
be transported would be very large, therefore economical storage on-site and later transport to 
agricultural fields is questionable (Tettenborn et al., 2006). Thus, it would be beneficial to 
concentrate the nutrients for transportation and storage purposes (Maurer et al., 2006). Hence, 
new approaches have to be found to reduce volumes of BW and extract contained nutrients 
on-site. 

The main objective of this part of study was to investigate the evaporation process as an 
alternative solution to reduce the volume of anaerobically digested BW and its effect towards 
hygienisation.  

5.1 Wastewater Treatment by Evaporation 

Evaporation is the process, by which water is converted from its liquid form to its vapor form. 
It is being considered as an alternative process in an increasing number of wastewater 
treatment applications. It can be effective for concentrating or removing salts, heavy metals 
and a variety of hazardous materials from solution. Also, it may be used to recover useful by-
products from a solution, or to concentrate liquid wastes prior to additional treatment and final 
disposal. 

Water evaporation was first used by the Phoenicians, Romans and Chinese to obtain salt from 
seawater. Large flats were filled with seawater and natural evaporation from sun evaporated 
the water and left dry salt behind (Fink, 2002).  

In practice, there are several processes that are already in use for volume reduction and 
nutrient enrichment in wastewater or urine. Many attempts have been made to concentrate or 
extract nutrients from these streams (Ek et al., 2006). Membrane filtration has been discussed 
(Ek et al., 2006), as well as evaporation or drying (Duarte and Neto, 1996; McKeough and 
Fagernäs, 1999; Lind et al., 2001) but there has not been any study concerning the 
evaporation of BW but urine.  

According to Maurer et al. (2006), evaporation is the most straightforward technology for 
removing water from urine. Following is an overview of the reported technologies for the 
evaporation of urine in literature (Maurer et al., 2006): 

• Vapor compression distillation (VCD): These processes have been proved to recover 
around 96 % of the original water content. Depending on the operating conditions, the 
energy requirement for a small-scale unit has been estimated to be 277 – 396 MJ/m3. 
This unit was supposed to be installed in the space station by NASA in 2005. 

• Thermoelectric integrated membrane evaporation systems (TIMES): The urine is pre-
treated with ozone (or ideally UV) and H2SO4. It is then heated, pumped through 
hollow fiber membranes and exposed to reduce pressure so that it evaporates. 
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• Air evaporation systems (AES): Pre-treated urine is pumped through a particulate 
filter to a wick package. Heated air is used to evaporate water from the wick, leaving 
the solids.  

• Lyophilization: Frozen urine sublimates under vacuum and is recovered at -90 °C to 
produce ice with a total TS content of 51 mg/L.  

BW

Energy

Distillate

ConcentrateBW

Energy

Distillate

Concentrate

  

Figure 5.1 Evaporation process scheme (modified after Maurer et al., 2006) 

5.2 Materials and Methods 

5.2.1 Blackwater 

Laboratory experiments were performed using digested BW samples. 

5.2.2 Rotary Evaporator (RotaVap) 

In this research, vacuum evaporation was run with a rotary evaporator (Figure 5.2). With 
vacuum evaporation, under reduced air pressure, the boiling point of water can be brought 
down to temperatures well below 100 °C. However, this type of evaporator is normally just 
used at laboratory scale. Vacuum evaporators at industry scale may be classified as 
submerged or rising (climbing) film (Wang et al., 2006). 

5.2.3 Experimental Procedure 

For volume reduction, a rotating glass bulb of RotaVap was heated in an oil bath. The system 
was run at a vacuum of -300 mbar with the help of a water-jet pump. The initial pH values of 
the digested BW samples were measured and recorded.  
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Figure 5.2 Rotary evaporator and its components 

According to Maurer et al. (2006), evaporation of urine presents two major challenges: (i) loss 
of ammonia and (ii) energy consumption. Ammonia loss can be avoided by using non-
hydrolyzed urine or by acidification. In order to avoid the loss of N as NH3, samples were 
acidified with the addition of H2SO4 (98 %w). With acidification, pH values of substrates 
were lowered to 6.0, 5.0, 4.5 and 4.0.  

Temperature was an important parameter to handle. Preliminary experiments showed that 
temperatures below 120 °C gave extremely long boiling times, around 1.0 to 1.5 hours per 
cycle. This time was prohibiting for the experiment itself, thus the temperature was increased 
above 120 °C (122 – 128 °C).  

Once the temperature reached to the desired value, an initial sample of around 50 mL from the 
acidified sample was added in a 250 mL ball flask and connected to the evaporator. In order 
to obtain a larger volume of the concentrate, the glass bulb was refilled manually when the 
liquid level dropped below 25 mL. This process was repeated 7 times (called as “cycle”) for 
each experiment. Distillate samples were taken after each cycle, before refilling the bulb with 
the new substrate. Each taken sample of the distillate was analyzed separately. Concentrate 
samples were taken only at the end of the process. For all samples, pH value, PO4

3-, TN, TS, 
VS and TOC were measured.  

Following parameters were the key factors for evaluating the performance of evaporation 
process:  

• Volume reduction (Vr) 

This parameter refers to the decrease in volume from the original BW sample achieved 
with the removal of water through evaporation. It is important to notice that volume 
reduction should facilitate transport and increase the concentration of nutrients. It can 
be calculated as follows: 

           
s

c
r 

V

V
 - 1   V =                 [Eq. 5.1] 

 
Vr : Volume reduction factor, % 
Vc : Volume of the concentrate after the nth cycle, mL 
Vs : Volume of substrate (BW), mL 
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• Evaporation velocity (EV) 

It is defined as the amount of substrate evaporated (treated) per hour. It can be 
calculated from the amount of distillate collected in a specified (and measured) period. 

            
t

V
  EV

d
=                 [Eq. 5.2] 

 
EV : Evaporation velocity, mL/min 
Vd : Volume of distillate in the corresponding cycle, mL 
t : Duration (cycle time), min 

• Distribution of the nutrients 

The primary aim of evaporation is to concentrate nutrients in order to make it easier to 
recover them in a step forward in the overall process. The distribution is then 
interesting to evaluate the possible separation procedures. This division can be 
calculated once the concentrations of each of the elements of interest (P, N or TOC) 
have been analyzed with the corresponding method. 

           
s

c

V x Substrate

V x eConcentrat
  rateon Distributi =              [Eq. 5.3] 

 
Concentrate  : Concentration of the nutrient in the concentrate, mg/mL 
Substrate : Concentration of the nutrient in the substrate, mg/mL 
Vc  : Volume of the concentrate after the nth cycle, mL 
Vs  : Volume of substrate (BW), mL 

5.2.4 Analyses of Escherichia coli (E.coli) and Streptococcus 

E. coli and Streptococcus are faecal coliform bacteria commonly found in the intestines of 
animals and humans. The presence of E. Coli and Streptococcus in water is a strong indication 
of recent sewage or animal waste contamination.  

E.coli was analyzed by spreading the sample material on the surface of Chromocult coliform 
agar plates and incubating at 35 °C for 24 hours (Merck).  

Analyses of substrate for Streptococcus were performed by pour plate method. KF 
Streptococcus agar base was used as agar and incubated at 35 °C for 48 hours (Merck). 

5.3 Results 

5.3.1 Volume Reduction 

As described before, volume reduction relates the volume left as concentrate after all 
evaporation cycles. Figure 5.3 shows the achieved volume reduction. The average 
temperature through the whole process is shown in the extra axis.  

As it can be seen clearly, a fairly equal volume reduction was achieved throughout the cycles, 
without any effect of pH. An average of 89 % volume reduction was achieved. This could be 
related to the evaporation time and the temperature used. However, throughout the processes, 
temperatures were kept as constant as possible and their variation were around ±6 °C. This 
means that the differences could sourced by different solids concentration of the original 
substrates, which would produce a change in boiling point and thus, a direct impact on the 
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efficiency of evaporation. According to literature, an increase of 0.7 °C and 2 °C was 
observed in the boiling point of urine for TS contents of 4.3 % and 14.7 % respectively 
(Mayer, 2002). This also affects in the course of the evaporation, since the concentration of 
the solids increased with time.  
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Figure 5.3 Volume reduction and average temperature values for the evaporation cycles 

5.3.2 Distillation Velocity, pH and Acid Consumption 

Distillation velocity refers to the amount of liquid evaporated in unit time, in this case, liters 
per hour (L/h). Since pH has no effect on the evaporation velocity and the temperature was 
kept constant, all tests gave similar results. 

The average distillation velocity was close to 0.09 L/h, which is quite larger than the velocity 
of approximately 0.06 L/h achieved in a research done by Nie (2007), although temperatures 
were kept mostly the same. This could be a consequence of lower TS contents in the substrate 
used for the experiments conducted lately, which would decrease the boiling point of the 
solution and thus, increase the amount of distillate collected. Tettenborn et al. (2006) reported 
an evaporation rate of 1.6 L/h for their experiments with urine.  

Table 5.1 Distillation velocity, average pH values and acid consumption at different pH 
values 

Velocity 
pH Acid 

Consumption Test 

mL/min L/h Substrate Distillate Concentrate mL/L BW 

pH 6.0 1.3 0.08 8.0 9.4 5.3 1.5 

pH 5.0 1.3 0.08 7.9 8.5 4.5 2.5 

pH 4.5 1.5 0.09 8.0 7.4 3.7 2.7 

pH 4.0 1.4 0.09 8.0 6.2 3.7 2.6 
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Another important parameter was the pH value of the substrate (BW, prior to acidification), 
distillate, and concentrate. The tests with higher pH values showed a higher pH in the 
distillate, which indicated an increased loss of nitrogen as ammonia. Ammonia presence is the 
main problem for wastewater evaporation and has to be prevented (Ek et al., 2006; Maurer et 
al., 2006). The pH value is also important for the reuse of effluents: distillate and concentrate.  

Finally, for acidification of the BW, 98 %w H2SO4 was used and since it is an economic 
factor, the amount used in each case was quantified and reported as mL/L of BW. As it was 
expected, lower pH values needed higher amounts of acid. On the other hand, the buffer 
behavior of the BW was also noticed, which acted up to around the value of pH 4.5 after 
which any extra addition of concentrated acid would lower the pH below 3.0. This behavior 
has already been observed in literature (Wendland, 2008), where the buffer ability of 
wastewater was explained as the consequence of the diversity of organic and inorganic 
compounds, which can compensate up to a certain point the addition of acidic or basic 
substances. Due to the decomposition of urea, ammonia and carbonate are present in high 
concentrations in BW and therefore BW has a high buffer capacity. The buffer capacity of 
BW was reported as 79.7 mmol/L by Nie (2007). 

Due to the high buffer capacity of BW, diluted H2SO4 solutions were used to adjust the pH 
from 4.5 to 4.0. 

5.3.3 Content of Total Solids and Volatile Solids 

As explained before, the TS content of the substrate can influence its boiling point, and for 
further use of the concentrate, it was important to monitor this value.  

Both TS and VS are limited parameters in wastewater discharge and are to be monitored for 
the further use and treatment of the effluents of the evaporation process. TS values for 
discharge are becoming stricter every time (Metcalf and Eddy, 2003). Distillate was found to 
be free of TS and VS.  
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Figure 5.4 Total solids content of the substrate and the concentrate at different pH values 

Figure 5.4 shows the TS concentration in the substrate and the concentrate. Here, a clear 
relationship between pH of the substrate and the achieved concentration of TS can be seen. 
The TS increase was expected and corroborated by these experiments, because most solids are 
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not evaporated at such low temperatures. However, another part of the increase of the TS 
concentration could be explained by the precipitation of compounds due to probable 
saturation of the solution, which could occur when the evaporation concentrates the 
substances that are present in the substrate. For example, some crystal precipitates were 
observed in one of the ball flasks after the process, having a form similar to a snowflake. The 
amount was too little to be analyzed but it could indicate the precipitation of MAP (or 
struvite), which is a valuable agricultural product that could be used as a slow-release 
fertilizer (Scherer and Werner, 2003). 

Figure 5.5 shows the VS content (as g/L) of the substrate and the concentrate. The initial VS 
concentration of the substrate was almost constant, however the highest content in the 
concentrate could be observed at a pH of 4.0. 
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Figure 5.5 Volatile solids content of the substrate and the concentrate at different pH values 

5.3.4 Overall Mass Balance and Final Distribution of PO4
3-
, TN, and TOC 

One of the main interests of evaporation was the concentration of substances, which could 
then be either regained in another form or it could be applied directly onto a field. Therefore, 
the analysis of the distribution of the components in the substrate, the distillate and the 
concentrate is very important. 

Recovery of material film from the ball flasks 

After evaporation, a material film remained on the ball flasks. In the same way, a precipitate 
was found in the bottom of the flasks, but unfortunately it could not be determined if any of 
the compound of interest was formed (MAP, K-MAP, other phosphates). 

However, some research was done in order to determine under which conditions the film 
could be removed, to regain any nutrient or compound of interest that could have been 
retained there. The solutions used for the recovery were: distilled water, 1M H2SO4, 10 %w 
H2SO4, 30 %w H2SO4. Figure 5.6 shows the film formation in the ball flasks. The flasks 
shown are the ones used for recovery trials with H2SO4. 
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For all of the solutions, 200 mL of solution was added to flasks. Afterwards, samples were 
taken and then analyzed for PO4

3-, TN, and TOC. For distilled water, 1M and 10 % H2SO4, 
there was no PO4

3- detected for a 1:5 dilution. This means that the content of the sample 
should be lower than 0.5 mg in 200 mL of the solution added. It was also negative for TN and 
TOC.  

However, for a 30 % H2SO4, concentration of PO4
3- was around 1.94 mg/L. This value 

represents a 1.7 % of the initial substrate content and it could be described as “recyclable” 
PO4

3-. Recyclable means that it could be regained from the film on the ball flasks. For the 
other ball flasks, it was not possible to calculate an amount of recyclable PO4

3-; this 
percentage was taken as an overall value and used in the other cases as well.  

 

Figure 5.6 Film formation on the walls of the ball flasks after evaporation 

Calculation of loss as NH3 

Based on the equilibrium reaction between NH3 and NH4
+, the speciation of NH3 will depend 

on the pH value, the equilibrium being displaced to left in alkaline water (Figure 5.7). 

++ +↔ HNHNH aq)(34  

 

 

Figure 5.7 NH3-NH4
+ equilibrium dependent on pH and temperature (Meierer, 1995) 
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Table 5.2 Total nitrogen and free ammonia (NH3) of the substrate for each pH test 

TN Free NH3 
Test  

mg/L mg/L mg % 

pH 6.0 1465.5 0.833 0.167 0.057 

pH 5.0 1372.0 0.078 0.016 0.006 

pH 4.5 1299.0 0.031 0.006 0.002 

pH 4.0 1731.5 0.009 0.002 0.001 

The losses of N as free NH3 represent a very little part of the total loss and can be easily 
neglected from the overall mass balance.  

Fractions of PO4
3-
, TN and TOC mass 

Once the amounts of PO4
3- and TN that could be regained from the film in the flask have been 

calculated, as well as the amount of N lost as NH3, a more detailed mass balance could be 
done.  

LostNeConcentratNDistillateNSubstrateN )m(  )m(  )m(  )m( ++=                                                             [Eq. 5.4] 

bleNonrecyclaNRecyclableNNHNLostN )m(  )m(  )m(  )m(
3

++=                                                               [Eq. 5.5] 

3NHN )m(  : Mass of N lost as NH3, mg 

RecyclableN )m(  : Mass of N (or PO4
3-) recovered from the ball flask’s film, mg 

bleNonrecyclaN )m(  : Mass of N (or PO4
3-) that cannot be recovered, mg 

For a better comprehension of the distribution of PO4
3-, TN, and TOC into different 

components of the evaporation process, Figure 5.8, 5.9 and 5.10 are shown. The values for the 
losses as free ammonia were not included, since its values being too low to be recorded. 

In the case of PO4
3- (Figure 5.8), a decrease in the pH value of the solution leads to the 

increase of concentration of this compound in the concentrate. This means, that the PO4
3- 

amount available for reuse in the concentrate increases due to the decrease in the pH value of 
the solution. The highest value recorded, 85 % of the original content in the substrate, was 
obtained with the lowest acidified solution, at a pH value of 4.0. The same result was obtained 
by Nie (2007), where the concentrate retained around 60 to 85 % of the PO4

3- originally in the 
substrate. In case of TN, at a lower pH value, the concentration of TN was higher in the 
concentrate. Because N loss in form of ammonia could be prevented through acidification and 
N could be more retained in the concentrate.  
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Figure 5.8 PO4
3- mass balance and its distribution at different pH values 
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Figure 5.9 Total TN mass balance and its distribution at different pH values 

The content of the concentrate was around 80 to 85 % of the originally found in the substrate. 
This agrees with the literature, where Ek et al. (2006) reported that 89 % of TN for pH 5.5 and 
95 % of TN for pH 4.5 was obtained in the concentrate. On the other hand, lower pH values 
led an increase in the losses as nonrecyclable material as well. This behavior could be mainly 
due to the differences in the original substrate and the complex matrix of BW.  
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Figure 5.10 TOC mass balance and its distribution at different pH values 

Figure 5.10 shows that decreasing the pH value of the substrate is inversely related to the 
amount of TOC in the concentrate. This trend is in agreement with the literature as well (Ek et 
al., 2006; Nie, 2007). However, the best results were found at a pH of 4.5 with 97 % of TOC 
remaining in the concentrate.  

5.3.5 Physical Observations 

One of the main observations was the formation of foam during the acidification process, 
especially at lower pH values of 4.0 and 4.5. This formation might be explained by the CO2 
production due to the significant hydrogen carbonate concentration in blackwater. This 
phenomenon couldn’t be observed during the evaporation itself.  

Figure 5.11 shows samples of substrate (BW), distillate, and concentrate respectively. The 
distillate presented itself as a colorless liquid, whose smell was penetrating although not too 
unpleasant. The concentrate was highly turbid, almost black and had a tolerable smell. 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Appearance of the substrate (digested BW), distillate and concentrate from 
evaporation process 
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5.3.6 Sterilization Affect of Evaporation 

Due to the fact that high temperatures (around 120 °C) and the long times of boiling (more 
than 90 minutes) were run, it was expected that both, distillate and concentrate, to be free of 
dangerous pathological microorganisms, e.g. to be sterilized. In literature, there are different 
ways to sterilize a solution theoretically, but it also indicates that not much research has been 
made in the area of wastewater (Maurer et al, 2006).  

Laboratory experiments have proved that evaporation removed coliform bacteria 
significantly. Concentrate and distillate were completely free of E.coli and Streptococcus 
(Figure 5.12 and 5.13). These two organisms are indicative for fecal contamination and 
important parameter for water quality. 

           
             Digested BW                            Concentrate                                 Distillate 

Figure 5.12 E.coli results of the substrate, concentrate and distillate 

           
             Digested BW                            Concentrate                                 Distillate 

Figure 5.13 Streptococcus results of the substrate, concentrate and distillate  



 

 36 

5.4 Conclusions 

The water content of digested BW was reduced by evaporation, in order to reduce the volume 
and create a valuable concentrate from which important nutrients can be recovered. Other 
advantages of this volume reduction are the decreases in transport and storage costs due to 
smaller volumes. This also makes the handling of the BW easier.  

Evaporation can be regarded as an effective technique to achieve volume reduction and 
nutrient enrichment in BW. The average volume reduction was around 91 % and the 
concentration of all the important parameters like PO4

3-, TN and TOC increased when 
favorable low pH values 4.0 and 4.5 were used for the substrate.  

However, use of the final effluents from evaporation processes and the energy consumption 
typical to thermal processes is among the main drawbacks of evaporation.  

Further research could be done to find proper utilization options for the concentrate and 
distillate. The distillate, for example, which is free of suspended solids and sterilized, could be 
useful as flush water for the toilette or as cooling water for industrial systems. Because of its 
neutral pH value, it may be also used for watering the plants and landscaping purposes in 
parks and fountains.  

The concentrate can be more complicated, as it may have a complex composition and this 
composition may vary according to the BW input. The pH of the concentrate is highly acidic, 
which could make its direct application on crops and farms difficult. However, with the 
proper pH adjustment, the concentrate could be used for struvite production through 
precipitation, its levels of PO4

3- being more than adequate for it. The costs of this adjustment 
could be the limiting factor, as the change in pH might be from 4.0 to 9.5. 

Finally, more experimental tests could be done for the recovery of the film from the ball 
flasks, not only for the value of the contents on the film, but also because in a large-scale 
operation, cleaning methods for the vessels used for evaporation are to be found. 
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6. EXPERIMENTAL INVESTIGATION OF THE REMOVAL AND RECOVERY 

OF NUTRIENTS THROUGH PRECIPITATION 

The concept of sustainable development requires a holistic approach towards the fate of 
phosphorus. Technologies for phosphorus removal should include recovery alternatives that 
enable recycling of phosphorus into the environment. A promising process that has been used 
in several industries for phosphorus removal and recovery is the precipitation of the phosphate 
ion, PO4

3-, as the Mg2+ and NH4
+

 

containing mineral struvite, otherwise known as magnesium 
ammonium phosphate (MAP); a valuable and marketable product in the agriculture industry 
(Salutsky et al., 1970; Buchanan, 1993; Li et al., 1999; Gaterell et al., 2001). Among several 
methods available for nutrient removal from wastewater, struvite precipitation is a unique 
alternative for simultaneous removal of PO4

3- and NH4
+ (Zeng and Li, 2006); it is very robust, 

cost-effective, easy to operate and requires only a small footprint area (Münch and Barr, 
2001). Consequently, the whole process aims to minimize the depletion of P and N resources 
by recycling the nutrients from the environment. 

The sections below focus mainly on phosphorus, its removal and recovery, while giving 
relevant information on nitrogen when required. Precipitation of PO4

3- as calcium phosphates 
was also investigated.  

6.1 Theoretical Background  

6.1.1 Nutrients 

One of the main benefits of ecosan is its contribution to the sustainable ecosystems concept by 
creating recovery and reuse potential for the nutrients in urine and faeces, thereby helping the 
preservation of limited resources. The considerable amounts of nitrogen (N), phosphorus (P) 
and potassium (K) present in urine and the high organic content of faeces means they can be 
used to produce valuable products. Vinnerås et al. (2003) suggested that urine and faeces 
derived products could be used in agriculture as an alternative to the artificial fertilizers. In 
Jönnson (2001), recycling of all N, P and K present in urine and faeces, with a small loss of N 
in the form of NH3, was proposed and it was suggested that this would increase of energy 
conservation in agriculture. 

Nitrogen (N) 

Nitrogen can be considered as an infinitely abundant element; it is present in the atmosphere 
at 78.1 % (by volume) and there are 75.106 kg of N above each hectare of the earth 
(Wilsenach, 2006). Biological N fixation accounts for the conversion of 90 – 130.106 ton N 
into ammonium annually (Galloway, 1998). Most of this N is also denitrified and returned to 
the atmosphere as N2. In addition to this biological activity, a relatively large amount of N is 
deposited to soil and surface water directly from the atmosphere via dust or rain. Based on the 
results of Otterpohl (2001), and a world population of 6 billion, around 29.106 ton per year N 
are present within BW. In urine, N is mainly present as urea (80 %), ammonia (7 %), and 
creatine (6 %) and further small concentrations of free amino acids or shorter peptides 
(Johnston and McMillan 1952; Kirchmann and Petterson 1995; STOWA, 2005). Around  
50 % of faecal N is water soluble, 20 % of it is NH4

+, biochemically formed urea, peptides 
and amino-acids.  

Phosphorus (P) 

Phosphorus is a scarce natural resource for which there is intense competition between life 
forms, both on land and in aquatic environment. In nature it always occurs combined with 
other elements, forming phosphates. Unlike N, which in soil or water can be replenished from 
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atmospheric sources, the only natural source of P is from the weathering of phosphate 
containing rocks (Van Wazer, 1961). The main commercial deposits are located in Morocco, 
the USA, the Former Soviet Union, China and South Africa (Driver et al., 1999).  

 

Figure 6.1 Lifetime of phosphate reserves (Steen, 1998) 

Around 38 million tons of PO4
3- (expressed as P2O5) is extracted each year (Driver et al., 

1999). The known reserves of PO4
3- rock are also limited. It is clear, that the resource base 

which could be commercially exploited by methods currently regarded as economic will last, 
at best, little more than one hundred years and could be depleted in as little as fifty years 
(Figure 6.1). Additionally, it is known that there is bast PO4

3- resources present in the earth 
crust which, with today’s technology, are not yet commercially exploitable (Driver et al., 
1999). The phosphate industry is now seeking a sustainable source of high purity raw 
material. As a result of agriculture and human food consumption, two major sources of PO4

3- 
are available: human sludge and animal manures. This leads to the consideration of alternative 
technologies where PO4

3- may be derived from pre-existing materials such as sewage waste or 
BW.  

P occurs in wastewaters almost solely as PO4
3- which are classified as orthophosphates, 

condensed PO4
3- (pyro-, meta-, and other polyphosphates), and organically bound PO4

3- 
(APHA, 1999). The dissolved inorganic PO4

3- found in wastewaters is called orthophosphate. 
In the pH range of wastewaters (around 7.0), the dominant forms of orthophosphates are 
H2PO4

-, and HPO4
2-. As the pH increases the equilibrium moves towards the formation of 

PO4
3- (Ganrot et al., 2007).  

6.1.2 Phosphorus Removal and Recovery through Struvite Precipitation 

One approach to remove phosphorus from BW prior to land application is the forced 
precipitation of magnesium ammonium phosphate hexahydrate (MgNH4PO4.6H2O), 
commonly called struvite. The wider number of applications and the successful results in the 
removal and recovery of P by struvite precipitation makes this a favorable alternative to the 
post-treatment of digested effluents (Zeng and Li, 2006). 

Precipitation of struvite in waste streams is not a new idea. As early as 1939, deposition of 
struvite inside pipes and pumps transporting wastes was recognized (Rawn et al., 1939; 
Booram et al., 1975; Westerman et al., 1985; Buchanan, 1993). Therefore, a large portion of 
struvite research has been directed towards removal and prevention of struvite formation 
rather than towards forced precipitation from solution. However, struvite has been found to be 
a good plant nutrient source for nitrogen and phosphorus since it releases them slowly and has 
a non-burning feature because of its low solubility in water (Salutsky et al., 1970). 
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6.1.2.1 Chemistry of Struvite Formation 

Struvite crystallization became a research topic because of the operational problems caused 
by crystalline struvite deposits that may build up at various points in wastewater treatment 
plants (Rawn et al., 1939). It is believed that a better understanding of the precipitation 
chemistry of struvite is required to optimize the performance of the crystallization process and 
to improve the quality of the final product; this should lead to a more favorable material for 
agriculture. 

Struvite is composed of equimolar proportions of Mg2+, NH4
+, and PO4

3- and occurs when a 
solution is supersaturated with the constituent ions Mg2+, NH4

+, and PO4
3- (Beal et al., 1999). 

Mg2+  +  NH4
+  +  HPO4

2- +  6 H2O �    MgNH4PO4.6H2O + H+          [Eq. 6.1] 

                                                                              Struvite 

The crystallization process has three steps: supersaturation, nucleation and crystal growth. 
Initial supersaturation of the solution with the constituent ions is followed by a nucleation step 
which determines the initial formation of crystals, whilst the subsequent step, crystal growth, 
determines the size of the crystals. Sufficient crystal growth is required for the precipitation to 
proceed (Kabdasli et al., not published). 

The potential of struvite formation can be calculated by comparing the solubility product of 
struvite with the ionic product of struvite. Jaffer et al. (2002), reported that the struvite 
precipitation occurs when the ionic product given as [Mg2+][PO4

3-][NH4
+] is greater than the 

solubility product; dissolution occurs when the ionic product is less than the solubility 
product. The resulting negative logarithmic value of minimum struvite solubility product; 
pKso, documented by Ohlinger (2000) was 13.26±0.04, whereas Snoeyink and Jenkins 
reported (1980) 12.6. 

6.1.2.2 Major Parameters Affecting the Struvite Formation 

Several major parameters affecting the struvite precipitation are: pH, Mg:P ratio, Mg2+ 

sources, presence of Ca2+ ions, and reaction time (Zeng and Li, 2006; Yazgan, 2008). 

Effect of pH 

pH is a very important factor in struvite precipitation as the solubility of struvite and the 
availability of the constituent ions are pH dependent. Struvite is soluble in acidic pH 
conditions and highly insoluble at alkaline pH (Münch and Barr, 2001). Schulze-Rettmer 
(1991) gave the lowest values for the solubility of struvite in wastewater in the pH range of 
8.0 to 10.0. Booker et al. (1999) found that struvite is soluble in water when the pH is less 
than 5.0. They also proved that the solubility of struvite begins to increase as pH continues to 
rise above 9.0, since the NH4

+ ion concentration will decrease (Figure 6.2). Various other 
researchers have also investigated the effect of pH on P removal (Buchanan et al., 1994; 
Ohlinger, 1999; Battistoni et al., 2001; Burns et al., 2001; Celen and Turker, 2001; Dastur, 
2001; Stratful et al., 2001). Results of those studies have shown that there is an increase in P 
removal rates as pH increases.  

 

 








































































































































































