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1.  ABSTRACT. 
The existing handling of biodegradable waste, wastewater and some 
animal manure is not organised in a sustainable manner that includes 
the reuse of the constituent nutrients. As our natural resources of 
phosphorus and potassium are finite and there is a high energy input 
(based mostly on fossil energy) for production of nitrogen fertilisers, a 
rethinking of the nutrient management procedure is essential. However 
recycling returns not only the nutrients but also potentially hazardous 
substances such as pathogens and organic pollutants to agricultural 
fields.  
This work provides a review of current knowledge on the loads  
and types of pollutants to  be dealt with in biodegradable waste,  
the different wastewater streams and manures, and describes the 
potential hazards, such as antibiotic resistance, contamination and 
uptake in agricultural plants, effects on soil-dwelling organisms, and 
ecotoxicological impacts. It also describes the treatment options 
available to reduce these compounds to an acceptable level, e.g. 
anaerobic digestion, composting, membrane technologies and oxidation 
processes. There are three options regarding the handling of these 
potential fertiliser sources: to continue with business as usual; to head 
towards a zero emissions policy that would lead to a large increase in 
incineration and other high-tech solutions; or to re-use these nutrient 
streams while taking into account the potential hazards included and 
addressing them by defining appropriate treatment techniques. The 
main non-metallic pollutants that need to be dealt with are pathogenic 
microorganisms. Even though organic pollutants have to be taken into 
account e.g. antibiotic residues can lead to major problems with 
resistance developing in soils. The major conclusion is that treated 
wastes should be regarded as a valuable fertiliser. This involves using 
them to replace mineral fertiliser in appropriate amounts. It is easier to 
handle the different pollutants separately at source rather than mixing 
the different fractions before treatment. Thus by source-separating into 
yellow, brown, and grey water, it is easier to recycle nutrients and to 
sanitise the different wastewater fractions according to their specific 
composition. 
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2.  INTRODUCTION. 
To maintain agricultural yields at high levels over the years, fertilisers are 
required. Around 50% of the fertilisers used in agriculture today are of 
organic origin (Mosier, 2001). As phosphorus and potassium in their present 
forms are finite resources and the energy and hydrogen inputs needed for 
producing nitrogen fertilisers are high and currently mainly covered by fossil 
gas, fertiliser production relies heavily on exhaustible raw materials. For long-
term sustainable agriculture, the consumption of virgin nutrients has to be 
optimised by limiting their use, which would also minimise nutrient losses to 
water bodies and reduce the volume of mineral fertiliser inputs. The major 
flows of nutrients in agriculture are internal, firstly in the field itself and 
secondly, in the case of livestock farming in combination with plant 
production at farm level through manure management.  However, the 
removal of crop and animal products from farms (Figure 1) removes with it 
large amounts of nutrients which have to be replaced.  The most common way 
to do this is by adding mineral fertilisers. Another option is to return the 
nutrients to the fields as organic fertiliser originating from solid biodegradable 
household waste and different wastewater fractions. For developing countries 
this is a very relevant issue, as the need for fertilisers is extremely high while 
the economic potential to import mineral fertilisers at the same price as in the 
industrialised world is low. 

Figure 1:  Flows of plant nutrients in society today. 
Depending on the wealth of the social group, the quality of human nutrition is 
changing. In developing countries, the consumption of animal products is 
rather low. Compared with Western Europe, therefore, fewer animals are 
required to match the demand for animal products by the population and thus 
less animal waste is produced. For example, in the province of CanTho in 
Vietnam, about the same amounts of the macronutrients nitrogen and 
phosphorus are found in human excreta as in animal manure (Arnold and 
Clemens, 2004). In cases where food production is mainly in vegetable form, 
the percentage losses of nutrients from the farm are actually higher than on 

 

 5 

animal farms, as a larger proportion of the harvest is exported from the farm. 
This is the case in most developing countries and as they cannot afford to 
compensate for the loss of nutrients with mineral fertiliser, there is an annual 
net loss of nutrients from the fields. In some parts of eastern Africa the loss 
can be as high as 60 kg of nitrogen per hectare and year. Locally available 
sources of nutrients for fertilisation are actually only domestic waste and 
wastewater. Today, these fractions are in most cases not utilised but rather 
regarded as pollutants in the environment, destroying recipient waters, and 
any utilisation that does occur takes place in an uncontrolled and unsafe way.  
Together with world-wide development and improved living conditions, 
demand and consumption of animal products is increasing. To meet this 
demand, animal production is also increasing. However, increased animal 
production requires increased feed production and this increases the need for 
plant-available nutrients at farm level.  
There is a growing tendency for urbanisation and during 2007 the number of 
people living in cities exceeded the number of people living in rural areas. 
According to the UN, more than two-thirds of the population will live in cities 
in 2050, while the world's population will have grown to approximately  
9 billion. Nutrient flows to cities will increase in the form of agricultural 
products imported and there will be a concomitant increase in waste and 
wastewater flows.  
Animal waste is already an important source of plant nutrients in agriculture. 
For example, in Germany the amounts of nitrogen and phosphorus in manure 
that are recycled to agriculture are in the same range as those in mineral 
fertilisers. To a certain extent, animal manure management is rather well 
developed, although there are still high losses of ammonia during storage and 
field application. However, the overall goal is to minimise losses and to 
maximise fertiliser use. In contrast, the current product of human wastewater 
treatment (sewage sludge) has a rather low concentration of nutrients. In 
addition, the overall process of waste treatment aims at nutrient elimination 
and not at nutrient recycling. By introducing source-separation of waste and 
wastewater systems, new possibilities are created to collect smaller fractions 
with relatively concentrated nutrients (Vinnerås et al., 2006) that can be reused 
in agriculture with available equipment. If all the nutrients in human excreta 
were collected and reused, approximately 20% of the mineral fertiliser used in 
the respective country could be replaced, with some variation depending on 
country and element. For developing countries the contribution to national 
consumption of mineral fertilisers would be larger, especially south of 
Saharan Africa where excreta correspond to more than 100% of the local 
consumption of mineral fertilisers (Rockström et al., 2005).  
2.1.  Domestic waste, wastewater and manures. 
Domestic waste and industrial organic waste from restaurants and kitchens is 
a large fraction that is easily collected separately. The composition of the 
waste is related to the time of the year, as food consumption follows the 
seasons to some extent, e.g. in Northern Europe citrus fruit peel is found to a 
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higher extent during autumn and winter compared with spring and summer. 
Parts of these fractions are reused, either as fertilisers or as soil conditioners, 
while others are incinerated or land-filled, depending on the local setting. 
Before reuse as fertilisers or soil conditioners most of these materials are either 
composted or anaerobically digested. Some biodegradable industrial waste 
can be applied directly without treatment, e.g. mycelia from pharmaceutical 
industries, but in most cases it is biologically stabilised before reuse when 
storage is needed due to seasonal factors. 
Household wastewater can be divided into separate fractions according to 
their source. This separation allows separate management of the fractions as 
they are very different in composition due to their origin. The main water 
fraction consists of greywater (all household water fractions except toilet 
water, including wastewater from sinks, showers, washing, etc.) and this 
fraction contains the majority of the metallic pollutants and only a minority of 
the nutrients (Figure 2). An exception has to be made where high amounts of 
phosphorus detergents are used, especially for dishwashers and laundry, but 
greywater is generally not of any major interest in a nutrient perspective. The 
main reason for greywater reuse is water shortage, when this wastewater 
stream can be looked upon as an additional water source. Another interest in 
greywater reuse is to decrease the household environmental impact or as a 
combination of the two. Greywater can either be used locally in households, 
after some treatment, for non-potable usage e.g. flushing toilets, or for other 
purposes such as irrigation, car washing, cleaning streets, etc.  
The content of organic pollutants in greywater, like the content of non-organic 
substances present, is a reflection of the substances used in households. The 
main concern arising from greywater is its content of organic pollutants and 
pathogens. Substances such as pharmaceuticals, pesticides, fragrances and 
flame-retardants can be present in greywater. Eriksson et al. (2003) identified 
more than 190 organic compounds belonging to the surfactants, emulsifiers, 
fragrances and flavours, preservatives and antioxidants, softeners and 
plasticisers, UV-filters, solvents, dyes and others in Danish greywater entering 
the wastewater stream due to ongoing household activities, i.e. personal 
hygiene and cleaning. Studies by Palmquist and Hanaeus (2005) also showed 
the presence of the antibiotic triclosan at notable levels (0.6-6 µg/L). 
In comparison with other fractions, the level of pathogens in greywater is low 
and mainly based on faecal contamination, which has been estimated to 
correspond to 40 mg/person/day (Ottoson and Stenström, 2003). Even with 
this low grade of contamination, Ottoson and Stenström (2003) reported a risk 
of transmission of viral diseases, using the example of Rotavirus. They also 
reported growth of pathogenic bacteria within the system, e.g. Salmonella spp. 
and Escherichia coli O157, as the concentration of the faecal indicator bacteria 
E. coli in the system was considerably higher than the measured 
contamination entering the system. This was confirmed by studies performed 
by Friedler et al. (2006) and Winward et al. (2008) who found an average level 
of faecal coliforms of over 105 colony forming units (cfu), ml-1, which indicates 
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growth within the system. This has to be taken into account when selecting 
the mode of application of greywater.  
The two excreta fractions urine (yellow water) and faeces (brown water) can 
be collected separately from each other or together as blackwater/toiletwater. 
As can be seen in Figure 2, the main contribution of nutrients originates from 
urine, which contains 90% of the nitrogen and 70% of phosphorus and 
potassium in excreta (Vinnerås et al., 2006). In terms of the plant availability, 
urine contains even more of the nutrients due to the fact that the nutrients in 
urine are contained in ionic form while in faeces they are mainly bound to 
organic compounds and cell mass. The composition of these fractions is based 
on the human metabolic system, as the metabolised substances mainly end up 
in the urine while the non-metabolised material remains in the faeces, 
explaining the high nutrient content and the low heavy metal content in urine.  

Figure 2:  The distribution of nutrients in biodegradable household waste and 
wastewater fractions in Sweden (Vinnerås et al., 2006). 

2.1.1.  Pharmaceutical residues. 
An exception to this distribution pattern among the different wastewater 
streams is found for organic pollutants such as pharmaceutical residues. They 
are excreted in urine and faeces depending on their metabolic characteristics. 
The separation of organic compounds with urine is mainly on the basis of 
charged substances (negatively charged acids or positively charged bases) and 
by the liver and bile mainly on the basis of more non-polar substances.  
Most statements regarding pharmaceuticals in different wastewater fractions 
are based on calculations from data given by the medical companies 
producing the substances. So far, only measurements of pharmaceutical 
residues in urine exist (Winker et al., 2008a). Figure 3 (overleaf) shows the 
mean concentrations recorded in some measuring campaigns in Germany 
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(Strompen et al., 2003; Tettenborn et al., 2007) in relation to the amount of 
samples taken, the detection frequency and the limit of quantification.  
Besides the active substances shown in Figure 3, acetylsalicylic acid, 
phenofibrate, gemfibrozil, indomethacone, ketoprofen as well as the 
hormones estriol, 17ß-estradiol, 17α-ethinylestradiol and mestranol (a pro-
drug of 17α-ethinylestradiol) were investigated but remained below the limit 
of quantification. 
 

 
Figure 3:  Measured mean concentrations of active agents in German source-

separated urine (Strompen et al., 2003; Tettenborn et al., 2007). 
Concentrations of pharmaceutical residues in faeces have only been estimated 
via theoretical calculations (Winker et al., 2008b). It could be shown that 
pharmaceuticals are excreted to a large part via urine and only partially via 
faeces, a fact supported by Lienert et al. (2007a) reporting on calculations that 
around 70% are excreted via urine. However, some substances also show high 
faecal excretion rates, e.g. erythromycin (50%) and terbutaline (60%) 
(FachInfo-Service, 2005). A large proportion of the pharmaceutical substances 
that are metabolised retain their activity when excreted or are easily 
biologically degraded to a form that has biological effects. The reduction of 
pharmaceuticals starts directly when the substance enters the blood stream. 
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Therefore, the dose of the consumed substances is soon reflected in the excreta 
(Figure 4), as the half-life within the body of most pharmaceuticals is short.  

 
Figure 4:  Maximum consumed daily doses for a single patient and their 

related amounts excreted via urine and faeces calculated for some active 
substances (Winker et al., 2008a). 

Organic pollutants in solid biodegradable waste (biowaste) are mainly of two 
kinds. The first is misplaced medicines, a source that it is hoped can be 
eliminated by proper information. The second and major source of organic 
pollutants is substances used in agriculture for promoting the growth of the 
plants, e.g. pesticides and herbicides. These substances are mainly found on 
the surface of vegetables, which in most cases is the part removed during 
preparation. Therefore the levels of these substances are higher in the 
biowaste than in the parts of the plant that are consumed. As the substances 
used originally come from the field, the effect in the field from recycling these 
substances should be marginal compared with the effects from the fraction of 
the substances that does not leave the field. The major effect is rather a risk for 
decreased efficiency in waste treatment, as these substances may affect the 
microbiota within the compost or digestor.  
2.1.2.  Pathogens in urine. 
The excretion of pathogens is the converse of pharmaceutical excretion as the 
majority are found in the faeces and there are only a few pathogens that can 
be excreted via the urine. The main transmission route of pathogens in urine is 
actually cross-contamination from faeces during collection (Höglund, 2001). 
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The main pathogens found in urine are Salmonella typhi/patatyphi, 
Mycobacterium tuberculosis, Leptospira interrogans, and Schistosoma 
haematobium (Faechem et al., 1983). The two organisms listed first are 
normally not excreted in urine and appear in urine only on very rare occasions. 
Salmonella typhi/paratyphi is only excreted by people with 
typhoid/paratyphoid fever, where the bacteria are disseminated in the blood. 
Mycobacterium tuberculosis is also only transmitted into urine in cases of 
renal tuberculosis. For Leptospira interrogans, which is a zoonose, urine is not 
considered to be an important transmission route as the prevalence in human 
urine is low, whereas Schistosoma haematobium larvae are renally excreted. 
However, the larvae have a short survival span, that can be counted in days, 
during their transport after release from humans as eggs. These eggs hatch on 
reaching freshwater into a free-swimming miracidium that infects freshwater 
snails. Therefore urine reuse as fertiliser is not considered to be a major 
transmission route, as long as the urine is stored for at least one week.  
2.1.3.  Pathogens in faeces. 
The main risk for transmission of diseases in systems where organic waste and 
wastewater are recycled are pathogenic organisms excreted with the faeces. 
The pathogenic organisms can be divided into four categories, non-spore 
forming bacteria, spore forming bacteria, viruses and parasites. In addition 
these groups can be divided into two sub-groups, those that are specific to one 
species and zoonoses that can infect between animal and humans,  
e.g. Salmonella spp.. 
The Gram-negative rod-shaped group of pathogenic enterobacteria is one of 
the main disease-causing groups of organisms. In addition, several members 
of this group are considered to be zoonoses, which increases the risk with 
these pathogens within the system of recycling organic fertilisers, as the 
recipients can be both humans and animals. The organisms that affect people 
most are Salmonella spp.. The infection dose can be as small as 20 cells, but in 
most cases 104-6 cells are required for infection. However, as for all organisms, 
the infection dose varies from host to host depending on several factors such 
as age, time of infection, nutritional status, etc. and the most severe infections 
occur in young and old people and immunocompromised individuals. 
Growth of Salmonella spp. has been reported in sewage sludge (Sahlström 
et al., 2004), compost material (Elving et al., 2008) and manured soil (Gibbs 
et al., 1997). Verotoxin-producing Escherichia coli (VTEC) is a species of E. coli 
that produces verotoxins, a shiga like toxin. The behaviour of the organisms is 
similar to that of non-verotoxin-producing E coli, which means that they have 
high survival in the environment. The infection dose of VTEC is as low as  
10 organisms, depending of the receptivity of the host. Shigella spp. is a gram-
negative rod-shaped bacteria closely related to Escherichia coli and 
Salmonella spp. Some of the Shigella strains produce enterotoxin and shiga 
toxin, which is similar to the verotoxin found in VTEC (e.g. E. coli O157:H7). 
Campylobacter jujeni is a micro-aerophilic bacteria that is sensitive to high O2 
levels and the bacteria are sensitive to most factors related to biological 
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treatment, such as heating, drying and acids. Therefore this organism should 
not be of great concern regarding waste and wastewater management. 
Mycobacterium tuberculosis is an obligate aerobe acid-fast Gram-positive 
bacteria that causes tuberculosis. M. tuberculosis is not generally an intestinal 
infecting bacteria, and although it can colonise the intestine and the renal 
system, the main site of infection is the lungs. However, the organisms 
excreted with the mucus are most often swallowed and end up in the faeces. 
M. tuberculosis is a slow-growing type of bacteria but very hardy against 
chemicals and drying. It is relatively stable in the environment but is 
thermally inactivated, with a decimal reduction of less than one day in 
compost at 55C (Grewal et al., 2006). 
Several viruses are included in the group that cause gastroenteritis, but only 
few of the viruses are considered to be zoonotic, e.g. hepatitis E infecting both 
humans and pigs, and most of them only infect one species. Other viruses 
commonly included in this group are hepatitis A, rotaviruses, noroviruses, 
astroviruses, caliciviruses, enteric adenoviruses, enteroviruses and parvovirus. 
In total, more than 130 viruses may be present in faecal-contaminated material. 
The infection dose of viruses is generally low, even as low as one single virus. 
Outside the body, viruses do not multiply as they need their host for growth. 
Some of these viruses are very thermoresistant and studies show slow 
reduction under high temperatures (Sahlström et al., 2008) but treatment in 
thermophilic composting including mixing of the material should be sufficient 
for proper reduction (Faechem et al., 1983; Vinnerås et al., 2003; Wichuk and 
McCartney, 2007).  
Parasites can be divided into two groups, protozoa and helminths. Both 
groups have a low infection dose but they cannot increase in numbers outside 
the host. The protozoa, mainly the zoonotic Giardia and Chryptosporidium, 
are relatively sensitive towards heat treatment and are rapidly reduced under 
such conditions (Faechem et al., 1983; Wichuk and McCartney, 2007). The 
helminths, on the other hand, can withstand high temperatures and are pH-
tolerant microorganisms, with Ascaris spp. looked upon as one of the most 
thermoresistant and chemoresistant pathogens (Faechem, 1983; Haug 1993).  
2.1.4.  Pathogens in wastewater sludge and biodegradable solid waste. 
Wastewater sludge originates in most cases from a mixture of the household 
wastewater fractions described, together with industrial wastewater and 
stormwater. Therefore, all the above-mentioned pollutants can be found in 
this fraction. Studies by Sahlström et al. (2004) indicated that within the 
sewage treatment plant, Salmonella spp. in the in-house flora is constantly 
contaminating the sewage sludge. The levels of organic pollutants are very 
closely related to the kind of industries that are connected to the wastewater 
treatment plant and their prior treatment of the outgoing wastewater. This 
makes general predictions on the level of pollutants in sewage sludge difficult 
and the only overall statement possible is that the quality of the sludge is 
lower than that of the sorted fractions in the households. 
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The risk for pathogens in the biodegradable waste is low in comparison with 
the wastewater fractions. The main risks here are instead plant pathogens and 
unwanted plant seeds. These can be managed in similar ways to other animal 
pathogens during the treatment, see below. 
2.1.5.  Effects of organic pollutants on soil fauna. 
The effects of pharmaceutical residues contained in source-separated 
wastewater streams are largely unknown for soil organisms. Furthermore, 
only limited research is available so far as regards the other organic pollutants 
in wastewater streams (Baguer et al., 2000). Organic pollutants can be 
expected to disrupt physiological processes and to have an influence on the 
reproduction rate (Kolpin et al., 2002), and generally to have a negative 
influence on soil-dwelling organisms (Boxall et al., 2003). Nevertheless, 
although urine has been used in Swedish agriculture for some years, 
consequences due to application of source-separated wastewater streams in 
agriculture are unknown although it seems that soil organisms can cope with 
the burden contained. 
It has been proved that pharmaceuticals can hinder the growth of soil 
organisms, e.g. mould fungi have shorter hyphae (van Gool, 1993). 
Earthworms, springtails and enchytraeids, the group to which most existing 
research in soil refers, have been found not to be affected by antibiotics (Alexy 
et al., 2004). Nevertheless, indirect effects by changes in the microbial 
community could occur and in the case of antibiotics there is a risk of the 
development of resistant bacteria. The spread of resistance is already a very 
dangerous trend that is occurring within hospitals and nurseries (Bonten et al., 
2001), but the emergence and spread of antibiotic resistance is complex and 
difficult to study, especially as different antibiotics are applied in agriculture 
and might result in novel types of resistance (Smith et al., 2005). The 
constantly growing number of cases of antibiotic-resistant bacteria in the 
environment and during treatment of humans and animals (Bengtsson et al., 
2008) indicates the risks associated with uncontrolled spreading of antibiotics 
in the environment. This is of great importance in agriculture in particular, as 
the recycling loop of substances and organisms is relatively short due to the 
intensive usage of fields with a continuous annual production cycle. Therefore, 
microorganisms carrying different types of resistance can survive in the soil 
after small continuous additions of new antibiotics and can reinfect animals 
and humans.  
Most existing research is related to single organic substances, often even in the 
laboratory. This means that no relevant practical conclusions can be drawn at 
present. In addition, data only exist for a few combinations of two or more 
organic pollutants with active agents. For example, Baguer et al. (2000) 
reported a toxicity to soil fauna of the two antibiotics oxytetracycline and 
tylosin (EC10 = 150 mg/kg). Moreover, even fewer data are available on 
chronic toxicity, while information regarding the long-term influence and 
changes in soil fauna is completely lacking. 
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2.1.6.  Plant uptake. 
The uptake of pharmaceuticals in plants and the influences they exert on plant 
physiology and development are of major interest, especially for agricultural 
crops in relation to fertilisation using waste, wastewater products and manure. 
Data from the literature show that plants are generally able to take up 
pharmaceuticals in such a way that they can be detected in roots and in aerial 
plant parts (Winker and Behrendt, 2008). The concentrations detected in plant 
parts are in the range of ng/kg. Pharmaceuticals have also been found in 
edible plant parts such as carrot roots and cereal grains. Dolliver et al. (2007) 
and Boxall et al. (2006) reported that concentrations in potato tubers and 
carrot roots are higher in the peel than in the centre, and concluded that there 
is some penetration of pharmaceuticals through the peel. In addition, Brian 
et al. (1951) and Stokes (1954) reported excretion of griseofluvin via guttation 
drops at the leaf apex of wheat seedlings. The rate of movement in plants is 
influenced directly by rate of transpiration, which in turn is affected by air 
humidity and temperature. This finding leads to two apparent contradictions. 
On the one hand, pharmaceuticals accumulate in leaves (Brian et al., 1951; 
Stokes, 1954), and higher uptake rates have been found in older leaves (Grote 
et al., 2004). On the other hand, leaves are able to secrete pharmaceuticals 
(Brian et al., 1951; Stokes, 1954) and to degrade organic chemicals taken up, in 
a process comparable to liver metabolism (Komoßa et al., 1995). The difference 
to human beings is that instead of excretion, in most cases 
compartmentalisation occurs. This means that transformation products are 
stored inside the plants in lignin or cell walls. 
Pharmaceutical concentrations in plants depend on amounts of 
pharmaceuticals available in the respective growth medium. Therefore, 
mapping of 'real' concentrations in plant parts is nearly impossible. Often very 
high doses are applied in experiments to ensure the possibility of analytical 
detection. Kumar et al. (2005) reported that the correlation between the 
concentration applied and uptake is nearly linear, but it is currently 
impossible to generalise on these findings, especially since Kumar et al. (2005) 
found differences regarding the intensity of pharmaceutical uptake among the 
three plant species investigated in their study. 
Pharmaceuticals also cause phytotoxic effects depending on the concentration 
of the pharmaceutical used. A change of colour to darker green (Grote et al., 
2004) as well as lacking and incomplete colouring have been observed  
(von Euler, 1948; Rosen, 1954). Moreover, lower chlorophyll content in leaves 
(von Euler and Stein, 1955) as well as hard and waxy leaves have been 
reported (Rosen, 1954). Germination itself also seems to be affected; speeding 
up (Barton and MaeNab, 1954) or slowing down germination (von Euler, 1948; 
Ritter, 2008) in certain cases. Moreover, Rosen (1954) reported a lack of lateral 
root development subsequent to pharmaceutical exposure and von Euler 
(1948) found thickened coleoptiles. 
Studies have shown that different plant species have differing sensitivity 
levels towards the same pharmaceutical. However, it must be pointed out that 
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many articles were published 20 to 30 years ago and the sensitivity and 
selectivity of chemical analyses at that time was somewhat lower. 
Furthermore, it is not possible to extend these conclusions to long-term effects 
in general, as most tests described in the literature did not last for a whole 
growing season. 
2.1.7.  Ecotoxicological impact of pharmaceutical residues. 
Due to lack of data, it is currently not possible to evaluate the potential toxic 
effects of pharmaceuticals ingested by humans in the form of crops fertilised 
with waste, wastewater products or animal manures. Nevertheless, several 
efforts have been undertaken to extend and summarise existing knowledge. 
The Swedish Association of the Pharmaceutical Industry has produced an 
environmental classification system for pharmaceuticals (Johansson et al., 
2004). This classification includes more than 300 pharmaceuticals and their 
risk is analysed with respect to the volumes consumed annually in Sweden via 
PEC/PNEC (Stockholms läns landsting, 2008) as well as their persistence (P), 
bioaccumulation (B), and toxicity (T), merged in the so-called PBT index. A 
significant risk in terms of the PEC/PNEC ratio was only detected for the two 
hormones 17ß-estradiol and 17α-ethinylestradiol, but 30 substances reached 
the highest level for the PBT index and pose an environmental hazard 
(Johansson et al., 2004). However, it has to be mentioned that for 16 of the 30 
pharmaceuticals, data are insufficient and the assessment remains uncertain. 
An ecotoxicological hazard assessment has been reported by Lienert et al. (2007b) 
for approximately 40 pharmaceuticals considering their excretion. It was found 
that metabolic processes in the human body reduced the toxic potential of all but 
eight drugs investigated. Source separation of urine could remove 50% of the 
toxic potential but, as already discussed, does not apply for all pharmaceuticals 
due to varying excretion routes. Moreover, Lienert et al. (2007b) were able to 
demonstrate that ibuprofen dominated a mixture of 30 pharmaceuticals by 
representing 52% of the mixture's toxicity. This is an important finding as most 
investigations focus on single substances and if urine is considered as a fertiliser, 
there will always be a mix of various substances present. 
Furthermore, Escher et al. (2005) showed that the toxicity of source separated 
urine with and without pharmaceuticals towards bacteria and algae did not 
vary significantly. Meanwhile Muskolus (2008) investigated the overall toxic 
potential of urine toward soil organisms by looking at earthworms as vector 
organisms and concluded that application of urine on agricultural land has a 
positive effect on plants and microbial organisms due to the organic and 
mineral nutrients it contains. Nevertheless, single constituents such as ammonia 
are acutely toxic toward worms. Moistening of the skin of earthworms with 
ammonia solution is lethal within a short period of time (Muskolus, 2008). This 
is due to electrical conductivity in combination with pH and ammonium 
(Nguyen et al., 2008). Therefore, it is important that urine application is 
accompanied by active incorporation into the soil, thereby avoiding drainage 
into worm channels. Toxic effects on worms result in a decrease in populations, 
which recover only slowly in a dry summer or climate. 
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Overall, it can be concluded that the acute and chronic effects caused by 
fertilisation, as well as changes in soil-dwelling organisms, are practically 
unknown. Hence, further research regarding the ecotoxicological impacts of 
pharmaceuticals on soil ecosystems is urgently needed. 
 
3.  TREATMENT TECHNOLOGIES FOR PRODUCTION OF SAFE 

NUTRIENTS. 
3.1.  Anaerobic digestion. 
Anaerobic treatment is mainly performed as a mesophilic treatment, at 
temperatures between 30° and 40C, but some systems are designed for 
thermophilic treatment at 45-55C. As the majority of the energy produced in 
the anaerobic treatment is bound as chemical energy in the form of methane, 
the system needs to be heated by external energy sources, although in tropical 
climates the temperature in mesophilic reactors can be regulated by the 
ambient temperature. 
3.1.1.  Pathogen reduction. 
Monitoring of pathogen reduction in different stages of treatment of 
biodegradable waste including wastewater products and manure shows that 
conventional treatment by mesophilic digestion gives a limited reduction in 
the content of pathogens (Table 1).  
Table 1. Potential percentage reduction in pathogenic microorganisms during 

treatment of biodegradable waste and wastewater, including animal 
manure (Eisenhart et al., 1977; Gantzer et al., 2001; Gerardi 2003; Horan 
et al., 2004; Yen-Phi et al, 2008). 

 Percentage reduction 

 Enteric bacterial pathogens1 Parasites2 Viruses3 

Mesophilic digestion (35°C) 0-90 0-50 0-90 

Thermophilic digestion (55°C) 90-100 90-100 90-100 

1 The organisms included here are mainly pathogens from the Enterobacteriaceae group, 
e.g. Salmonella spp. E. coli, Campylobacter jejuni. 

2 Ascaris spp. used as model parasite. 
3 Adenovirus used as model for viruses. When data are not available, other pathogenic 

viruses are used, e.g. Hepatitis A, Rotavirus, and for pasteurisation Parvovirus. 
 
Most studies show that conventional mesophilic treatment can reduce the 
incoming organisms by up to one logarithm (90 %) during the treatment, but it 
may be possible to improve this either by changing the chemical composition 
of the substrate, e.g. increasing the concentration of uncharged ammonia in 
the process, or by physical alterations such as temperature peaks or an 
increase in the minimal retention time. Using thermophilic digestion or 
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extending treatment by composting or storage of the treated sewage sludge 
improves the final hygiene quality. However, long-term storage or 
composting decreases the fertiliser value of the final product and increases the 
risk of pollution of the environment, mainly through ammonia emissions. 
Table 1 summaries a number of studies of the reduction of pathogens during 
anaerobic digestion. When considering the final reduction of indicator bacteria 
or bacterial pathogens, both the inactivation and the regrowth after treatment 
due to recontamination must be considered (Albihn and Vinnerås, 2008). The 
data given for bacteria are therefore uncertain, e.g. Sahlström et al. (2004) 
found evidence that indicated growth of Salmonella spp. within the sludge 
management system of sewage treatment plants, as the same genotype of 
Salmonella spp. was found in the outgoing sludge during several months of 
monitoring. One important conclusion is that high temperature treatment 
(pasteurisation) is the most effective treatment, but even during pasteurisation 
it is possible for some viruses to survive. 
The two main factors influencing hygiene are the hydraulic retention time 
(HRT) and the minimal retention time (MRT). The HRT indicates the average 
time a substrate particle remains in the reactor. With a completely mixed 
reactor the HRT gives the dilution factor of the incoming material and a 
combination with the minimal retention time is needed to estimate the 
potential pathogen reduction within the process. With a HRT of >10 days, the 
dilution factor of the fresh material will be more or less 90-99%, equal to a 
log10 dilution of the incoming material. The minimal retention time is the 
shortest time possible in a system from input to output. The sanitisation 
within the process is then calculated based on a combination of the minimal 
retention, giving the reduction in the process together with the hydraulic 
retention time that gives the dilution factor, which normally corresponds to 
one decimal reduction. In non-mixed processes, e.g. plastic tube digesters, the 
HRT and the MRT are more closely linked and as the MRT is just slightly 
shorter there is never complete plug flow but some turbulence, resulting in 
some smaller mixing. In those systems with no turbulent flow, larger non-
motile organisms such as Ascaris spp. sediment during the treatment process, 
which leads to an even longer retention time compared with the rest of the 
material, and therefore an improved reduction for these organisms. Studies by 
Yen-Phi et al. (2008) showed a relationship between the reduction and the 
retention time in a plug flow reactor. Increasing the HRT from 3 days to  
30 days increased the reduction of Salmonella spp from approximately 1 to  
3 log10 during the process. 
In conclusion, it is impossible to have complete inactivation of pathogens in 
mesophilic anaerobic treatment without an external input such as 
pasteurisation. However, a study performed by Ottoson et al. (2008) shows the 
possibility for in situ sanitisation during mesophilic digestion, with a MRT of 
less than 2 days. This study utilised the effect of a high protein feed of the 
digestor that resulted in increased pH and raised levels of ammonia, while 
still continuing as a functional process.  
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The thermophilic system requires external heating and is thereby a complex 
system, including stirring and heat exchangers. Regarding the hygiene in this 
system, there is a good inactivation of pathogenic organisms correlated to the 
temperature with temperatures above 50°C. However, some thermoresistant 
viruses, such as Porcine parvovirus, can survive relatively well under these 
conditions (Sahlström et al., 2008). 
3.1.2.  Inactivation of organic pollutants. 
The effects of anaerobic treatment on pharmaceutical residues in wastewater 
are similar to those on pathogens. For example, in the case of anaerobic 
digestion of wastewater, the degradation ranges from 0% (carbamazepine) up 
to 99% for sulphamethoxazole (Carballa et al., 2006). Even within the same 
indication group there are large variations amongst the different substances 
regarding their degradation behaviour. While ciprofloxacin and norfloxacin 
are degraded only to around 10% (Golet et al., 2003), erythromycin lies around 
50% (Amin et al., 2006) and roxithromycin even reaches up to 85-95% 
(Carballa et al., 2006). This indicates that degradation is achieved but only for 
certain substances. Leven and Schnürer (2005) compared the degradation of 
organic compounds such as benzoic acid, phthalic acid, methylphthalate, 
phenol and cresol and found much more efficient degradation in the 
mesophilic system, at 37°C, compared to the thermophilic system, at 55°C, 
where only benzoic acid was mineralised. Decreasing the temperature in the 
thermophilic system to 48° instead of 55°C had a remarkable effect on the 
degradation, with increased mineralisation of the substances investigated. 
They attributed the difference to a lower denaturisation of proteins at the 
higher the temperatures. However, decreasing the treatment temperature 
decreases the reduction in pathogens present (see above) and thereby 
increases the risk of spreading diseases.  
3.2.  Composting. 
3.2.1.  Pathogen reduction. 
In the composting process, independent of the organism type, the inactivation 
is mainly driven by heat inactivation. The heat stresses the organisms, with 
the end-result that proteins are denatured. During mild heat stress the effect 
on the microorganisms is a reversible inactivation. As a rule of thumb used in 
most situations, a temperature of at least 50-55°C is needed for successful 
inactivation. Generally, no pathogenic bacteria grow at these temperatures but 
some organisms can withstand high temperature stress for long time, at 
temperatures up to 50°C and sometimes above, before being inactivated. 
The higher the temperature the faster and more efficient the inactivation, and 
the better heat transfer the faster the inactivation, i.e. moist heat is more 
efficient than dry heat. Thermotolerant organisms that withstand high 
temperatures, such as those active in the compost during the thermophilic 
phase, are normally not considered pathogenic. The main exception to this is 
some spore-forming bacteria, which in their protected spore form withstand 
high temperatures without inactivation. These organisms mainly affect 
animals and are thereby mainly found in the manure, e.g. Clostridium 
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schauvoei which causes black leg. In addition, some organisms mainly affect 
farming processes as they cause the death of animals due to toxin production, 
e.g. Clostridium botulinum. The main effect of the toxins emerges when they 
are produced in the fodder, e.g. in silage, or in the bedding in chicken farms. 
In areas where these organisms are considered to be a problem, special care 
should be taken and additional barriers should be introduced in combination 
with additional treatment if the material is considered for use in agriculture at 
all. Otherwise it may rather be a matter of disposal. The other spore-forming 
organism group, Bacillus spp., includes the pathogen Bacillus anthraces. 
However, anthrax is not commonly associated with waste and manure and is 
thus beyond the scope of this paper. Spore-forming organisms in general are 
very heat-resistant in their spore form and will probably not be significantly 
reduced during composting treatment. In anaerobic treatment there is even a 
risk of an increase in numbers of Clostridia spp. On farms experiencing 
problems due to spore-formers, extra measures need to be taken regarding 
manure management to reduce the spread of these organisms within the farm 
and to the surrounding environment. 
In both anaerobic and aerobic treatment, the degradation of the organic 
material decreases the risk of recontamination or regrowth of pathogenic 
bacteria (Sidhu et al., 2001), as the stabilised material has a low content of 
easily available carbon and the count of other non-pathogenic organisms is 
high. Biological treatment thereby reduces the risk of re-growth and 
recontamination of the treated material.  
 
3.2.2.  Composting and other techniques for removal of organic pollutants. 
Practically no studies have been carried out on the effect of composting  
on organic pollutants. A study by Guerin (2001) reported that soil composting 
at mesophilic temperatures successfully degraded probenecide and 
methaquolone. This can be seen as an interesting result but testing with other 
drugs is necessary before any conclusions can be drawn about this technique. 
Nevertheless, due to the fact that many drugs are not thermally stable, many 
more may be degraded at mesophilic temperature. 
In the case of pharmaceutical residues, membrane technologies are a 
promising option. Micro- and ultra-filtration membranes have too large a pore 
size, so substances can still pass through (Lindner, 2008). Better elimination 
rates have been reported for nanofiltration (Pronk et al., 2006). In addition, 
membrane bioreactors show very good results for biodegradable substances 
(Quintana et al., 2005; Braga et al., 2005; Cartinella et al., 2006). A good option 
would be an additional chemical treatment, e.g. ozonation. 
 
3.3.  Chemical treatment for removal of pathogens. 
Biodegradable waste and wastewater products can also be treated and 
stabilised using chemical treatment. The traditional treatment for chemical 
removal of pathogenic contaminants is lime. The lime increases the pH, thus 
inactivating the organisms. Most organisms will be reduced but some are very 
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resistant to high pH, especially Ascaris spp. Studies have shown survival for 
more than one week at pH >13 and the general recommendation is that the 
pH must be kept above 12 for over three months in order to inactivate Ascaris 
spp. (Pecson et al., 2007; Nordin et al., 2008). The effect of high pH on 
pharmaceuticals varies greatly depending on their sensitivity, as high pH in 
some cases irreversibly changes the structure, mainly due to hydrolysis.  
The most efficient chemical treatment method for removal of pathogens in 
organic material intended for reuse in agriculture and even for management 
of pathogen-contaminated animal manure is ammonia treatment. The 
ammonia can be applied either in the form of ammonia or in the form of urea, 
which is degraded into ammonia in contact with naturally-occurring enzymes. 
Ammonia treatment only needs a pH of around 9 for efficient reduction of 
pathogenic microorganisms (Vinnerås, 2007; Nordin et al., 2008). This is the 
hygiene-regulating mechanism in management of human urine, as the high 
nitrogen concentration supports the inactivation of any pathogens present 
(Vinnerås et al., 2008). The active substance is the uncharged ammonia NH3, 
which in viruses passes into the organism and destroys the genome. The 
effects in other higher organisms are not as well defined. There is a potential 
for using ammonia for management of pharmaceuticals, but the effect is 
unclear even though the presence of ammonia changes the structure of 
organic material and thereby also the structure of organic material such as 
pharmaceuticals. The advantage of urine ammonia as a treatment agent is that 
the ammonia is not consumed during the treatment, and can therefore be used 
as a fertiliser after treatment.  
 
3.4.  Chemical treatment for removal of organic pollutants. 
One of the most investigated treatment options for pharmaceuticals in 
wastewater effluent is oxidation, but even though it is widely discussed as a 
tertiary treatment in wastewater treatment plants, large-scale implementation 
has not yet begun. Management of the pharmaceuticals in the solid sludge 
stream is seldom discussed or investigated. The oxidative treatment of liquid 
fractions is relatively efficient in inactivating the substances by altering their 
structure, mainly by attaching oxygen into different places on the organic 
molecules. A number of substances can be used as oxidising agents, e.g. ozone, 
peracetic acid. The main requirement is that they are strong oxidisers and that 
they do not produce toxic end-products. Overall, research shows that 
ozonation is a very effective tool for elimination of many pharmaceutical 
residues remaining in treated wastewater (Ternes et al., 2003; Andreozzi et al., 
2004; Huber et al., 2005; Baumgarten et al., 2007) and in yellow water (Zuleeg, 
2005; Tettenbron et al., 2007; Gajurel, 2007; Fitzke and Geißen, 2007). 
Nevertheless, it is very cost-intensive due to the energy required for ozone 
production and the fact that ozone reacts with all organic compounds present 
in the liquid and cannot be added explicitly for the pharmaceutical residues. 
Therefore, as already stated above, a combination of a biological treatment 
including a lowering of the organic content in the water and an additional 
ozonation is a promising solution. 
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The inactivation of pathogens using oxidation by chlorination of the outgoing 
wastewater is common in many countries. This is generally an efficient 
method but several factors affect the inactivation of the substances and 
organisms, mainly other organic substances. Therefore, oxidisation is only a 
treatment alternative for liquids low in organic material, such as outgoing 
wastewater and source-separated human urine. A higher content of organic 
material increases the need for oxidisers, as most are consumed by the organic 
material present. Furthermore, with high levels of organic material foaming 
can occur, impairing the treatment process.  
 
4.  MANAGEMENT OPTIONS. 
The risk of 'using' human and animal waste in agriculture needs to be 
discussed very carefully. First of all, consideration needs to be given to where 
nutrients and the associated pollutants flows are occurring at the moment. 
Many believe that the risk to humans is higher from pathogens than from 
organic pollutants, but both have to be taken into account when estimating the 
risks of recycling plant nutrients from organic sources. 
4.1.  The status quo of pollutant flows (assuming no degradation). 
In the case of solid waste, the pollutant flows depends on the management. If 
organic waste is collected and treated separately, the nutrients and pollutants 
are applied in agriculture or horticulture etc. after storage and treatment,  
e.g. composting. If waste is not separated, the whole waste including its 
nutrients and pollutants is either dumped, stored in landfills, or burnt in 
incineration plants. 
The main solid fraction of human excreta is deposed of dry, either collected 
and minimally treated or not collected at all, as 2.6 billion of the world's 
population do not have access to toilets. Only around one billion people have 
access to water-based sanitation and of those, only 300 million treat the 
wastewater to an advanced level. Therefore, the majority of human excreta 
and wastewater fractions reach recipient waters without any treatment or 
after some delay on land before stormwater transports them into the recipient 
waters. When human wastewater is treated, some of the nutrients and 
pollutants are 'eliminated' by physical, biological and chemical processes in 
the wastewater treatment plant and the rest are either discharged into rivers 
and finally into the sea, or captured in the sewage sludge. The sludge is 
mostly applied to fields or used in soil production, but is sometimes 
incinerated. 
For animal waste, there is hardly any treatment available. Apart from storage, 
the aim here is to avoid field application in winter. Treatment is only 
recommended if the animal manure is biologically contaminated or is going to 
be applied to land in areas where groundwater wells are used for drinking 
water supply. A pilot plant for aerobic thermophilic manure stabilisation has 
been tested in Germany (Hahne, 2001) but no further implementation has 
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occurred. The increased interest in bioenergy has increased the interest in 
farm-based biogas. There, some small amounts of animal manure are 
anaerobically treated, and in cases of communal digestors within the EU, the 
animal by-product directives regarding sanitisation of manure (EC 2001/1774 
and EC 2006/208) have to be implemented.  
The current situation is that potential organic pollutants are applied to arable 
fields via sewage sludge, compost and animal manure. Another fraction of the 
pollutants is discharged to water bodies. In wastewater treatment plants, the 
removal efficiency is dependent on the respective pollutant together with the 
different technological processes used. For example, Ternes (1998) found 
removal rates for pharmaceutical residues of between <5-95% in wastewater 
treatment plants. Hence, the conventional municipal wastewater treatment 
process is not an efficient barrier for these organic pollutants (Paxéus, 2004; 
Strenn et al., 2004; Castiglioni et al., 2006). 
 Currently, there are only few threshold limits for organic pollutants. In 
German legislation, PCDF, AOX, PAH, PCBs are monitored in sewage sludge. 
For compost, animal waste and effluent from communal wastewater 
treatment plants, there are no thresholds for organic pollutants 
(BioAbfallverordnung, Klärschlammverordnung). 
4.2.  Option No. 1: No contamination. 
In theory, wastes can be treated in a way that gives zero risk of pollution, for 
example by incineration or advanced wastewater treatment techniques  
(e.g. membrane technology followed by UV or oxidation treatment). Both 
options are high-tech solutions that are very expensive.  However, if a zero 
contamination approach were to be compulsory, then the question is how 
realistic this option can be. Thousands of incineration plants and high-tech 
wastewater treatment plants would be necessary to cope with the tremendous 
amounts of waste and wastewater. For animal excrement this would be a 
particularly challenging task, as it would require a lot of farm-based treatment 
plants. Furthermore, in areas with intensive but decentralised animal 
production, these treatment units would not be suitable. 
4.3.  Option No. 2: Business as usual. 
It is hard to predict whether our current waste management systems will lead 
to long-term accumulation of organic pollutants in soils and thus compromise 
soil and water quality. The direct danger for humans is clearly the risk of 
being infected by pathogens. In developing countries this is a major threat to 
public health and needs to be tackled urgently. In addition, effects of organic 
pollutants in water have been noted, e.g. sex changes in fish and increased 
build-up of antibiotic resistance. 
4.4.  Option N o. 3: Management of pollutant flows. 
As mentioned above, the concentrations of nutrients and organic pollutants in 
waste reflect their sources agriculture, human culture, medicine or industries. 
Therefore, we need to accept that a certain number of organic pollutants are 
present in waste outputs from society and that it is impossible to find a zero 
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pollution option. Hence, risk assessments are necessary to identify the 
inevitable risks emerging from the above-mentioned sources of organic 
pollutants. 
Although there is no final conclusion from research as yet, the following 
hypotheses have been proposed regarding the potential risks of the organic 
wastes/excess nutrients: 
Organic solid waste: If the waste is composted in a thermophilic process, the 
hygiene risk is rather low. Organic pollutants with a high volatility are 
released into the atmosphere and only non-volatile pollutants remain in the 
compost. Most of the pollutants may be degraded aerobically, but some of 
them may remain. The potential microbial risk is very low and the potential 
risk of organic pollutants is rather low as well. The important factor here is 
mainly process monitoring to ensure that high temperatures are reached and 
that all of the material is treated. 
Human wastewater: In developed countries and in some areas in developing 
countries, the biological treatment of wastewater is an accepted and 
established technology. In this case, the organic pollutants are degraded to a 
certain extent in the wastewater treatment plant and the rest are discharged 
into recipient water bodies. Some of the organic pollutants are included in the 
sewage sludge applied to land.  
It is strongly recommended that yellow and brown water be source-separated 
so as to recycle the nutrients without industrial contamination. Without 
additional treatment, there is a microbial and organic pollutant risk for the 
separated flows, as the redox status is low and aerobic processes are limited. 
The microbial risk can be reduced by a variety of measures, the simplest being 
storage (Vinnerås et al., 2008). After treatment the material can be used as a 
fertiliser in agriculture. If only yellow and black water were applied to fields, 
then the organic pollutants would be limited to those consumed by humans or 
produced in the human body (e.g. hormones). It is still an open question 
whether and how the soil community is affected by these pollutants if they are 
field-applied on a maximum of three occasions per year. The major concern 
would be the resistance of microorganisms to antibiotics. If such resistant 
microorganisms were to find their way back into society, they could massively 
reduce the efficiency of antibiotic therapy. Their potential accumulation in soil 
and their uptake by plants also has to be considered. However, there is not 
enough information available to conclude upon these aspects. 
Animal waste: The majority of the animal waste produced is not treated to 
reduce the risk of microbial or organic pollutants, but the nutrients present in 
the manure must be used in an environmentally sound way. The potential 
risks are rather high due to microbial and organic pollutants. Although the 
amount of antibiotics that are field-applied with liquid manure can be rather 
large – more than 100 g of tetracycline per hectare and year (Hammer and 
Clemens, 2007) – there does not seem to be a 'resistance effect', even though 
the animals may be directly fed on the manured crops. 
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4.5.  Management recommendations. 
 Consider the treated wastes as an organic or mineral fertiliser. This 

involves using them to replace mineral fertiliser and avoiding overdoses. 
This management option limits the flows of organic pollutants. Hammer 
and Clemens (2007) adapted a model of Rieß (2003) to calculate the flows 
of organic pollutants depending on the amount of fertiliser applied. The 
flows from using animal manure were significantly higher than the flows 
from using source-separated human urine. 

 Stop discharging animal waste into water bodies, such as happens in some 
developing countries, e.g. Vietnam. 

 Educate farmers to administer pharmaceuticals according to the 
recommendations. This avoids high concentrations of their residues in 
animal manure.  

 Educate people that non-used medication should not be disposed via the 
lavatory. Again, this avoids high concentrations in the waste water. 

 Start to source-separate yellow, brown and grey water. This makes it 
easier to recycle nutrients and to sanitise the different wastewater 
fractions according to their composition.  

 Treat wastewater containing high concentrations of organic pollutants – 
e.g. in hospitals – with high-tech units. 

 Sanitise organic waste, e.g. by thermophilic composting or by ammonia 
treatment. 

 Study the impact of antibiotics on soil communities and water, to test the 
WHO claim that the soil community may be less affected by organic 
pollutants than water bodies.    

 
5.  REFERENCES. 
Alexy, R., Kümpel, T. and Kümmerer, K. (2004). Assessment of degradation of 

18 antibiotics in the closed bottle test. Chemosphere 57, 505-512. 
Amin, M., Zilles, J., Greiner, J., Charbonneau, S., Raskin, L. and Morgenroth, E. 

(2006). Influence of the antibiotic erythromycin on anaerobic treatment of a 
pharmaceutical wastewater. Environmental Science and Technology 40, 
3971-3977. 

Andreozzi, R., Campanella, L., Fraysee, B., Garric, J., Gonnella, A., Giudice, R., 
Marotta, R., Pinto, G. and Pollio, A. (2004). Effects of advanced oxidation 
processes (AOPs) on the toxicity of a mixture of pharmaceuticals. Water 
Science and Technology 50, 23-28. 

Arnold, U. and Clemens, J. (2004). Nutrient Fluxes in Waste Water in Farming 
Systems in the Mekong Delta, Proceedings of Deutscher Tropentag: Rural 
Poverty Reduction through Research for Development, October 5-7, 2004, 
Berlin, Germany 



 

 24 

Baguer, A., Jensen, J. and Krogh, P. (2000). Effects of the antibiotics 
oxytetracycline and tylosin on soil fauna. Chemosphere 40, 751-757. 

Barton, L. and MaeNab, J. (1954). Effect of antibiotics on plant growth. Boyce 
Thompson Publications, 17, 419-434. 

Baumgarten, S., Schröder, H., Charwath, C., Lange, M., Beier, S. and 
Pinnekamp, J. (2007). Evaluation of advanced treatment technologies for 
the elimination of pharmaceutical compounds.Proceedings from Advanced 
Sanitation, 12.3. - 13.3.2007, Eurogress, Aachen, Germany.  

Bengtsson, B., Greko, C. and Grönlund-Andersson, U. (2008). Swedish 
Veterinary Antimicrobial Resistance Monitoring 2007. SVA Uppsala 
Sweden. 

BioAbfallverordnung. (1998). Verordnung über die Verwertung von 
Bioabfällen auf landwirtschaftlich, forstwirtschaftlich und gärtnerisch 
genutzten Böden (Bioabfallverordnung - BioAbfV). BGBl. I S. 2955. 
Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit, 
Bundesministerium für Ernährung, Landwirtschaft und Forsten und 
Bundesministerium für Gesundheit. Germany 

Bonten, M., Austin, D. and Lipsitch, M. (2001). Understanding the spread of 
antibiotic resistant pathogens in hospitals: mathematical models as tools 
for control. Clinical Infectious Disease 33(10), 1739-1746. 

Boxall, A., Johnson, A., Smith, E., Sinclair, C., Stutt, E. and Levy, L. (2006). 
Uptake of veterinary medicines from soils into plants. Journal of 
Agriculture and Food Chemistry, 54(6), 2288-2297. 

Boxall, A., Kolpin, D., Halling-Sørensen, B. and Tolls, J. (2003). Are veterinary 
medicines causing environmental risks? Environmental Science and 
Technology. 37, 286A-294A.  

Braga, O., Smythe, G., Schäfer, A. and Feitz, A. (2005). Fate of steroid 
estrogens in Australian inland and costal wastewater treatment plants. 
Environmental Science and Technology 39, 3351-3358. 

Brian, P., Wright, J., Stubbs, J. and Way, A. (1951). Uptake of antibiotic 
metabolites of soil microorganisms by plants. Nature, 167(4244), 347-349. 

Carballa, M., Omil, F., Alder, A. and Lema, J. (2006). Comparison between the 
conventional anaerobic digestion of sewage sludge and its combination 
with a chemical or thermal pre-treatment concerning the removal of 
pharmaceuticals and personal care. Water Science and Technology 53.  
109-117. 

Cartinella, J., Cath, T., Flynn, M., Miller, G., Hunter, K. and Childress, A. 
(2006). Removal of natural steroid hormones from wastewater using 
membrane contactor processes. Environmental Science and Technology 40. 
7381-7386. 

Castiglioni, S., Bagnati, R., Fanelli, R., Pomati, F., Calamari, D. and Zuccato, E. 
(2006). Removal of pharmaceuticals in sewage treatment plants in Italy. 
Environmental Science and Technology 40, 357-363. 

 

 25 

Chu, J., Chen, J., Wang,C. and Fu, P. (2004). Wastewater reuse potential 
analysis: implications for China's water resources management. Water 
Research 38. 2746-2756. 

Dolliver, H., Kumar, K. and Gupta, S. (2007). Sulfamethazine uptake by plants 
from manure-amended soil. Journal of Environmental Quality, 36(4),  
1224-1230. 

Eisenhardt, A., Lund, E. and Nissen, B. (1977). The effect of sludge digestion 
on virus infectivity. Water Research 11, 579-581. 

Eriksson, E., Auffarth, K., Eilersen, A., Henze, M. and Ledin, A. (2003). 
Household chemicals and personal care products as surces for xenobiotic 
organic compounds in grey water. Water SA, 29. 135-146. 

Escher, B., Bramaz, N., Mauerer, M., Richter, M., Sutter, D., Känel, C.V. and 
Zschokke. M. (2005). Screening test battery for pharmaceuticals in urine 
and wastewater. Environmental Toxicology and Chemistry, 24, 750-758. 

Elving. J., Ottoson. J. R., Vinnerås. B. and Albihn. A. (2008). Validation of 
manure sanitation methods performed at laboratory scale. Proceedings 13th 
RAMIRAN International conference: Potyenital for simple technology 
solutions in organic manure management. June 2008. Albena Bulgaria.  

FachInfo-Service. FachInfo-Service. BPI Service GmbH. URL: 
http://www.fachinfo.de/ (July 1, 2005). 

Feachem, R.D., Bradley, D.J., Garelick, H. and Mara, D.D. (1983). Sanitation 
and Disease Health Aspects of Excreta and Wastewater Management. 
World Bank Studies in Water Supply and Sanitation 3. Washington: The 
World Bank, USA. 

Fitzke, B. and Geißen, S. (2007). Sustainable removal of iodinated X-ray 
contrast media (XRC) by ozonation in a complex wastewater matrix - urine 
as example. Water Science and Technology 55, 293-300. 2007. 

Friedler, E., Kovalio, R. and Ben-Zvi, A. (2006). Comparative Study of the 
Microbial Quality of Greywater treated by Three On-Site Treatment 
Systems. Environmental Technology. 27. 653-663. 

Gajurel, D. (2007). Untersuchung zur Elimination ausgewählter Pharmaka bei 
der Lagerung der UV-Bestrahlung sowie der Ozonisierung von Urin. DFG-
Förderkennzeichen: GA 1063/2-1. 2007. Hamburg, Germany, Institute of 
Wastewater Management and Water Protection, Hamburg University of 
Technology.  

Gantzer, C., Gaspard, P., Galvez, L., Huyard, A., Dumouthier, N. and 
Schwartzbrod, J. (2001). Monitoring of bacterial and parasitological 
contamination during various treatment of sludge. Water Research; 35, 
3763-3770. 

Gerardi, M.H. (2003). The microbiology of anaerobic digesters. Wastewater 
Microbiological series. Hoboken, New Jersey:John Wiley and sons. Inc. 

Gibbs, R.A., Hu, H.J., Ho, G.E. and Unkovich, I. (1997). Regrowth of faecal 
coliforms and salmonellae in stored biosolids and soil amended with 
biosolids. Water Science and Technology. 35, 269–275. 



 

 26 

Golet, E., Xifra, I., Siegrist, H., Alder, A. and Giger, W. (2003). Environmental 
exposure assessment of fluoroquinolone antibacterial agents from sewage 
to soil. Environmental Science and Technology 37, 3243-3249. 

Grewal, S.K. Rajeev, S., Sreevatsan, S. and Michel, F.C. (2006). Persistence of 
Mycobacterium avium subsp. paratuberculosis and Other Zoonotic 
Pathogens during Simulated Composting, Manure Packing, and Liquid 
Storage of Dairy Manure. Applied and Environmental Microbiology. 72. 
565-574. 

Grote, M., Freitag, M. and Betsche, T. (2004). Antiinfektivaeinträge aus der 
Tierproduktion in terrestrische und aquatische Kompartimente, 
Ministerium für Umwelt und Naturschutz Landwirtschaft und 
Verbraucherschutz des Landes Nordrhein-Westfalen (ed.), Germany. 

Guerin, T. (2001). Co-composting of pharmaceutical wastes in soil. Letters in 
Applied Microbiology 33, 256-263. 

Guzmán, C., Jofre, J., Montemayor, M. and Lucena, F. (2007). Occurence and 
levels of indicators and selected pathogens in different sludges and 
biosolids. Journal of Applied Microbiology 103, 2420-2429. 

Hahne, J. (2002). Untersuchungen zu den stofflichen Umsetzungen bei der 
aerob-thermophilen Belüftung und Einsatz des Verfahrens zur 
Nährstoffabtrennung aus Schweinegülle. PhD thesis. Gemeinsamen 
Naturwissenschaftlichen Fakultät der Technischen Universität Carolo-
Wilhelmina zu Braunschweig. Braunschweig, Germany. 

Hammer, M. and Clemens, J. (2007). A tool to evaluate the fertiliser value and 
the environmental impact of substrates from wastewater treatment, Water 
Science and Technology, 56, 201-209. 

Haug, R.T. (1993). The Practical Handbook of Compost Engineering. Boca 
Raton, Florida, USA: LEWIS  

Horan, N. J., Fletcher, L., Betmal, S. M., Wilks, S. A. and Keevil, C. W. (2004). 
Die-off of enteric bacterial pathogens during mesophilic anaerobic 
digestion. Water Research 38, 1113-1120. 

Huber, M., Göbel, A., Joss, A., Herrmann, N., Löffler, D., McArdell, C., Ried, 
A., Siegrist, H., Ternes, T. and Von Gunten, U. (2005). Oxidation of 
pharmaceuticals during ozonation of municipal wastewater effluents: a 
pilot study. Environmental Science and Technology 39. 4290-4299. 

Höglund, C. (2001). Evaluation of Microbial Health Risks Associated with the 
Reuse of Source-Separated Human Urine. PhD thesis. Stockholm: KTH 

Johansson, A., Guzikowski, G. and Carlsson, C. (2004). Miljöpåverkan från 
läkemedel samt kosmetiska och hygieniska produkter. Rapport från 
Läkemedelsverket., Läkemedelsverket, Uppsala, Sweden. 

Klärschlammverordnung (AbfKlärV). (1992). BGBl. I S. 912. 
Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit, 
Bundesministerium für Ernährung, Landwirtschaft und Forsten und 
Bundesministerium für Gesundheit. Germany. 

 

 27 

Kolpin, D., Furlong, E., Meyer, M., Thurman, E., Zaugg, S., Barber, L. and 
Buxton, H. (2002). Pharmaceuticals, hormones, and other organic 
wastewater contaminants in U.S. streams, 1999 - 2000: A national 
reconnaissance. Environmental Science and Technology. 36, 1202-1211. 

Komoßa, D., Langebartels, C. and Sandermann, H. (1995). Metabolic processes 
for organic chemicals in plants. In: Plant Contamination, Trapp, S. and 
Mc Farlane, J. (eds.), Lewis Publishers, Boca Raton, Florida, USA, pp.69-103. 

Kumar, K., Gupta, S., Chander, Y. and Singh, A. (2005). Antibiotic use in 
agriculture and its impact on the terrestrial environment. Advances in 
Agronomy, 87, 1-54. 

Levén, L. and Schürer, A. (2005). Effects of temperature on biological 
degradation of phenols, benzoates and phthalates under methanogenic 
conditions. International Biodeterioration and Biodegradation 55. 153-160. 

Lienert, J., Bürki, T. and Escher, B. (2007a). Reducing micropollutants with 
source control: substance flow analysis of 212 pharmaceuticals in feces and 
urine. In Proceedings of GWF-Wasser/Abwasser, 206, Gesellschaft zur 
Förderung der Siedlungswasserwirtschaft an der RWTH Aachen e.V., 
Aachen, Germany, pp.15/1-15/9. 

Lienert J., Güdel K. and Escher B. (2007b). Screening method for 
ecotoxicological hazard assessment of 42 pharmaceuticals considering 
human metabolism and excretory routes. Environmental Science and 
Technology, 41(12), 4471-4478. 

Lindner, B. (2008). The black water loop: water efficiency and nutrient 
recovery combined. PhD thesis. Hamburger Berichte zur 
Sieldungswasserwirtschaft 62. Hamburg, Germany. 

Mels, A., Guo, S., Zhang, C., Li, X., Wang, H., Liu, S. and Braadbaart, O. (2006). 
Decentralised wastewater reclamation systems in Beijing – adoption and 
performance under field conditions. In: First SWITCH Scientific Meeting, 
January 9-10, University of Birmingham, United Kingdom. 

Mosier, A.R. (2001). Exchange of gaseous nitrogen compounds between 
agricultural systems and the atmosphere, Plant and Soil, 228, 17-27. 

Muskolus, A. (2008). Anthropogenic plant nutrients as fertiliser. PhD Thesis, 
Institut für Pflanzenbauwissenschaften, Humboldt-Universität zu Berlin, 
Berlin, Germany. 

Nguyen, P., Heck, A. and Clemens, J. (2008). A multi-factorial test for the 
activity of compost-worms influenced by pH, electronic conductivity, 
ammonium and ammonia. In Proceedings of Sanitation challenge, New 
sanitation concepts and models of governance, May 19-21, 2008, Part 2 - 
poster presentations, Wageningen, Netherlands, pp.96-98. 

Nordin, A., Nyberg, K. and Vinnerås, B. (2008). Inactivation of Ascaris eggs in 
source-separated urine and faeces by ammonia at ambient temperatures, 
Applied and Environmental Microbiology (Accepted for publication) 

Ottoson, J. and Stenström, T.A. (2003). Faecal contamination of greywater and 
associated microbial risks. Water Research, 37, 645-55. 



 

 28 

Ottoson, J., Schnürer, A. and Vinnerås, B. (2007). In situ ammonia production 
as a sanitation agent during anaerobic digestion at mesophilic temperature. 
Letters in Applied Microbiology 46, 325–330 

Paxéus, N. (2004). Removal of selected non-steroidal anti-inflammatory drugs 
(NSAIDs), gemfibrozil, carbamazepine, ß-blockers, trimethoprim and 
triclosan in conventional wastewater treatment plants in five EU countries 
and their discharge to aquatic environment. Water Science and Technology 
50, 253-260. 

Pecsona, B.M., Barriosb, J.A., Jiménezb, B.L. and Nelsona, K.L. (2007). The 
effects of temperature, pH, and ammonia concentration on the inactivation 
of Ascaris eggs in sewage sludge. Water Research. 41. 2893-2902. 

Pronk, W., Palmquist, H., Biebow, M. and Boller, M. (2006). Nanofiltration for 
the separation of pharmaceuticals from nutrients in source-separated 
urine. Water Research 40,1405-1414.  

Palmquist, H. and Hanæus, J. (2005). Hazardous substances in separately 
collected grey- and blackwater from ordinary Swedish households Science 
of The Total Environment. 348, 151-163 

Quintana, J., Weiss, S. and Reemtsma, T. (2005). Pathways and metabolites of 
microbial degradation of selected acidic pharmaceutical and their 
occurence in municipal wastewater treated by a membrane bioreactor. 
Water Research. 39, 2654-2664. 

Rieß, P. (2003). Das Konzept des Verbandes Deutscher Landwirtschaftlicher 
Untersuchungs- und Forschungsanstalten. In Proceedings of Forum: Muss 
wirklich jeder Mist auf den Acker?!, 24.6.2003, Ministerium für Umwelt, 
Naturschutz und Landwirtschaft des Landes Schleswig-Holstein, 
Germany. 

Ritter, K. (2008). Pharmakaaufnahme von Pflanzen in Keimtests mit Kresse. 
Project work (Studienarbeit), Institute for Wastewater Management and 
Water Protection, Hamburg University of Technology, Hamburg, Germany. 

Rockström, J., Nilsson-Aberg, G., Falkenmark, M., Lannerstad, M., Rosemarin, 
A., Caldwell, I., Arvidsson, A. and Nordström, M. (2005). Sustainable 
Pathways to Attain the Millenium Development Goals: Assessing the Key 
Role of Water, Energy and Sanitation. Stockholm Environmental institute. 
Sweden. 

Rosen, W. (1954). Effects of streptomycin on certain green plants. The Ohio 
Journal of Science, 54(2), 73-78. 

Sahlström, L., Aspan, A., Bagge, E., Danielsson-Tham, M-L. and Albihn, A. 
(2004). Bacterial pathogen incidences in sludge from Swedish sewage 
treatment plants. Water Research. 38, 1989-1994. 

Sahlström, L., Bagge, E., Emmoth, E., Holmqvist, A., Danielsson-Tham, M-L. 
and Albihn, A. (2008). A laboratory study of survival of selected 
microorganisms after heat treatment of biowaste used in biogas plants. 
Bioresource Technology. 99, 7859-7865. 

 

 29 

Sidhu, J., Gibbs, R.A., Ho, G.E. and Unkovich, I. (2001). The role of indigenous 
microorganisms in suppression of Salmonella Regrowth in composted 
biosolids. Water Research. 35, 913-920. 

Smith, D., Dushoff, J. and Morris, J. (2005). Agricultural antibiotics and human 
health. PLoS Medicine. 2, 731-735. 

Stockholms läns landsting. (2008). Environmentally classified pharmaceuticals, 
Wennmalm Å. (ed.), Stockholm, Sweden. 

Stokes, A. (1954). Uptake and translocation of griseofulvin by wheat seedlings. 
Plant and Soil, 5, 132-142. 

Strenn, B., Clara, M., Gans, O. and Kreuzinger, N. (2004). Carbamazepine, 
diclofenac, ibuprofen and bezafibrate - investigations on the behaviour of 
selected pharmaceuticals during wastewater treatment. Water Science and 
Technology. 50, 269-276.  

Strompen, S., Werres, F., Balsaa, P. and Overath, H. (2003). Analytik polarer 
Arzneimittelrückstände in Urinproben einschließlich der Entwicklung der 
hierzu notwendigen adäquaten Verfahren mittels GC-MS/MS. In 
Proceedings of Das Projekt Lambertsmühle: Zukunftsfähiges 
Abwassermanagement im ländlichen Raum?, Wupperverband, Remscheid, 
Germany, pp.32-53. 

Ternes, T., Stüber, J., Herrmann, N., McDowell, D., Ried, A., Kampmann, M. 
and Teiser, B. (2003).Ozonation: a tool for removal of pharmaceuticals, 
contrast media and musk fragrances from wastewater? Water Research. 37, 
1976-1982. 

Ternes, T.(1998). Occurence of drugs in German sewage treatment plants and 
rivers. Water Research. 32, 3245-3260.  

Tettenborn, F., Behrendt, J. and Otterpohl, R. (2007). Resource recovery and 
removal of pharmaceutical residues. Treatment of separate collected urine 
within the EU-funded SCST-project, Institute of Wastewater Management 
and Water Protection, Hamburg University of Technology, Hamburg, 
Germany. 

van Gool, S. (1993). Mogelijke effecten van antibiotica-residuen in dierlijke 
mest op het milieu. Tijdschrift voor Diergeneeskunde. 118, 8-10. 

von Euler, H. (1948). Nukleinsäuren als Wuchsstoffe in Gegenwart von 
Colchicin und von Streptomycin. Arkiv för kemi, mineralogi och geologi, 
25 A(8), 1-9. 

von Euler, H. and Stein, M. (1955). Einfluss von Streptomycin und von 
Tetracyclinen auf die Entwicklung keimender Samen. Cellular and 
Molecular Life Sciences, 11(3), 108-110. 

Winker, M., Faika, D., Gulyas, H. and Otterpohl, R. (2008a). A comparison of 
human pharmaceutical concentrations in raw municipal wastewater with 
yellowwater. The Science of the Total Environment, 399(1-3), 96-104. 

Winker, M., Tettenborn, F., Faika, D., Gulyas, H. and Otterpohl, R. (2008b). 
Comparison of analytical and theoretical pharmaceutical concentrations in 
human urine in Germany. Water Research, 42(14), 3633-3640. 



 

 30 

Winker, M. and Behrendt, J. (2008). Query Tool for Pharmaceuticals in the 
Environment. URL: https://www.tu-harburg.de/aww/pharma/ (October 
2008). 

Wichuk, K.M. and McCartney, D. (2007). A review of the effectiveness of 
current time-temperature relations on pathogen inactivation during 
composting. Journal of Environmental Engineering. 6, 573-586. 

Winwarda, G.P., Averyb, L.M., Stephensona, T. and Jefferson, B. (2008). 
Chlorine disinfection of grey water for reuse: Effect of organics and 
particles. Water Research. 42(1-2), 486-491. 

Vinnerås, B., Palmquist, H., Balmer, P. and Jönsson, H. (2006). The 
composition of household wastewater and biodegradable solid waste – 
proposal for new norms for the flow of nutrients and heavy metals. Urban 
Water. 3, 3-11. 

Vinnerås, B. (2007). Comparison of composing and urea treatment for 
sanitising of faecal matter. Bioresource Technology. 98, 3317-3321. 

Vinnerås, B., Nordin, A., Niwagaba, C. and Nyberg, K. (2008). Inactivation of 
bacteria and viruses in human urine depending on temperature and 
dilution rate. Water Research 42, 4067-4074 

Yen-Phi, V.T., Clemens, J., Rechenburg, A., Vinnerås, B., Lenßen, C. and 
Kistemann, T. (2008). Hygienic Effect of Plastic Bio-digesters under 
Tropical Conditions In Sanitation Options in the Asia Pacific, Hanoi, 
Vietnam – 18-20 November 2008. 

Zuleeg, S. (2005) Entfernung von Mikroverunreinigungen aus Urin mittels 
Ozonung. Diplom Technische Universität Dresden, Dresden, Germany. 

 

 

 31 

RELATED PROCEEDINGS OF THE SOCIETY. 
219 (1983)  Utilisation of Organic Wastes as a Fertiliser, 

J H Voorburg. 
222 (1983)  Environmental Aspects of the Use of Organic Farm Wastes and 

Sewage Sludge, 
R J W Dight. 

293 (1990)  Agro-Industrial Waste Composting and its Agricultural 
Significance,  
J Lopez-Real. 

312 (1991)  Unwanted Components of Fertiliser Products and their 
Agricultural Effects,  
Bal Ram Singh. 

342 (1993)  Opportunities and Constraints for Recycling Nutrients from 
Organic Wastes,  
G W Searle. 

372 (1995)  Opportunities and Constraints in the Recycling of Nutrients,  
J Lammel and H Kirchmann. 

366 (1995)  Cadmium in Soil - Origin and Fate,  
A E Johnston and K C Jones. 

409 (1998)  Agricultural Use of Biosolids (Sewage Sludge),  
T D Evans. 

591 (2006)  Removing Phosphorus from Municipal Waste Water before Its 
Discharge to Watercourse,  
P Balmér. 

619 (2007)  Potassium and Magnesium in Manures and Organic By-Products,  
J Salomez, S De Bolle, J Bries, S De Neve and G Hofman. 

 
 


