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Abstract 
 
In this study, methods to reach the WHO guidelines for safe wastewater reuse in agriculture 
were investigated. These methods involved purifying wastewater with low construction and 
operating costs (when applied at full scale) in combination with UV disinfection to reduce the 
pathogenic risks for the safe wastewater reuse in irrigated agriculture. 
 
This study includes investigations on a laboratory scale with two UV irradiation systems (a 
Continuous Flow Reactor and a Collimated Beam Device) to determine the effect of different 
wastewater qualities on the disinfection efficiency.  
 
Since sedimentation reduces the amounts of suspended solids in the wastewater, it is an 
optimal pre-treatment choice to prepare the wastewater effluent to enter a UV system, and 
consequently produces better disinfection efficacy for the effluent, e. g. to meet coliform 
reduction standards for irrigation with reused wastewater. The influence of different 
sedimentation intervals has been tested in combination with disinfection tests by using UV 
irradiation in a continuous flow reactor (CFR) and partly with a collimated beam device 
(CBD). Using UV doses in a range of 0 - 2,000 J/m2 and sedimentation times of 30 min, 
90 min and 6 hours, the tests have shown that by increasing UV dose beyond 1,200 J/m2 a 
reduction of coliform levels in raw wastewater can be achieved to a level that complies with 
the WHO legislation for wastewater reuse in land applications.  
 
Wastewater pond systems have been identified as a proven part of treatment for the reuse of 
sewage as irrigation water in agriculture (particularly in rural areas, where higher land 
requirement of this treatment method plays a minor role) because of their ability to 
significantly reduce pathogen levels in sewage.  
 
To evaluate the combination of wastewater treatment in ponds with disinfection by UV 
irradiation, final effluents of different pond systems were subjected to sub-sequential 
treatment tests with UV irradiation in a CFR and CBD. As a result, when UV doses of about 
500 J/m², which is the normally applied UV dose for filtrated secondary effluent in 
conventional treatment plants to achieve a target of 10 E.coli per 100 ml for unrestricted 
irrigation, a reduction to about 100 coliforms per 100 ml could be achieved with pond effluent 
by both reactors. This results in a reduction of 1 log unit than with fully purified effluent. 
Whereas, to ensure a reduction less than 10 coliforms per 100 ml, a UV dose of about 
1,500 J/m² is necessary; so the dose has only to be about three times higher, which is still a 
reliable value regarding energy consumption of the UV lamps. 
 
Like particulate constituents in the water, algae have a negative influence on UV trans-
mittance (UV-T). For regions with high insolation, it has to be taken into consideration that 
effluents of pond systems might be heavily loaded with algae. The amount and influence of 
algae depends on pond operation and effluent treatment. Knowing this, the idea came up to 
use duckweed plants to enhance the growth of these plants on pond surfaces, as an emulative 
organism which use the same nutrient sources from the milieu like algae and as well as 
decrease the chances of algae growth. 
 
Experiments with duckweed for UV transmittance elevation have shown that the development 
of UV-T in test containers with pond water without duckweed coverage (DWC) has been 
better than that in the containers with 100 % coverage. With a variation of the experimental 
conditions (tests under inside and outside conditions, with different container sizes and in 
combination with long-time storage), generally the test containers with 50 % DWC have 



shown the best results for improving UV-T. Covering 50 % of the surface with duckweed 
fronds allows the fronds to reproduce vastly because the younger generation is more effective 
than the older one. 
 
From the investigations with different wastewater qualities and pond effluents it can be 
concluded that UV disinfection is a technically and economically reliable disinfection means, 
even without extensive pre-treatment. When reusing wastewater, when for example the WHO 
guidelines are needed to be fulfilled, UV disinfection can be used even for raw effluent after 
merely mechanical treatment via screening and short-period settling, with UV doses increased 
up to 1,200 J/m2 while remaining economically reliable. In addition, moderate construction 
and operation costs in combination with limited demands regarding staff competence make 
the arrangement of ponds systems with subsequent UV irradiation to be an interesting option 
for efficient sewage treatment for reuse purposes, especially in rural regions and non-
industrialized countries.  
 
This study emphasized the feasibility of UV disinfection of partially treated wastewater. That 
allows the safe reuse in irrigation purpose, the conservation of freshwater sources, and 
recharge of aquifers through infiltration water as natural treatment. And as a result, Reduction 
of treatment costs, since the stages in the conventional wastewater plants can be reduced, 
because the reduction of nutrients that occurs in these plants are not required. 
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1 Introduction 
 
Due to growing populations, increased human consumption and urbanisation, freshwater 
reserves are decreasing in many regions worldwide, especially in developing countries (Carr 
et al., 2004; Karl et al., 2003). Mara and Feachem (2001) consider deficiencies in water 
supplies, sanitation and hygiene, as second to malnutrition, as the principal cause of death and 
disability-adjusted years lost. They claim that in 2000, 18 % of the world population was 
without sufficient water supplies, and about 40 % was without adequate sanitation. It is 
estimated that within the next 50 years more than 40 % of the world‘s population will live in 
countries facing water stress or water scarcity (Hinrichsen et al., 1998). 
 
Growing competition between agricultural and urban use of freshwater supplies will increase 
the pressure on this ever-scarcer resource. Kretschmer et al. claim that 70 % of world water 
use, including all the water diverted from rivers and pumped from underground, is used for 
irrigation, 20 % is used by industry, and 10 % goes to residences (Kretschmer et al., 2004). 
 
Integrated Water Resource Management (IWRM) is a better strategy for maintaining water 
resources (Al Radif, 1999). One of the most important areas of IWRM is the development of 
alternative water resources (Thomas and Durham, 2003). Water reuse fits nicely into this 
management plan. For a growing number of cases, the utilisation of wastewater is non-
avoidable.  
 
Wastewater is often a reliable year-round source of water, and it contains nutrients necessary 
for plant growth. The value of wastewater has been long recognized by farmers worldwide. It 
is estimated that 40 % of all food is produced with wastewater (Carr et al., 2004; Gleick, 
2000). One tenth or more of the world‘s population consume foods produced by irrigation 
with wastewater (Smit et al., 1992). The use of wastewater in agriculture is an economic way 
for nutrient and water recycling. Additionally the recycling of wastewater often reduces 
downstream environmental impacts on soil and water resources.  
 
However, when using wastewater for land application, human health risks remain a major 
concern. Pathogens are present in very large numbers in raw wastewater and can be 
transmitted to human beings and animals through contact, resulting in the spreading of 
diseases. 
 
In this study, methods to reach the WHO guidelines for safe wastewater reuse in agriculture 
were investigated. These methods involved purifying wastewater with low construction and 
operating costs (when applied at full scale) in combination with UV disinfection to reduce the 
pathogenic risks for the safe wastewater reuse in irrigated agriculture. 
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2 Basics  
 

2.1 Microorganisms in raw sewage 
 
Domestic raw sewage contains a very high number and variety of microorganisms that are 
pathogenic and non-pathogenic. Typical raw sewage contains (in total) between 10,000,000 
and 10,000,000,000 units per 100 ml of coliforms and between 0.1 to 10,000 salmonella per 
100 ml (some typical concentrations of microorganisms are displayed in Table  2.1). 
 
Table  2.1 Microorganisms concentration in raw sewage (WHO, 2006) 
 

Numbers in wastewater (per litre) Organism  
 Bacteria 

108 - 1010 Thermotolerant coliforms 
10 - 104 Campylobacter jejuni 
1 - 105 Salmonella spp 

10 - 104 Shigella spp 
102 - 105 Vibrio cholerae 

 Helminthes 
1 - 103 Ascaris lumbricoides 
1 - 103 ancylostoma duodenale 

 necator americanus 
1 - 102 triclmris trichmra 

ND schistosoma mansoni 
 protozoa 

1 - 104 cryptosporidium parvum  
1 - 102 Entamoeba histolytica 

102 - 105 Giardia intestinalis 
 Viruses 

105 - 106 Enteric viruses 
102 - 105 Rotavirus 

ND: No Data 

 
Advanced treatment removes up to 98 % of pathogenic bacteria. The rest has to be removed 
by subsequent disinfection to levels that will ensure safe reuse.  
 

2.2 Transmission of pathogen from wastewater to human beings 
 

2.2.1 Pathogens as a health risk 
 
Public health authorities have estimated that half the population in the developing world are 
suffering from major microbial diseases associated with water supply and sanitation (WHO, 
1996; WHO, 1997). Pathogenic organisms can be transmitted from wastewater to humans 
through direct and indirect transmission. Direct transmission can occur through drinking or 
swimming in contaminated waters. Indirect transmission could happen through the use of 
wastewater for agricultural and aquaculture purposes. 
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The common organisms in drinking and waste water that have been identified as posing major 
threats to human health include: 

(1) bacteria: enteropathogenic Escherichia coli (notably E. coli 0157:H7), Vibrio cholerae, 
Shigelia, Campylobacter jejuni, Salmonella, Yersinia enterocolitica,  

(2) protozoans: Giardia lamblia, Cryptosporidium parvum, Entamoeba histolytica, Toxo-
plasma gondii, Balantidium coll, and  

(3) viruses: Norwalk and Norwalk-like, Rotavirus, Hepatitis A and E (Bryan et al., 1995, 
Ford et al., 2000, Juseph et al., 1994, Matsunaga et al., 1998, Monge et al., 1996). 

 
In addition to the classic food and water borne pathogens, a number of so called new or 
emerging pathogens have recently been identified as food poisoning organisms such as E. coli 
0157:H7, Camplylobacter, Listeria and Aerornonas (Meng et al., 1997). 
 
In developing countries with inadequate water supplies and only 10 % of all wastewater being 
subject to purification (Homsi, 2000), transmission of pathogens from wastewater to human 
beings is mainly responsible for food and water borne diseases (faecal oral transmission). It is 
estimated that at least 20 million hectares of land in 50 countries are irrigated with raw or 
partially treated wastewater (Carr et al., 2004; Gleick, 2000). 
 

2.2.2 Hazards of wastewater reuse - hygiene backgrounds 
 
Since the use of wastewater in agriculture can be considered a nutrient recycling process, it is 
necessary to reach adequate pathogen reduction (Juanico, 1993). Table  2.2 summarizes the 
advantages, disadvantages and possible risks regarding wastewater reuse for irrigation, 
different substances in the water and influences on the the soil (Kretschmer et al., 2004). 
 
Table  2.2 Comparison between advantages and disadvantages of wastewater as a source for irrigation 
 

Advantages Disadvantages Risks 
Improvement of the economic efficiency 
of investments in wastewater disposal 
and irrigation. 
Conservation of freshwater sources. 
Recharge of aquifers through infiltration 
water (natural treatment). 

Wastewater is normally produced 
continuously throughout the year, 
whereas wastewater irrigation is 
mostly limited to the growing season 
=> eventual need for storage facilities 

Potential harm to 
groundwater due to 
heavy metal, nitrate and 
organic matter 

Use of the nutrients of the wastewater 
(e. g. nitrogen and phosphate) 
=> reduction of the use of synthetic 
fertilizer 
=> improvement of soil properties (soil 
fertility; higher yields) 

Some substances that may be present 
in wastewater in such concentrations 
that they are toxic for plants or lead 
to environmental damage 

Potential harm to human 
health by spreading 
pathogenic germs 

Reduction of treatment costs: Soil 
treatment of the pre-treated wastewater 
via irrigation (no tertiary treatment 
necessary, highly dependent on the 
source of wastewater) 

 Potential harm to the soil 
due to heavy metal 
accumulation and 
acidification 

Beneficial influence of a small natural 
water cycle 
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It is estimated that a city of one million people could produce enough wastewater to irrigate 
approximately 1,500 - 3,500 hectares. Treated municipal wastewater can supply 300 and 
60 kg/h.yr of nitrogen and phosphorus, respectively. Thus, supplementary fertilisation needs 
can be reduced (or even eliminated) from some crops (WHO, 2006). 
An application of wastewater as fertilizer must also take into account both nutrient 
requirements of the plants and nutrient losses. The balance between plant requirements and the 
amount of nutrients applied must be considered. Over application causes nutrient overload leading 
to salt buildup in soil, which will harm the plants rather than enrich their growth. 
 
Irrigation with wastewater is associated with health and environmental risks. Many pathogens 
can survive for long periods in soil or even in the crop surface to be transmitted to humans or 
animals. Data on pathogen survival in soil and on different crops is presented in Table  2.3. 
 
Table  2.3 Survival of typical pathogens in selected environmental media at 20 - 30 °C (adopted from 

WHO, 2006) 
 

Survival times (days) Organism 

Soil Crops Fresh water and 
swage 

 

<100, usually <20 <60, usually <15 <120, usually <50 Enterovirusesa 
   Bacteria  

<70, usually <20 <30, usually <15 <60, usually <30 Thermotolerant 
<70, usually <20 <30, usually <15 <60, usually <30 Salmonella spp 

ND <10, usually <5 <30, usually <10 Shigella spp 
<20, usually <10 <5, usually <2 ND v. cholerae 

   Protozoa 
<20, usually <10 <10, usually <2 <30, usually <15 E. histolytica cysts 

<150, usually <75 <3, usually <2 <180, usually <70 Cryptosporidium 
oocysts 

   Helminths 
Years <60, usually <30 Years Ascaris eggs 

Many months <60 usually <30 Many months Tapeworm eggs 
   Nd. No data 

ND, No data 
 
The greatest health risks are associated with crops that are eaten e. g. lettuce or root crops 
such as onions. 

2.2.3 International standards 
 
Some internationally accepted standards provide guidelines for the safe use of wastewater, 
taking into account all available epidemiological and microbiological data to protect against 
risks from bacterial, and helminthes infections. 

2.2.3.1 European Union standards for bathing water quality 
 
Only a few European countries have their own guidelines or regulations on wastewater 
reclamation and reuse, because in most countries reused wastewater is of minor relevance or 
because the receiving water bodies have a sufficient dilution factor to be irrelevant.  
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At present, in Europe the law does not require that wastewater treatment plant (WWTP) 
effluents have to meet microbiological criteria (EEC, 1991). Nevertheless, authorities have to 
ensure that in water bodies used for bathing, the waste water received has to have 
concentrations of microbial counts that do not exceed certain values given in the EU Bathing 
Water Directive 2006/7/EC (EC, 2006). Therefore, in many European countries, these 
microbiological water quality criteria are adopted and applied to wastewater treatment plant 
effluents (Nelle, 1994) for WWTPs that discharge into bathing areas. 
 
Table  2.4 shows EU standards (2006) for recreational waters including bathing water for 
inland and costal transitional waters consisting of the required pathogenic indicator bacteria 
concentration of Enterococci and E. coli per 100 ml. 
 
Table  2.4 Bathing water quality assessment published by the official journal of the European Union 

(EC, 2006) 
For inland waters 

E D C B A  
Reference methods of 

analysis Sufficient Good 
quality 

Excellent 
quality Parameter  

ISO 7899-1 or 
ISO 7899-2 330 (**) 400 (*) 200 (*) Intestinal enterococci 

(cfu/100 ml) 1 

ISO 9308-3 or 
ISO 9308-1 900 (**) 1000 (*) 500 (*) Escherichia coli 

(cfu/100 ml) 2 

(*) based upon a 95- percentile evaluation. 
(**) based upon a 90-percentile evaluation. 
 

For coastal waters and transitional waters 
E D C B A  

Reference methods of 
analysis Sufficient Good 

quality 
Excellent 
quality Parameter  

ISO 7899-1 or ISO 
7899-2 185 (**) 200 (*) 100 (*) Intestinal enterococci 

(cfu/100 ml) 1 

ISO 9308-3 or ISO 
9308-1 500 (**) 500 (*) 250 (*) Escherichia coli 

(cfu/100 ml) 2 

(*) based upon a 95-percentile evaluation.. 
(**) based upon a 90-percentile evaluation. 
 
With regard to the use of wastewater in agriculture, many European countries have adopted 
the WHO guidelines the reuse of wastewater. The WHO recommends that excessively high 
sanitary requirements need not be applied, especially in the case of bacteria. Instead the WHO 
recommends that about 1,000 faecal coliform bacteria per 100 ml should be allowed 
depending on the type of wastewater use. 
 
Figure 2.1 shows the typical faecal contamination, expressed as CFU of Faecal Coliforms per 
100 ml, at different stages of treatment in wastewater treatment plant facilities that comply 
with the activated sludge treatment that includes nutrient removal. This figure also compares 
those values with threshold values for unacceptable health hazards for the unrestricted use of 
reclaimed water in agriculture that has been laid down by the WHO guidelines (1989) as well 
as by more stringent legal requirements typical for the EU Countries and the Region. As 
illustrated in Table  2.5, the fecal coliform standards for recreational water in the new EU 
directive range between 250 cfu/100ml for coastal bathing water quality and 1,000 cfu/ml as 
sufficient for inland bathing water quality. 



6  _________________________________________________________________ Chapter 2 
 

 

 

 
 
Figure 2.1 Reduction of fecal coliforms in a WWTP (AQUAREC, 2006) and comparison between the 

WHO guidelines (1989) for wastewater reuse and the EU regulations for recreational water 
 
On a superior European Union level, there are quality standards for the disposal of treated 
wastewater but they do not contain requirements for hygienic parameters related to 
wastewater reuse. So far, no EU directive specifically targets waste water reuse, but many do 
affect water reuse practices and some of the concerns relevant to water reuse applications 
have already been addressed by separate directives (Table  2.5) (AQUAREC, 2006). 
 
Table  2.5 Existing reclaimed water quality regulation within the EU (adopted from AQUAREC, 2006) 
 

Country / 
region  

Regulation  Water quality 
CLASSES 

Comment  

Flanders 
(Belgium) 

Proposal of the waste-
water utility to the 
regional authority  

4 classes Based on EPA Victoria (2003) 

Cyprus  Provisional standards 
(1997) 

- Agricultural 
irrigation 
- Industrial 
uses 

Quality criteria for irriagation stricter 
than WHO standards but less than 
california Title 22 (TC<50/100 ml in 
80 % of the cases on amonthly basis and 
<100/100 ml always).  

France  Art. 24 decret 94/469 3  
Juin 1994 
Circulaire  
DGS/SD1.D./91/n� 51 

- Agricultural 
Irrigation 

Both refer to water reuse for 
agricultural purposes, follow the WHO 
standards, with the addition of 
restrictions for irrigation sites and 
residential areas and roadways 

Italy  
 
 

Regional 
authorities: 

Sicily, 
Emilia 

Romagna 
and Puglia 

Decree of environmental 
ministry 185/2003 

- Agriculture 
- Non-potable 
urban uses 
- Industrial 
uses 

Possibility for the regional authorities to 
add some parameters or implement 
stricter regional norms 

Guidelines   The proposed microbiological standards 
are similar to those of the title 22 
regulation for Puglia and Emilia 
Romagana and to the WHO guidelines 
for Sicily  
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Country / 
region  

Regulation  Water quality 
CLASSES 

Comment  

Spain 
 
 
 
 

Regional 
health 

authorities: 
Andalucia 

Balearic Is. 
and 

Catalonia 

Law 29/1985. BOE 
n.189,08/08/85  
Royal Decree 2473/1985 

Draft proposal 
with 14 end -
use classes 

Water reuse may be practiced, yet no 
specific regulation followed. 
A draft legislation has been issued in 
1999 with a set of standard for 14 
possible applications of treated water , 
the proposed microbiological standards 
range s similar to those of the title 22 
regulations in terms of defined use 
categories but not as to the standards 
set for each category  

Guidelines from the 
regional authorities 

Up to 14 reuse 
classes 

Regional guidelines in particular in the 
field of the irrigation, based on the 
WHO approach. 

 

2.2.3.2 International standards for land application 
 
In order to protect workers conducting irrigation activities, populations passing in irrigated 
areas, and the environment from possible contamination, the microbiological content 
standards can vary greatly from one country to another, see Figure 2.2. 

 
Figure 2.2 Standards for coliforms in irrigation water for unrestricted use in different countries in 

comparison with average coliform concentrations in untreated wastewater (adopted from 
Fuhrmann et al., 2007) 

 
In 1989 the WHO issued the first guidelines for the use of wastewater in agriculture. These 
guidelines focused mainly on the most common concerns for health risks associated with 
pathogen exposure. A new set of WHO guidelines was issued in 2006 based on infection risk 
analysis. These WHO guidelines proposed to keep the quality criteria for unrestricted 
irrigation at � 1,000 E. coli/100 ml but to relax the standards for root crops to 
� 10,000 E. coli/100 ml. 
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The metric used for expressing the burden of a disease by the new WHO guidelines, is the 
number of disability-adjusted life years (DALYs) lost as a result of a rotavirus disease (WHO, 
2006). Table  2.6 describes health-based targets for agriculture. To develop health-based 
targets for helminth infections, epidemiological evidence was used. This evidence 
demonstrated that excess helminth infections could not be measured when wastewater quality 
of � 1 helminth egg per litre was used for irrigation. 
 
 
Table  2.6 Health-based target for wastewater use in Agriculture source (WHO, 2006) 
 

Exposure scenario Health-based target 
(DALY per person 

per year) 

Log10 Pathogen 
reduction needed* 

Number of helminth 
eggs per litre 

Unrestricted 
irrigation  � 10- 6a   

Lettuce  6 � 1 bc 
Onion  7 � 1 bc 
Restricted irrigation � 10-6 a   
Highly mechanized   3 � 1 bc 
Localized (drip) 
irrigation � 10-6 a   

High-growing crops  2 No recommendation d 
Low-growing crops  4 � 1 c 
 

a Rotavirus reduction. The health-based target can be achieved for unrestricted and localized 
irrigation, by a 6-7 log unit pathogen reduction (obtained by combination of wastewater 
treatment and other health protection measures); for restricted irrigation, it is achieved by a 2-3 
log unit pathogen reduction. 

b When children under 15 are exposed, additional health protection measures should be used (e. g. 
treatment to  0.1 egg per litre, protective equipment such as gloves or shoes/boots or 
chemotherapy). 

c An arithmetic mean should be determined throughout the irrigation season. The mean value of 
1 egg per litre should be obtained for at least 90 % of samples in order to allow for the 

occasional high value sample (i. e. with > 10 eggs per litre) with some wastewater treatment 
processes (e. g. waste stabilisation ponds), the hydraulic retention time can be used as a 
surrogate to assure compliance with  1 egg per litre. 

d No crops to be picked up from the soil.
 
 

Less than 10-6 DALY per person per year for highly treated wastewater ensures the safe reuse 
of waster water for irrigation. This wastewater quality level could be achieved by a 
combination of low-level treatment and other health protection measures (WHO, 2006). 
Figure 2.3 shows pathogen reductions achieved using several different options for combining 
wastewater treatment and other health protection measures to achieve � 10-6 DALY per 
person per year. 
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Figure 2.3 Examples of options for the reduction of viral, bacterial and protozoan pathogens by different 
combinations of health protection measures that achieve the health based target of � 10-6 
DALY per person per year (WHO, 2006) 

 
The performance of wastewater treatment processes that are used to partially or wholly ensure 
the target of �  10-6 DALY per person per year is met, cannot be determined on the basis of 
pathogen removal efficiency in the wastewater treatment plant. Monitoring of the 
microbiological performance of the treatment plant is done by determining the effluent 
number of a pathogen indicator bacterium such as E. coli (WHO, 2006). Table  2.7 lists the 
options in Figure 2.3 where the numbers of E. coli entering is used to determine the efficiency 
of the pathogen removal. 
 
Table  2.7 Verification monitoring of wastewater treatment (E. coli number per 100 ml of treated 

wastewater) for the various levels of wastewater treatment in Option A-G (WHO, 2006) 

Type of 
irrigation 

Option  Required 
pathogen 

reduction by 
treatment 
(log units) 

Verification 
monitoring 
level (E coli 
per 100 ml) 

Notes 

Unrestricted 

A 4 �103 Root crops 
B 3 �104 Leaf crops 
C 2 �105 Drip irrigation of high-growing crops 
D 4 �103 Drip irrigation of low-growing crops  

E 6 or 7 
�101  
or 

�100 

Verification level depends on the 
requirements of the local regulatory 
agency a. 

Restricted 
F 4 �104 

Labour-intensive agriculture 
(protective of adults and children 
under 15) 

G 3 �105 Highly mechanized agriculture 
H 0.5 �106 Pathogen removal in a septic tank 

a For example, for secondary treatment, filtration and disinfection: five-day biochemical oxygen demand 
<10 mg/1; turbidity <2 nephelometric turbidity units; chlorine residual 1 mg/1; pH 6 - 9; and faecal 
coliforms, not detectable in 100 ml. 
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According to Table 2.7, in order to achieve a goal of � 10-6 DALY per person per year for a 
rotavirus, a pathogen reduction of 6 - 7 log units is used as the performance target for 
unrestricted irrigation; this is equivalent to � 101 E. coli per 100 ml. 
 
Overall, a high quality of wastewater could be achieved using a combination of low-level 
treatment with other health protection measures. For example, irrigating salad crops with 
wastewater containing > 105 thermo tolerant coliforms per 100 ml in uncovered plots results 
in high levels of bacterial contamination of the crops. Improving the water quality to  
102 - 103 thermo tolerant coliforms per 100 ml, will result in lower contamination levels 
(� 103 E. coli per 100 ml).  
 
Generally, wastewater purification systems are too costly for developing countries (Grau, 
1994). The options given in Figure 2.3 present examples of the minimum treatment required 
to achieve health-based targets in practice. These options stress the need to develop new 
treatment technologies, adjusted for local economic and environmental factors, (Metcalf & 
Eddy, 2003). 
 

2.3 Wastewater treatment processes 
 
Most treatment processes are designed to modify the chemical and physical properties of the 
water rather than pathogen elimination (Blumenthal, 2000). Conventional domestic 
wastewater treatment is conducted in four principal unit operations known as primary, 
secondary, tertiary and quaternary treatment (Maier et al., 2000; Madigan et al., 1997). Other 
more detailed descriptions break these unit operations down further into additional stages 
such as preliminary treatment and advanced treatment (Metcalf & Eddy, 2003; Horan, 1996).  
 
The figure below illustrates the reduction of faecal coliforms in each stage of a conventional 
sewage treatment plant. 
 

 
Figure 2.4 E. coli reduction in each treatment stage of a conventional sewage treatment plant 
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2.3.1 Primary treatment 
 
Primary or preliminary treatment is a physical process to remove solids by screens , grids 
and/or grit channels. Large debris such as plastic bags, branches and rags are removed by the 
screens or grids, sized accordingly. Grit channels or chambers are designed to adjust the 
velocity of the sewage (normally about 0.3 m/s (Horan, 1996)). The sediment is removed by 
suction pumps, bucket dredges or manual work. 
 
Primary treatment involves the separation of suspended organic matter from the waste stream 
usually by sedimentation, but not biological oxidation, resulting in the removal of 45 - 70 % 
of the settable solids. This process removes 20 - 40 % of BOD5/COD, but little or no colloidal 
and dissolved matter (WWCE, 1981). The coliform reduction, however, in such an effluent 
does not exceed 2 log units, see Figure 2.4. 
 
There exist various types of sedimentation basins, such as septic tanks, anaerobic ponds or 
primary clarifiers in conventional treatment plants. The resulting settled material known as 
primary sludge is removed from the basin, treated and disposed off elsewhere (Journey, 1996). 
 
Primary effluent generally requires additional treatment (e. g. secondary treatment) before 
disposal into receiving water bodies. In specific cases primary treated effluent may be disposed 
off in a drain field or by land application resp. irrigation of certain types of crops (Journey, 
1996).  
 

2.3.2 Secondary treatment 
 
Secondary treatment consists of the biological degradation of soluble and suspended organic 
matter. In addition to carbon reduction, some nutrient removal is also part of the secondary 
treatment. Secondary treatment generally achieves about 85 % removal of suspended solids and 
oxygen consuming substances as well as partial stabilisation of the latter (WWCE, 1981). 
Another definition specifies the quality of the effluent as concentrations of less than 30 mg/l of 
both BOD5 and suspended solids, taken as a monthly average. (WWCE, 1981)  
 
While numerous technologies are available, the most commonly used processes in this stage 
are biological trickle filters as the best known attached growth process, activated sludge as the 
best known suspended growth process, and waste stabilisation ponds or lagoon processes as a 
more near-to-nature method. 
 

2.3.2.1 Trickling filter 
 
Horan (1996) and Metcalf & Eddy (2003) comprehensively review these processes in their 
work. Trickle filters consist of a bed of media over which the wastewater is trickled. The 
media may be rock, gravel, slag, ceramic material or plastic. As the water flows over the 
media, microorganisms decompose the organic material aerobically, converting it to microbial 
biomass. This forms a biofilm on the filter medium surfaces, known as the zoogleal film, and 
is composed of bacteria, fungi, algae and protozoa. As the film develops, stratification occurs, 
with an aerobic outer layer where oxygen diffusion takes place, over a deeper, anaerobic 
layer. This stratification is illustrated in Figure 2.5. 
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Although organic removal is effective in trickle filters, between 60 and 85 % of BOD 
(Degr�mont, 1991), the removal of enteric pathogens has been found to be low and erratic 
(Maier et al., 2000). 
 

 
 

Figure 2.5 Section of a biofilm, typical of trickle filters (Degremont, 1991) 
 

2.3.2.2 Activated sludge 
 
In activated sludge treatment, primary effluent is mixed with bacteria-rich slurry and aerated, 
resulting in oxidation of the organic material and the formation of bacterial flocs. The slurry 
then goes to a secondary settling tank, where the treated effluent is siphoned off the top and 
the secondary sludge settles at the bottom. Some of the settled sludge is recycled and used as 
inoculum for the incoming primary effluent, while the remainder is removed. Due to the large 
number of microorganisms being made available by this recycling, oxidation of organic 
matter occurs in a relatively short time. Apart from the availability of microorganisms, it is 
important to control the food-to-microorganism ratio (F/M) in activated sludge plants, 
expressed as BOD5 per kilogram per day (Maier et al., 2000). Up to 90 % of BOD5 can be 
removed in a well operated, conventional activated sludge plant (Horan, 1996).  
 
Sludge generated by the treatment process has to be removed from primary, secondary, and 
advanced treatment stages then needs to be thickened, stabilised, dewatered and disposed off 
elsewhere. Apart from the disposal methods such as incineration, land application or solid 
waste landfill there are utilisation options like digestion with biogas utilisation and 
agricultural reuse. 
 
In conventional wastewater treatment systems such as activated sludge, trickling filters speed 
up biological oxidation of organic material by mechanical aeration which requires a relatively 
large amount of energy and often fairly intensive maintenance (Horan, 1996). The cost of 
operation, maintenance, and personnel training all are considerably higher than for other 
treatment systems (like waste stabilisation ponds). In addition, such systems can only achieve 
a 2 log10 unit reduction of faecal coliforms, so they do not meet the microbiological 
requirements for unrestricted irrigation reuse unless they are also supplemented by tertiary 
treatment processes (Blumenthal, 2000).  
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2.3.2.3 Waste stabilisation ponds 
 
Many smaller communities and parts of the developing world lack access to the technical 
expertise and funding requirements necessary to operate highly mechanized systems. Waste 
stabilisation ponds (WSP) or lagoons, therefore, provide a relatively low-cost and simple to 
operate alternative for domestic wastewater treatment in these areas (Nelson et al., 2004).  
 
Waste stabilisation ponds are shallow man-made basins into which wastewater continuously 
flows and from which, after a retention time of many days (rather than several hours in 
conventional treatment processes), a treated effluent is discharged. WSP systems comprise a 
series of anaerobic, facultative and maturation ponds, or two or more of such series in 
parallel. In essence, anaerobic and facultative ponds are designed for BOD5 removal and 
maturation ponds for pathogen removal; although some BOD5 removal occurs in maturation 
ponds and some pathogen removal occurs in anaerobic and facultative ponds. 
 
WSP are particularly efficient in removing excreted pathogens, whereas in contrast all other 
treatment processes are less efficient and require a tertiary treatment process such as 
chlorination (with all its inherent operational and environmental problems; see Feachem et al., 
1983) or ultraviolet treatment (Blumenthal, 2000). Table  2.8 shows a general comparison 
between WSP and conventional treatment processes for the removal of excreted pathogens. 
For example, activated sludge plants may, if operating very well, achieve a 99 percent 
removal of faecal coliform bacteria; this might, on first inspection, appear very impressive, 
but in fact it only represents a reduction from 108/100 ml to 106/100 ml. A series of WSP, on 
the other hand, can easily be designed to reduce faecal coliform numbers from 108/100 ml to 
below the guideline value for unrestricted irrigation of 1,000 per 100 ml, which is a removal 
of 99.999 % (or 5 log10 units). WSP can also easily achieve the current and proposed 
guideline values for restricted irrigation of no more than 1 and 0.1 intestinal nematode eggs 
per litre. Detailed information is given by Feachem et al. (1983). 
 
 
Table  2.8 Removal of a pathogen achieved by WSP and conventional processes (Feachem, et al. 1983) 

 
* 1 log unit = 90 percent removal; 2 log units = 99 percent; 3 log units = 99.9 percent, and so on. 
 
 
The removal of suspended solids is less efficient, due to the presence of algae in the final 
effluent. Total nitrogen removal is 70 - 90 %, and total phosphorus removal is 30 - 50 %. 
(Blumenthal, 2003).  
 
In Table  2.9 the average performance and sludge production of some of the most common 
treatment technologies are compared. Performance varies with the quality of the effluent, 
temperature, process modifications, and the constituents of the wastewater. (Alaerts, 1990). 
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Table  2.9 Performance of most common aerobic wastewater treatment technologies 

 
Treatment Technology 

Removal Efficiency 
 BOD5        TKN             Ntotal              P 

Effluent 
TSS 

Sludge production 
(dry weight) 

 (%) (mg/l) (kg/kg BODremoved) 
Primary sedimentation 20 - 30 15 - 20 0 - - - 

Activated sludge 
high load 
low load 

 
90 
95 

 
25 
75 

 
30 
55 

 
30 
45 

 
25 
10 

 
0.9 - 1.0 
0.5 - 0.7 

Oxidation ditch 95 - 98 80 - 90 50 - 70 10 - 20 10 - 15 0.3 
Trickling filter 

high load 
low load 

 
80 
90 

 
20 - 35 
60 - 80 

 
25 
35 

 
- 
- 

 
45 
25 

 
0.6 
0.4 

Rotating biological 
contactor 

90 - 95 50 - 75 - - - 0.6 

Aerated lagoon 70 - 80 - - - - 0.03 - 0.08  
Waste stabilisation ponds 80 - 90 - 50 - 90 - 50 - 75 % 

removal 
0.03 - 0.08  

Source: Adapted from Engelman et al. (1993), page 61. 
 
 

� Sludge disposal 
 
As Ascaris eggs can remain viable for > 5 years (Blumenthal, 2000) and Helminth eggs can 
survive and remain viable for nearly 12 months, the sludge removed from pond systems must 
be disposed off carefully. Sludge can be injected into the subsoil or placed in furrows then 
covered with a layer of earth before the planting season in an area where no tuberculous crops 
are planted along such trenches. Alternatively, there are a variety of treatment methods to 
make sludge safe. Such treatment methods include; storage for 6 - 12 months at ambient 
temperature in hot climates, anaerobic digestion, and forced aeration co-composting of sludge 
(Blumenthal, 2000). 
 

2.3.2.3.1 Anaerobic ponds 
 
Anaerobic ponds are 2 - 5 m deep and receive such a high organic loading (usually > 100 g 
BOD5/m3 d, equivalent to > 3,000 kg/ha d for a depth of 3 m) that they contain neither dis-
solved oxygen nor algae.  
 
Sedimentation plays a significant role in removing organic pollutants from the water in these 
ponds. Most of the suspended solids settle to the bottom, where they also undergo anaerobic 
digestion. Unless, the primary function of these ponds is BOD5 removal. They work very well 
in warm climates. A properly designed and not significantly under-loaded anaerobic pond will 
achieve around 60 % BOD5 removal at 20 °C and as much as 75 % BOD5 removal at 25 °C. 
According to Horan (1996), as much as 70 % of the BOD5 removed in an anaerobic pond will 
be in the form of methane gas. Retention times are short, e. g. 1 day is sufficient for 
wastewater with BOD5 value of up to 300 mg/l at temperatures > 20 °C (Blumenthal, 2000).  
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2.3.2.3.2 Facultative ponds 
 
Facultative ponds are typically shallower than anaerobic ponds and have a lower anoxic zone 
and an upper aerobic zone, where most of the oxygen is provided by algal photosynthesis. 
The concentration of algae in a well operated facultative pond depends on loading and 
temperature, but it is usually in the range 500 - 2,000 mg chlorophyll per litre (Blumenthal, 
2000). The combination of aerobic and anaerobic metabolism within the same pond results in 
very effective nutrient recycling, although the main purpose of facultative ponds is BOD5 
reduction which is usually in the range 70 - 80 % based on unfiltered samples (Blumenthal, 
2000). 
 
Together with insolation, algae are responsible for introducing conditions that kill faecal 
bacteria. Curtis et al. (1992) found that pH values > 9 in combination with high dissolved 
oxygen concentrations and a high visible light intensity were rapidly fatal to faecal coliforms. 
Many of the anaerobic gases are oxidised as they pass through the aerobic upper layers, 
reducing odours emitted from the facultative pond. Dissolved organic material is also 
removed in this oxygen rich upper layer, either by oxidation to CO2 or assimilation into 
biomass (Henze et al., 2002). On an organism level, these functions occur predominantly via 
glycolysis and the Krebs cycle (Campbell, 1993): 
 
 Organic Compounds + Oxygen � Carbon Dioxide + Water + Energy 
 
Facultative ponds may serve as primary facultative ponds fed with raw wastewater or 
secondary facultative ponds, receiving settled wastewater.  
 
Helminth eggs, which can number up to 2,000 per litre of wastewater depending on the 
endemicity of intestinal nematode infections, are removed by sedimentation. Therefore, egg 
removal occurs in both the anaerobic and facultative ponds as a function of retention time. If 
the facultative pond effluent does not comply with the recommendations for reuse, then one 
(or more) maturation ponds will be necessary to reduce egg numbers (e. g. to numbers � 1 or 
0.1 per litre commended for irrigation water by WHO, 2006). 
 

2.3.2.3.3 Maturation ponds 
 
Due to their long retention times, the principal functions of maturation ponds include both 
buffering of load and flow peaks, and the removal of pathogens. Tertiary treatment 
operations, such as additional BOD5 and nutrient removal, may also occur in maturation 
ponds, but they usually achieve only small removal values for BOD5 of around 10 - 25 % in 
each pond (Blumenthal, 2000). 
 
Maturation ponds are generally designed to have a retention time of at a minimum 1 - 2 days. 
The size and number of maturation ponds have a significant influence on the bacteriological 
quality of the final effluent. In a properly designed series of ponds the removal of excreted 
pathogens is extremely efficient. 
 
Due to their relatively large size, helminth eggs and protozoal cysts are removed by 
sedimentation. Retention times of longer than 11 days (Horan, 1996) and up to 37 days 
(Wiandt et al., 1995) are thought to be sufficient. Maturation ponds are often the most 
appropriate way to reduce both helminth eggs and faecal coliforms to the required levels 
(Ayres et al., 1992; Mara, 1997; Mara and Pearson, 1998). They can be used to upgrade 
conventional effluents prior to either restricted or unrestricted irrigation (Blumenthal, 2000). 
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2.3.2.3.4 Specialised wastewater pond types 
 
While the above mentioned three pond types are the most common waste stabilisation ponds 
in use, there are, however, specialised ponds used for wastewater treatment. These include 
high rate algal ponds (HRAP) and macrophyte ponds. A HRAP is a shallow, paddle wheel 
mixed pond, which is designed to enhance exposure of the algae to sunlight and avoid thermal 
stratification, thereby maximising growth, photosynthesis and productivity (Oswald, 1988a; 
Oswald, 1988b; Horan, 1996). This results in a surplus of dissolved oxygen, high pH as well 
as a high rate of carbon assimilation and nutrient uptake (Oswald, 1988a; Rose et al., 2002a). 
 
Macrophyte ponds are ponds where aquatic plants are grown, either attached to the bottom of 
the pond (rooted macrophyte) or on the pond surface (floating macrophyte) such as water 
hyacinth and duckweed. Although water hyacinths have been used effectively for many years 
in wastewater treatment, they are intolerant to low temperature, and their tough fibers are of 
little nutritional value and limit there end-use as animal feed. Through observations and 
rigorous screenings by many researchers, duckweed has been identified as a promising choice 
in that regard (Bergmann et al., 2000a and 2000b; Culley and Epps, 1973; Fasakin, 1999; 
Harvey and Fox, 1973; Hillman and Culley, 1978; Mbagwu and Adeniji, 1988; Oron et al., 
1986; Oron et al., 1987; Porath et al., 1979; Porath et al., 1985; Skillicorn et al., 1993). 
Macrophyte ponds remove suspended algae and thus further reduce BOD5 in WSP effluent. 
Faecal coliform removal is, however, negligible (Horan, 1996). 
 
Additionally there exist several combinations of ponds with other treatment systems like 
trickling filters, submerged biofilm systems or constructed wetlands. 
 

2.3.2.4 Duckweed based wastewater treatment systems 
 
The Duckweed-based or “lemna-technology” treatment system is a relatively new concept 
and is becoming more common practice in different countries (Homsi et al., 1988, Alaerts et 
al., 1996). The use of free-floating duckweed in a sewage water treatment system has been 
used more frequently, since it is fast growing and easy to harvest, has a low fiber and high 
protein content, and shows high efficiency in removal of nitrogen phosphorous from sewage 
water (Korner, et al., 2003). The duckweed based wastewater treatment system uses sewage 
water as a nutrient source for duckweed production. In this way, wastewater is transferred into 
high quality protein instead of being disposed off in the environment thus solving the waste 
purification problem. Figure 2.6 shows the biological processes that happen in a duckweed 
based wastewater treatment plant. 
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Figure 2.6 Biological processes in a duckweed-based wastewater treatment plant (Moelyowati, 2001) 
 
 
The growing interest from the potential cost recovery is through the use of duckweed as 
animal feed for mainly intensively cultured duck, chicken or aquaculture farms. Thus, the 
duckweed serves two purposes: it is purifying the wastewater as well as being used as animal 
feed. 
 

2.3.2.4.1 Duckweed 
 
Duckweed is a small free-floating aquatic plant that belongs to the Lemnacea family. This 
family is subdivided into four genera ranging from the biggest to the smallest as Spirodela, 
Lemna, Wolffiella, and Wolffia (Figure 2.7. The largest species is Spirodela polyrhiza (so-
called “giant duckweed”) with leaf length of 15 mm while the genus Wolffia can be smaller 
than 1 mm in leaf length. See Figure 2.7. Lemnacea exhibits reduction in physiological 
structure possessing only fronds that consist of a leaf-like structure and roots, although 
Wolffiella, and Wolffia generally do not have roots due to their small size. 
 
Duckweed can reproduce sexually by their flowers, but this means reproduction rarely occurs 
in most species. Vegetative growth is the dominant mode of reproduction (Hillman and 
Culley, 1978; Landolt and Kandeler, 1987). In this mode, daughter fronds emerge from the 
mother frond and later separate to become a new plant. This type of growth to some extent 
resembles binary fission of microorganisms. Compared to other plants, duckweed is one of 
the fastest growing. In the laboratory, Lemna aequinoctialis and Wolffia microscopica were 
reportedly able to double in frond number within approximately 24 hours under optimal 
conditions (Landolt and Kandeler, 1987). A lot of the field data indicates high growth rates, 
but there are considerable discrepancies among the reported values even in the same duckweed 
species. 
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Figure 2.7 Different sizes of the four duckweed genera 
 
There are many other uses for duckweed besides that wastewater treatment and feedstock. 
Duckweed has long been used as an indicator plant for toxicity in order to monitor water 
quality (Landolt and Kandeler 1987; Pedersen and Petersen 1996; Wang 1990) due to the 
simple cultivation with small space requirements, and fast growth rate with genetically 
uniform culture that allows relatively quick responses to toxic pollutants. Digestion of 
duckweed biomass for energy was proposed as an alternative for fossil fuel (Wolverton and 
McDonald 1981), but failed to gain popularity because of inexpensive energy from 
conventional sources. Duckweed is also a suitable host for genetic modification because it 
reproduces by cloning itself, thus loss of gene expression in the next generation is minimized.  
 
This characteristic enables production of pharmaceutical compounds and enzymes by 
duckweed with the help of advanced biotechnology that involves insertion of desired genes 
into duckweed (Yamamoto et al. 2001). Other reported benefits of duckweed are reduction in 
water loss (10 - 30 percent) in arid regions (Oron 1990; Oron et al. 1985), and reduction in 
mosquito breeding (Culley and Epps 1973). 
 

2.3.2.4.2 Influence on nutrients removal 
 
Plant nutrients consist of macronutrients, such as nitrogen, phosphorus, and potassium, which 
are needed in large quantities, and micronutrients or trace elements, that are required in lesser 
amounts. Nutrients can pollute water bodies when they exist in abundance. Abundant levels 
of nitrogen, as well as phosphorous, can lead to higher than normal levels of algae growth in 
the water system, a well-documented condition called eutrophication (Boesch 2001). Then, as 
seasons change and the plant material settles to the bottom layers, decomposition takes place, 
which uses up valuable dissolved oxygen within the water body (Boesch 2001).  
 
Although nitrogen is one of the most abundant elements in the environment, it is usually the 
element that limits plant growth. This is due to the large quantity required by plants as a 
constituent of their cells. Phosphorus is also a major contributor to plant growth because it is a 
component used in membrane and genetic material synthesis, as well as in nucleotides for 
energy metabolism. Available forms for plant uptake of nitrogen are NH+

4 and NO-
3, and of 

phosphorus are H2PO-
4 and HPO-

2. Unlike other plants, duckweed preferentially takes up 
ammonium (Ingemarsson et al., 1984; Landolt and Kandeler, 1987; Porath and Pollock, 
1982). 
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Recent data from Cheng et al. (2002) indicates that overall nutrient utilisation of duckweed 
should be viewed as two coupled processes: the intake of nutrient for storage and the growth 
of biomass out of the storage pool. Nevertheless, there is a major difference between 
phytoplankton and duckweed, in that the growth and accumulation of duckweed is limited to 
the water surface. Thus, surface crowding could play a significant role in controlling 
duckweed growth and nutrient uptake rates. Frequent harvesting of duckweed to maintain an 
optimal crop density should be performed. This will prevent the mat from being over 
crowded, which could limit growth and can introduce anaerobic degradation within the 
duckweed mat. On the other hand, over harvesting that leaves a thin duckweed mat will allow 
light penetration and thus algal growth. So far, only a few observations of density effects have 
been reported (Porath et al. 1979; Porath et al. 1985; Reddy and De Busk 1985; Said et al. 
1979).  
 
The pollutant removal efficiency of duckweed-based pond systems varies widely depending 
on retention time, water depth, initial nutrient concentration, duckweed density, used genera 
type, and harvesting regimes. Recent data from Nhapi et al. (2004) showed that effluent 
standards of 10 mg·l-1 TN and 1 mg·l-1 TP in Zimbabwe could be met using a duckweed based 
treatment plant. Some other removal figures are: nitrogen at 34 to 99 %, phosphorus at 12 to 
92 %, and BOD5 at 65 to 90 % (Oron et al., 1984; FAO, 1999).  
 

2.3.2.4.3 Influence on total suspended solids, BOD5 and pathogen removal  
 
BOD removal is a result of the anaerobic environment of the water column created by the 
surface cover of duckweed. In a typical oxidation pond BOD5 fluctuates between 20 and 
80 mg/l. During a study conducted by Buddhavarapu and Hancock (1991), duckweed lagoon 
influent had BOD5 vary from 15 to 40 mg/l. They noticed that within 6 weeks of operations in 
this lagoon, the BOD of the effluent dropped to less than 10 mg/l. 
 
TSS in a facultative lagoon fluctuates seasonally with algal growth. A duckweed mat prevents 
light from penetrating the water column and thereby inhibits algal photosynthesis. Thus, TSS 
is maintained at low levels. (Pearson, 2005, Buddhavarapu and Hancock (1991). They also 
noticed that the TSS of the influent in their study varied from 20 to 100 mg/l. within 4 weeks 
of operation, the effluent from the duckweed system was below the 15 mg/l discharge limit. 
Within 4 months of operation the effluent’s TSS using the duckweed system dropped to about 
5 mg/l and was maintained throughout their study. 
 
Treatment processes using duckweeds have been approved by the United States 
Environmental Protection Agency as an innovative alternative technology (Ngo 1987, Ngo 
and Poole 1987). The "Lemna Technology" can reduce BOD5 and total suspended solids to 
comply with stringent discharge requirements, eliminate algae and odors, and reduce nutrients 
and heavy metals; it is equivalent to advanced secondary or tertiary treatment.  
 

2.3.2.4.4 Factors affecting duckweed growth 
 
Light, temperature, pH of medium, crop density, and concentration of nutrients in the medium 
are known as the key factors controlling growth and nutrient uptake of duckweed. However, 
controlling certain factors such as light, temperature, and pH is unrealistic in the field, while 
medium nutrient concentration may be adjusted simply by dilution while crop density can be 
managed by regular harvesting (Chaiprapat, 2002). 
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All Species of Duckweed appear to grow within the pH range of 4.5 - 7.5 with outer limits at 
3.5 and 8.5, there may be small difference in the pH tolerance of various species (Hillman, 
1961). 
 
Lemnaceae are found at all light intensities from full sunlight to below 50 foot-candles (noon 
intensity) in dense shade, with considerable differences in the apparent preference of various 
species .Wolffiella lingulata can grow under a one centimetre thick layer of other Lemnaceae 
species. It is probable that at least some of the growth under these conditions is supported 
heterotrophically at the expense of the dissolved organic matter (Hillman, 1961). 
 
Temperature requirements for various strains and species differ, particularly in the minimum 
temperature in which they can survive. In general, temperatures between 20 °C and 30 °C are 
most favorable for growth to occur during most of the growth period (Hillman, 1961). 
 

2.3.3 Tertiary treatment 
 
The distinction between tertiary and quaternary treatment varies depending on the information 
source (Horan, 1996; Mujeriego and Asano, 1999; Weber and Leboeuf, 1999; Metcalf and 
Eddy, 2003). Tertiary treatment, generally involves the removal of residual organics, nutrients 
and pathogens, while quaternary treatment removes metals, salts, pesticides (Malato et al., 
1999) and often includes further disinfection. The amount of final treatment required depends 
on the ultimate destination of the water. 
 
Conventional tertiary treatment usually consists of physicochemical processes such as 
coagulation, filtration, activated carbon and chlorination (Mujeriego and Asano, 1999). 
Mujeriego and Asano (1999) describe filtration as a solid/liquid separation process, where 
particles larger than 3 �m are removed by impaction, interception and physical straining as 
wastewater moves through a column of granular medium.  
 
Quaternary treatment is sometimes referred to as advanced treatment. It is usually only 
necessary where a high level of treatment is required for irrigation or recreational reuse. 
Quaternary treatment uses more advanced technology such as membrane processes and ion 
exchange. Ion exchange is effective in softening and removal of cations such as calcium, 
magnesium and iron as well as anions such as nitrate (Mujeriego and Asano, 1999). In 
membrane processes, membrane pore size can range from 200 nm in microfiltration through 
ultrafiltration (2 - 50 nm), nanofiltration (< 2 nm), down to less than 1nm in reverse osmosis 
(Weber and Leboeuf, 1999). Various contaminants are targeted depending on the membrane 
size used and can include suspended solids, Giardia and bacteria (Weber and Leboeuf, 1999), 
viruses and proteins (Herath et al., 1999), organics, pesticides, metals, dissolved solids, 
nitrates and radionuclides (Weber and Leboeuf, 1999). 
  
When wastewater is treated with the intent to use the effluent for agricultural irrigation, and 
not for disposal in receiving waters, the most important quality criteria are those relevant to 
human health rather than environmental criteria or those related to the health of fish in the 
receiving waters (Blumenthal, 2000). Therefore, in this case, faecal coliform removal and 
nematode egg removal are more relevant than BOD5 removal in wastewater treatment and 
there is an increasing importance being placed on this aspect at treatment facilities (George et 
al., 2002). 
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2.4 Disinfection of wastewater 
 
Disinfection in wastewater reclamation is the process of reducing the presence of pathogenic 
organisms to ensure acceptable health protection for the specific type of reuse application. 
 
At present, it is not mandated by law in Europe that Wastewater Treatment Plant (WWTP) 
effluents have to meet microbiological criteria. Nevertheless, authorities have to ensure that in 
water used for bathing, microbial concentration counts do not exceed certain values mandated 
in the EU Bathing Water Directive (EC, 2006). Therefore, in many European countries these 
microbiological water quality criteria are adopted and applied to wastewater treatment plants’ 
effluents (Nelle, 1994) that discharge into bathing areas. 
 
Since counts of indicator organisms (such as fecal coliforms) are usually not reduced to 
tolerable levels by conventional treatment processes as illustrated in (Figure 2.6), an 
additional subsequent disinfection step is unavoidable.  
 

2.4.1 Disinfection technologies  
 
Disinfection refers to the partial destruction of pathogens to acceptable limits. This differs 
from sterilisation, where all living organisms are destroyed or removed. Although sterilisation 
is possible with small quantities of water in a laboratory environment, for all practical 
purposes it is impossible when dealing with large flows in a wastewater treatment plant. The 
following description of the four most conventional disinfection methods is from Metcalf & 
Eddy (2003) and Dean and Lund (1981). 
 

2.4.1.1 Chlorination 
 

� Chlorine gas  
 
Since its introduction at the end of the 19th century, chlorine has remained the principal 
disinfectant for water (Dean and Lund, 1981; Lazarova et al., 1999). It is a strong oxidant and 
halogenating agent, both of these atrributes contribute to its use as a disinfectant. Some of the 
advantages of chlorine are that its application is a well established technology; it has a 
residual effect, which continues to work for a relatively long period after dosing and, as an 
oxidant, chlorine destroys odours such as hydrogen sulphide, mercaptans and other products 
of anaerobic decay. There are, however, a number of disadvantages to the use of chlorine. 
Such disadvantages include: it is a hazardous chemical, it is potentially toxic to the biota in 
the receiving environment, it increases the total dissolved solids (TDS) of the effluent and it 
may be consumed by oxidising inorganic compounds such as iron and magnesium (Metcalf & 
Eddy, 2003). Chlorine also has the potential to form carcinogenic substances known as 
trihalomethanes e. g. chloroform, bromoform, by its interaction with a variety of oxygenated 
organic compounds such as acetone (Lazarova et al., 1999). Due to these negative effects 
dechlorination plants are often necessary, which add a significant cost increase to water 
treatment. 
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� Chlorine dioxide 
 
Chlorine dioxide is also an effective disinfectant with good residual value and the capability 
to oxidise odorous sulphides (Metcalf & Eddy, 2003). Apart from affecting water quality by 
increasing TDS and forming toxic substances such as chlorite when reacting with organic 
matter, the main disadvantage is that it is unstable and must be produced on site, greatly 
increasing operating cost (Dean and Lund, 1981). 
 

2.4.1.2 Ozonation 
 
Ozone (O3) is another effective option (van Leeuwen, 1996; Ernst and Jekel, 1999; Liberti 
and Notarnicola, 1999). It has the added benefits of oxidising sulphides and contributing 
dissolved oxygen (Metcalf and Eddy, 2003). It is a powerful disinfecting agent and chemical 
oxidant in both inorganic and organic reactions. Due to the instability of ozone, it must be 
generated onsite from air or oxygen carrier gas. Ozone destroys bacteria and viruses by rapid 
oxidation of the protein mass, and disinfection is achieved in a matter of minutes. Ozone is a 
highly effective disinfectant for advanced wastewater treatment plant effluent, removing 
color, and contributing dissolved oxygen. Some disadvantages to using ozone for disinfection 
are: (1) the use of ozone is relatively expensive and energy intensive, (2) ozone systems are 
more complex to operate and maintain than chlorine systems, and (3) ozone does not maintain 
a residual effect in water (U.S. EPA, 2004). 
 

2.4.1.3 Ultraviolet light 
 
Ultraviolet light (UV) is a physical disinfecting agent. Radiation at a wavelength of 254 nm 
penetrates the cell wall and is absorbed by the cellular nucleic acids. This can prevent 
replication by eliminating the organism’s ability to cause infection. UV radiation is frequently 
used for wastewater treatment plants that discharge to surface waters to avoid the need for 
dechlorination prior to release of the effluent. UV is receiving increasing attention as a means 
of disinfecting reclaimed water for the following reasons:  
 
(1) UV may be less expensive than disinfecting with chlorine, (2) UV is safer to use than 
chlorine gas, (3) UV does not result in the formation of chlorinated hydrocarbons, and (4) UV 
is effective against Cryptosporidium and Giardia, while chlorine is not (U.S. EPA, 2004). 
Moreover, Yip and Konasewich (1972) suggest that the doses of UV light necessary to kill 
pathogens, including viruses, bacterial spores, and protozoa, are much more comparable to the 
doses of UV light necessary to kill indicator bacteria as is the case with chlorine. If so, the UV 
levels necessary to meet coliform standards may be relatively more effective than chlorination 
in killing pathogens. 
 

2.4.1.4 Others 
 
Other disinfectants, such as onsite chlorine generation, gamma radiation, bromine, iodine, and 
hydrogen peroxide, have been considered for use in the disinfection of wastewater. These 
disinfectants are not generally used because of economical, technical, operational, or 
disinfection efficiency considerations (U.S. EPA, 2004). 
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2.4.2 Comparison of disinfectants 
 
The main and most important process for the destruction of microorganisms is disinfection. 
The most common disinfectant for both water and wastewater is as previously mentioned, 
chlorine. Ozone and UV light are other prominent disinfectants used at wastewater treatment 
plants. Factors that should be considered when evaluating disinfection alternatives include; 
disinfection effectiveness and reliability, capital costs, operating and maintenance costs, 
practicality (e. g., ease of transport and storage or onsite generation, ease of application and 
control, flexibility, complexity, and safety), and potential adverse effects. Examples of 
adverse effects include toxicity to aquatic life or the formation of toxic or carcinogenic 
substances (U.S. EPA, 2004). The predominant advantages and disadvantages of the main 
disinfectants are compared and have been summarized in Table  2.10. 
 
Table  2.10 Comparison between the most used disinfectants, adapted from National Small Flows 

Clearinghouse (NSFC 1998a-c) 

Disinfection 
method 

Advantages Disadvantages 

Chlorination 

� well-established technology 
� most cost-effective chlorine residuals 

prolong 
� Disinfection reliable and effective 

against a wide range of pathogenic 
organisms 

� oxidizes certain organic and inorganic 
compounds flexible dosing control 

� eliminates certain noxious odours 

� chlorine residual is toxic to aquatic life 
and may require dechlorination 

� highly corrosive and toxic 
� can create more hazardous compounds 

(e. g. trihalomethanes) 
� increase levels of total dissolved solids 

in the effluent 
� emissions of explosive, toxic and 

aggressive gases in case of operational 
failures possible 

Ozonation 

� more effective than chlorine in 
destroying viruses and bacteria 

� odour control 
� short contact time (10 to 30 min) 
� no harmful residuals (because ozone 

decomposes rapidly) 
� no re-growth of microorganisms except 

for those protected by the particulates in 
the wastewater stream. 

� elevates the dissolved oxygen (DO) 
concentration of the effluent 

� high dosage to effectively inactivate 
some viruses, spores, and cysts. 

� complex technology 
� requires corrosion-resistant equipment 
� not economical if high levels of SS, 

BOD5,, COD 
� capital- and power-intensive 
� no measurable residual to indicate the 

efficiency 

UV radiation 

� effective in inactivating most viruses, 
spores, and cysts 

� no residual harmful effect 
� user-friendly for operators 
� shorter contact time (approximately 20 to 

30 seconds with low-pressure lamps) and 
requires less space compared with other 
methods 

� high dosage to effectively inactivate 
some viruses, spores, and cysts 

� organisms can sometimes reverse the 
destructive effects of UV (photo 
reactivation) 

� maintenance to control fouling 
� TSS <30 mg/l 
� no measurable residual to indicate 

efficiency 
 
This study concentrates on UV irradiation as the recommended method of wastewater 
disinfection. The logic of this decision is as follows. Based on its relatively high cost, and the 
associated disadvantages outlined in Table  2.10 ozone treatment was removed from 
consideration. The increasing cost of chlorinating agents, the potential for the formation of 
carcinogenic compounds, the hazards involved with the transport, storage and handling of 
chlorine, and the reduced area requirements of UV disinfection and its lower cost, greater 
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safety, and disinfection efficacy in addition to the limited demands regarding staff 
competence, makes UV irradiation a promising option for efficient sewage treatment for reuse 
purposes, especially in non-industrialized countries and rural regions, because of the low 
operation costs. 
 

2.5 UV disinfection of wastewater 
 
According to Bergmann et al. (2002), ultraviolet light (UV) is becoming more widely used as 
a disinfectant and is the use of UV light is now well documented in the literature (Almasi & 
Pescod, 1996; Fallowfield et al., 1996; Moreno et al., 1997; Sommer et al., 1998; Davies-
Colley et al., 1999; Liberti & Notarnicola, 1999; Andreadakis et al., 1999; George et al., 
2002; Craggs et al., 2004). The main advantage of UV over previously discussed techniques 
is that it is safer to work with and does not have any residual toxicity or produce a negative 
effect on effluent quality. 
 

2.5.1 Characteristics of UV light 
 
According to photochemistry, UV light is the region of the electromagnetic spectrum that lies 
between x-rays and visible light (See Figure 2.8). The spectrum can be divided into four 
ranges: vacuum UV (100 to 200 nm), UV-C (200 to 280 nm), UV-B (280 to 315 nm), and 
UV-A (315 to 400 nm) (Meulemans 1986). 

 

Figure 2.8 Identification of the UV radiation portion of the electromagnetic spectrum (WEDECO AG, 
today Xylem) 

 
The UV-A range causes tanning of the skin while the UV-B range causes the skin to burn and 
is known to eventually induce skin cancer. The UV-C range is a so-called “germicidal range” 
since the UV light is absorbed by proteins, ribonucleic acid (RNA) and deoxyribonucleic acid 
(DNA), and then it can lead to cell mutations and/or cell death. It is therefore effective in 
inactivating pathogens. The vacuum UV range is so powerful that it is absorbed by almost all 
substances including water and air (Bolton, 1999). Typically, the practical germicidal 
wavelength for UV light ranges between 200 and 300 nm (Bolton, 1999), i. e. essentially 
UVC and UV-B. 
 
Applying a voltage across mercury vapour can generate UV light, resulting from a discharge 
of photons. The specific wavelengths of light and the light output emitted from the photon 
discharge depend on the concentration of mercury atoms associated with the mercury vapour 
pressure. U.S. EPA (2003) concluded that mercury at low vapour pressure (near vacuum; 0.01 
to 0.001 torr, 2�10-4 to 2�10-5 psi) and moderate temperature (40 ºC) produces essentially 
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monochromatic UV light at 253.7 nm (LP UV light). Mercury at higher vapour pressures (100 
to 10,000 torr, 2 to 200 psi) and at higher operating temperatures (600 to 900 ºC), produce UV 
light over a broad spectrum (polychromatic) with an overall higher intensity (MP UV light). 
The relative spectral emittance from LP and MP UV lamps is shown in Figure 2.9. 
 

 
Figure 2.9 Relative spectral emission from LP and MP UV lamps (Bolton, 1999) 
 
Absorption, reflection, refraction, and scattering all interfere with UV light. paths The 
reflection, refraction, and scattering only change the direction of UV light which is capable of 
inactivating microorganisms, whereas the absorbed UV light is no longer available.  
 

2.5.2 Definition and determination of UV dose  
 
The UV dose is defined as the product of UV intensity expressed in milliWatts per square 
centimetre (mW/cm2) and the exposure time of the fluid or particle irradiated expressed in 
seconds (s) (NWRI/AWWARF, 2000). Units commonly used for UV dose are mJ/cm2 
(equivalent to mW�s/cm²) in North America and J/m² in Europe. 
 
So far, it is only possible to determine the UV dose applied accurately by using a collimated 
beam apparatus, this is important so that both the average intensity delivered to the target 
microorganisms and the exposure time can be accurately measured and calculated. 
Conversely, UV dose determination is far more complicated in a continuous flow UV reactor. 
Briefly speaking, UV dose distribution in a continuous flow UV reactor is subject to non-ideal 
hydraulic characteristics and non-uniform intensity profiles within the reactor. Ideally, all 
target microorganisms passing through the reactor will receive the identical dose only if the 
reactor has plug flow with complete mixing perpendicular to that plug flow, which does not 
generally exist in a real UV reactor. There are two methods to estimate the delivered UV dose 
in a reactor. One is the so-called reduction equivalent dose (RED) based on biodosimetry 
(Qualls and Johnson, 1983), which is defined by measuring the inactivation level of a 
challenge microorganism with a known UV dose-response. Hence, the RED for a UV reactor 
is equal to the UV dose that achieves the same inactivation level of the challenged 
microorganism in a collimated beam apparatus during the biodosimetry testing.  
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Another approach is to employ Computational Fluid Dynamics (CFD) modeling to determine 
the hydraulic characteristics of a UV reactor, and then combine this information with the UV 
dose determination. 
 

2.5.2.1 Determination of UV dose in a collimated-beam bioassay 
 
The most common procedure for determining the required UV dose for the inactivation of 
microorganisms involves the use of a collimated beam and a small reactor to which a known 
UV dose is applied. A typical collimated-beam device (CBD) is shown in Figure 2.10: 
 

 

Figure 2.10 Typical diagram for a collimated beam device (Maya et al., 2003) 
 
For this study a collimated beam device at the laboratory of the WEDECO AG (today Xylem) 
in Herford has been used, see Figure 2.11. 
 

 

Figure 2.11 Collimated beam device (CBD) at (WEDECO AG, today Xylem) 
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Use of a monochromatic low-pressure low-intensity lamp in the collimated-beam apparatus 
allows for an accurate characterisation of the applied UV intensity. The use of a batch reactor 
allows for accurate determination of exposure time. The applied UV dose, as defined by 
Equation  2.1 can be controlled by varying either the UV intensity or the exposure time.  
 
Due to several conditions present in collimated beam testing, the intensity measured by the 
radiometer does not accurately represent the intensity of light that reaches the target 
organisms. To get an accurate calculation of the UV dose delivered to the microorganisms, 
the following factors are considered as illustrated in Equation  2.1 (Bolton and Linden 2003): 
 
Absorbance/transmittance of the water, thickness of the water layer, distribution of light 
across the surface of the suspension, and reflection and refraction of light from the water 
(U.S. EPA, 2003). 
 
 
Equation  2.1 

 
 
Where: Iavg = Average intensity within the suspension (mW/cm²) 
 t = Exposure time (s) 
 I0 = Intensity measured at the suspension's surface (mW/cm²) 
 R = Fraction of light reflected at the suspension’s surface (from Fresnel’s Law) 
 a10 = Decadic (base 10) absorption coefficient of the suspension, A254 (cm-1) 
 d = Thickness of water layer (cm) 
 Pf = Petri factor, ratio of measured intensity at the centre of the exposure dish to 

average intensity across the surface area of the exposure dish (unit less) 
 

2.5.2.2 Determination of UV dose in continuous flow system 
 
Determining the UV dose in a continuous flow pilot- or full-scale UV reactor is complicated 
by hydrodynamics (particle paths) and variations in UV intensity throughout the reactor. 
In an ideal reactor, that has plug-flow conditions and complete mixing perpendicular to the 
flow, all microorganisms entering the reactor will receive the same UV dose, which is 
calculated according to Equation  2.2 (U.S. EPA, 2003). 
 
Equation  2.2 

UV Dose = Iavg tr = Iavg Q
V

 

 
Where: Iavg = Volume-averaged UV intensity within the reactor (mW/cm²) 
 tr. = Theoretical residence time of the reactor (s) 
 V = Volume of water within the reactor (gal) 
 Q = Flow rate through the reactor (gal/s) 
 
This equation calculates the maximum UV dose possible in an ideal reactor. However in 
practice, microorganisms take different paths through a reactor and thus do not all receive the 
maximum dose.  
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The width of the dose distribution is an indication of the hydraulic conditions in the reactor. 
The narrower the distributions, the better the hydraulic conditions approximating plug flow 
with complete mixing. 
 
The UV intensity in a continuous flow reactor can be determined using a type of calibration of 
the system called Uridin Actinometry. This method allows the user to determine the UV 
intensity that is achieved in the studied liquid. 
 
Uridin Actinometry is the chemical method to determine the UV- Intensity I (W/m²) by a 
photochemical reaction. Due to its maximum absorption at a wavelength of 262 nm, Urdin is 
Uridinhydroxid when exposed to light of the aforementioned wavelength. Uracil, as a 
compound of Uridin, is the substance which is responsible for this chemical reaction. Uracil 
can be found in the RNA of all cells. The absorption spectrum of Uridin is similar to the 
absorption spectrum of RNA and DNA it precedes, and is the same as to the targeted micro-
organisms spectral inactivation sensitiveness. The degree of transformation from Uridin into 
Uridinhydrat is measured by a spectrophotometer at a wavelength of 262 nm. The applied 
UV-intensity I (W/m²) results from the log of the quotient of the concentration before and 
after the exposition to UV-light. When put into a diagram the gradient of the straight line 
represents the UV-irradiation in W/m² (DVGW 1997). The product of the reaction, 
Uridinhydrat, does not absorb UV-light in this wavelength. It has no influence on the results. 
Then the UV dose can be calculated as in Equation  2.2. If the intensity is not constant with 
respect to time, the integral of the intensity output over the exposure time should be taken in 
place of intensity as in Equation  2.3: 
 
Equation  2.3 

UV Dose = �
t

Idt
0

 

 
Where variables are defined as in Equation  2.2. 
 
From Equation  2.2, and Equation  2.3 solves as the UV dose determination equation for an 
inconstant intensity UV lamp in a continuous flow UV reactor can be stated as in Equation 
2.4: 
 
Equation 2.4 

UV Dose = Q
VdI

t

�
0

*
 

 

2.5.3 UV inactivation of microorganisms 
 
UV light inactivates microorganisms by damaging their DNA or RNA, preventing 
reproduction, and differs markedly from chemical disinfectants such as chlorine and ozone. 
Chemical disinfectants inactivate microorganisms by destroying or damaging cellular 
structures, interfering with metabolism, and hindering biosynthesis and growth (Snowball and 
Hornsey, 1988). 
 
Only the absorbed UV light can induce a photochemical reaction. Nucleotides absorb UV 
light from 200 to 300 nm, which activates the photochemical reaction that leads to the damage 
of nucleic acids. The UV absorption of nucleic acids has a peak near 260 nm.  
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Wright and Sakamoto (2001) broadly reviewed the experimental data for UV inactivation of 
microorganisms and tabled the UV dose required to achieve the inactivation of bacteria, 
viruses, and protozoa (Table  2.11). 
 
All data in the tables are for microorganisms suspended in water and irradiated using a 
collimated beam apparatus with LP UV light at 254 nm. The UV sensitivity of micro-
organisms varies from species to species. Of all the pathogens of interest in water, viruses are 
most resistant to UV inactivation followed by bacteria, Cryptosporidium oocysts and Giardia 
cysts. The most UV resistant viruses of concern are adenovirus Type 40 and 41. 
 
Table  2.11 UV dose required to achieve incremental log inactivation (Wright and Sakamoto, 2001) 

Reference Microorganism and assay Type 
UV dose (mJ/cm2) per log reduction of 

1 2 3 4 5 6 7 

Wilson et al., 1992 Aeronomas hydrophila ATCC7966 Bacteria 1.1 2.6 3.9 5 6.7 8.6  

Wilson et al., 1992 Campylobacter jejuni ATCC 43429 Bacteria 1.6 3.4 4 4.6 5.9   

Harris et al., 1987 Escherichia coli ATCC 11229 Bacteria 2.5 3 3.5 5 10 15  

Chang et al., 1985 Escherichia coli ATCC 11229 Bacteria 3 4.8 6.7 8.4 10.5   

Sommer et al., 1998 Escherichia coli ATCC 11229 Bacteria 3.95 5.3 6.4 7.3 8.4   

Sommer et al., 1998 Escherichia coli ATCC 29222 Bacteria 4.4 6.2 7.3 8.1 9.2   

Wilson et al., 1992 Escherichia coli O157:H7 
ATCC 43894 Bacteria 1.5 2.8 4.1 5.6 6.8   

Sommer et al., 1998 Escherichia coli Wild Type Bacteria 4.4 6.2 7.3 8.1 9.2   

Wilson et al., 1992 Klebsiella terrigena ATCC 33257 Bacteria 4.6 6.7 8.9 11    

Wilson et al., 1992 Legionella pneumophila ATCC 43660 Bacteria 3.1 5 6.9 9.4    

Tosa and Hirata, 1998 Salmonella anatum  
(from human feces) Bacteria 7.5 12 15     

Tosa and Hirata, 1998 Salmonella derby  
(from human feces) Bacteria 3.5 7.5      

Tosa and Hirata, 1998 Salmonella enteritidis  
(from human feces) Bacteria 5 7 9 10    

Tosa and Hirata, 1998 Salmonella infantis  
(from human feces) Bacteria 2 4 6     

Wilson et al., 1992 Salmonella typhi ATCC 19430 Bacteria 1.8 4.8 6.4 8.2    

Chang et al., 1985 Salmonella typhi ATCC 6539 Bacteria 2.7 4.1 5.5 7.1 8.5   

Tosa and Hirata, 1998 Salmonella typhimurium  
(from human feces) Bacteria 2 3.5 5 9    

Wilson et al., 1992 Shigella dysenteriae ATCC 29027 Bacteria 0.5 1.2 2 3 4 5.1  

Chang et al., 1985 Shigella sonnei ATCC 9290 Bacteria 3.2 4.9 6.5 8.2    

Chang et al., 1985 Staphylococcus aureus ATCC 25923 Bacteria 3.9 5.4 6.5 10.4    

Chang et al., 1985 Streptococcus faecalis ATCC 29212 Bacteria 6.6 8.8 9.9 11.2    

Harris et al., 1987 Streptococcus faecalis  
(secondary effluent) Bacteria 5.5 6.5 8 9 12   

Wilson et al., 1992 Vibrio chlerae ATCC 25872 Bacteria 0.8 1.4 2.2 2.9 3.6 4.3  

Wilson et al., 1992 Yersinia enterocolitica ATCC 27729 Bacteria 1.7 2.8 3.7 4.6    

Mofidi et al., 1999 Cryptosporidium parvum oocysts, 
mouse infectivity assay Protozoa 3.1 4.7 6.2     

Shin et al., 2000 Cryptosporidium pavum oocysts, 
tissue culture assay Protozoa 1.3 2.3 3.2     

Rice and Hoff, 1981 Giardia lamblia cysts,  
excystation assay Protozoa > 63       

Karanis et al., 1992 Giardia lamblia cysts,  
excystation assay Protozoa 40 180      

Linden et al., 2001 Giardia lamblia cysts,  
gerbil infectivity assay Protozoa < 1 < 1 < 2 < 3    

Carlson et al., 1985 Giardia lamblia cysts,  
excystation assay Protozoa 77 110      

Craik et al., 2000 Giardia muris cysts, mouse infectivity 
assay Protozoa < 2 < 6 Plateau at 2.5 – 3 log 

inactivation   
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Reference Microorganism and assay Type 
UV dose (mJ/cm2) per log reduction of 

1 2 3 4 5 6 7 

Chang et al., 1985 Bacillus subtilis spores ATCC 6633 Spores 36 48.6 61 78    

Sommer et al., 1998 Bacillus subtilis spores ATCC 6633 Spores 29 40 51     

Sommer et al., 1998 B40-8 Phage (B. fragilis HSP-40 
assay) Phage 12 18 23 28    

Niuwstad and 
Havelaar, 1994 

MS2 (Salmonella typhimurium WG49 
assay) Phage 16.3 35 57 83 114 152  

Wiedemann et al., 
1993 

MS2 DSM 5694 (E. coli NCIB 9481 
assay) Phage 16 38 68 110    

Wilson et al., 1992 MS2 ATCC 15977-B1  
(E. coli ATCC 15977-B1 assay) Phage 15.9 34 52 71 90 109 128 

Tree et al., 1997 MS2 NCIMB 10108 (Salmonella 
typhimurium WG49 assay) Phage 12.1 30.1      

Sommer et al., 1998 MS2 (E. coli K-12 Hfr assay) Phage 21 36      

Rauth, 1965 MS2 (E. coli CR63 assay) Phage 16.9 33.8      
Meng und Gerba, 

1996 MS2 (E. coli 15977 assay) Phage 13.4 28.6 44.8 61.9 80.1   

Snicer et al., 1998 MS2 (Standard Methods 9060) Phage 5-32 24-50 44-72 64-93    

Battigelli et al., 1993 MS2 (E. coli C3000 assay) Phage 35       
Oppenheimer et al., 

1993 MS-2 (E. coli ATCC 15597) Phage 19 40 61     

Sommer et al., 1998 ox174 Phage (E. coli WG5 assay) Phage 2.2 5.3 7.3 10.5    

Battigelli et al., 1993 ox174 Phage (E. coli C3000 assay) Phage 2.1 4.2 6.4 8.5 10.6 12.7 14.8 
Oppenheimer et al., 

1993 ox174 Phage (E. coli ATCC 15597) Phage 4 8 12     

Meng und Gerba, 
1996 

PRD-1 (Salmonella typhimurium Lt2 
assay) Phage 9.9 17.2 23.5 30.1    

Meng und Gerba, 
1996 

Adenovirus 40 ATCC Dugam (primary 
liver carninoma cell line) Virus 29.5 59.4 89.8 120.9    

Meng und Gerba, 
1996 

Adenovirus 41 ATCC TAK  
(primary liver carninoma cell line) Virus 22.4 49.5 80.2     

Battigelli et al., 1993 Coxsackievirus B5 (Buffalo Green 
Monkey cell assay) Virus 6.9 13.7 20.6     

Wilson et al., 1992 Hepatitis A HM175  
(FRhK-4 cell assay) Virus 5.1 13.7 22 29.6    

Wiedemann et al., 
1993 

Hepatits A virus  
(HAV/HFS/GBM assay) Virus 5.5 9.8 15 21    

Battigelli et al., 1993 Hepatits A virus HM-175  
(FRhK-4 cell assay) Virus 4.1 8.2 12.3 16.4    

Meng und Gerba, 
1996 

Poliovirus Type 1 LSc2ab  
(Buffalo Green Monkey cell assay) Virus 4.0 8.7 14.2 20.6 28.1   

Harris et al., 1987 Poliovirus Type 1 ATCC Mahoney Virus 6 14 23 30    

Chang et al., 1985 Poliovirus Type 1 LSc2ab  
(MA104 cell assay) Virus 5.6 11 16.5 21.5    

Wilson et al., 1992 Poliovirus Type 1 LSc2ab  
(BGM cell assay) Virus 5.7 11 17.6 23.3 32 41 50 

Snicer et al., 1998 Poliovirus Type 1 LSc-1  
(BGMK host cell) Virus    23-29    

Rauth, 1965 Reovirus-3 (Mouse L-60 assay) Virus 11.2 22.4      

Harris et al., 1987 Reovirus Type 1 Lang strain Virus 16 36      

Battigelli et al., 1993 Rotavirus SA-11  
(MA-104 cell line assay) Virus 7.6 15.3 23     

Chang et al., 1985 Rotavirus SA-11  
(MA-104 cell line assay) Virus 7.1 14.8 25     

Wilson et al., 1992 Rotavirus SA-11  
(MA-104 cell line assay) Virus 9.1 19 26 36 48   

Snicer et al., 1998 Rotavirus WA  
(MA-104 cell line assay) Virus    50    
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Some microorganisms are able to repair the damage done by UV light and regain infectivity. 
Repair of UV light-induced DNA damage can be accomplished by photoreactivation and/or 
dark repair (Knudson, 1985). Photoreactivation is dependent on many factors, including the 
types, species, and strains of the target microorganism. Inactivation levels are determined by 
irradiation, the photoreactivating light, and the nutrient state of the microorganism (see 
paragraph 2.5.8). 
 

2.5.4 Choice of relevant indicator bacteria 
 
Pathogenic microorganisms can include bacteria, viruses and protozoa in a natural environ-
ment. Indicator organisms are more commonly tracked instead of pathogens as an indication 
of water contamination because it is impractical to analyze for pathogenic bacteria, viruses 
and protozoa in water on a routine basis. This is not practical due to time constraints and the 
expense associated with testing (APHA et al., 1998). Prescott et al. (1993) stated that the 
characteristics of an ideal indicator organism include the following: 
 

� they are present when a pathogen of concern is present, 
� they can be found in greater numbers, 
� they persist in the environment as long as the potential pathogens,  
� they do not reproduce in the environment, 
� they are harmless to humans, and  
� the testing methods are easy to perform. 

 
One group of indicator bacteria is the coliform bacteria, which are operationally defined as 
Gram-negative, non-spore-forming, aerobic and facultative anaerobic bacteria that ferment 
lactose and produce acid and gas (Black, 1999). The indicator coliform bacteria, including 
total coliforms, fecal coliforms, and E. coli, are commonly used in water and wastewater 
research. The presence of these bacteria indicates the related contamination with fecal 
material. Historically, fecal coliforms and E. coli have been used as indicators of choice when 
monitoring recreational water quality (Clesceri et al., 1988).  
 
Recent studies have shown that high densities of E. coli and Enterococci recovered from 
recreational waters have a stronger correlation with swimming-associated gastrointestinal 
disease than do densities of fecal coliform bacteria (Bartram et al., 2000). Although 
Enterococci have been traditionally used to monitor marine bathing water (Kani et al., 2000), 
both of these indicators have been referenced as being equally acceptable for monitoring 
freshwater (Abbott et al., 1993; Clesceri et al., 1988). Therefore, studies of both marine water 
and freshwater have been undertaken to support the idea that Enterococci may be the more 
relevant indicator of water quality (Clesceri et al., 1988). In this study just E. coli and 
Enterococci were analyzed. 
 
Past UV inactivation studies that studied the effect, of suspended solids in wastewater, mostly 
used naturally present total coliforms and fecal coliforms as the target microorganisms 
(Qualls et al., 1985; Harris et al., 1987; Loge et al., 1996, 1999; Jolis et al., 2001; Ormeci and 
Linden, 2002; Parker and Darby, 1995; Emerick et al., 1999, 2000). Laboratory grown E. coli 
has also been widely used as indicator bacteria in studies of UV inactivation and their 
photoreactivation following irradiation (Zimmer and Slawson, 2002; Sommer et al., 2000; 
Hoyer, 1998; Schoenen and Kolch, 1992; Harris et al., 1987). 
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2.5.5 UV dose-response and related models 
 
The UV dose-response of microorganisms is expressed as either log inactivation or log 
survival. Log inactivation is the proportion of microorganisms inactivated; it is the positive 
slope of a semi-log dose-response curve. Log survival is the proportion of microorganisms 
remaining; it is the negative slope of a semi-log dose-response curve. The log inactivation of 
microorganisms (log10) is shown as a function of UV dose (a linear scale). Based on that 
definition, the log inactivation can be calculated as: 
 
Equation  2.5 

 
Where: N0 = concentration of viable microorganisms before UV irradiation (cells/ml) 
 N = concentration of viable microorganisms after UV irradiation (cells/ml) 
 
The UV dose-response of many free-floating or dispersed microorganisms follow first order 
inactivation kinetics (Severin et al., 1984) as Equation  2.6: 
 
Equation  2.6 

 
KIt

O eNN �	 *  
Where: N = concentration of viable microorganisms after UV irradiation (cells/ml) 
 NO = concentration of viable microorganisms before UV irradiation (cells/ml) 
 k = inactivation rate constant 
 I = UV irradiance (W m-²) 
 T = exposure time (s) 
 
By combining Equation  2.5 and Equation  2.6, Equation  2.7 is obtained. The UV dose-
response curve is linear with a positive slope for log inactivation with first order kinetics. 
 
Equation  2.7 

 
Where: D = delivered UV dose (i. e. calculated average intensity × exposure time, in mJ/cm²) 
 
The rate constant defines the sensitivity of a microorganism to UV intensity and is unique to 
each microbial species (Hollaender 1943, Rauth 1965, Jensen 1964). 
 
The dose-response curves normally contain so-called “shoulder” or “tailing” regions. The 
term “shoulder” is defined by a period of lag time with little inactivation at lower doses before 
the linear region of the curve. The term “tailing” is defined by a period of lag time with little 
inactivation at higher doses after the linear region of the curve.  
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2.5.5.1 Mathematical Modeling of Microbial Response 
 
Microbial response to UV exposure can be modelled as a single stage exponential decay, or a 
two-stage exponential decay, and the response may include a shoulder. Figure 2.12 shows 
various typical patterns of dose-response curves (Chang et al., 1985). 
 

 
Figure 2.12 Typical patterns of UV dose-response curves (Chang et al., 1985) 
 
In Figure 2.12, Bacillus subtilis exhibited a “shoulder” followed by first order behaviour. 
Generally, the “shoulder” is due to a delayed response of a microorganism when exposed to 
UV light. However, total coliforms in wastewater exhibited a “tailing” after first order 
behaviour. Generally, the “tailing” is directly associated with the UV inactivation of a less 
resistant population following by a more resistant population of the target microorganisms. 
 

2.5.5.2 Single Stage Microbial Decay 
 
The classical exponential decay curve models microbial population survival under the 
influence of any biotical factor (Chick 1908, Watson 1908). The refinements presented here, 
the two-stage model and the shoulder model, extend its accuracy. Alternative models, such as 
the multi-hit model (Severin and Roessler 1998), may also be able to account for the shoulder 
and two stages of inactivation. The choice of which model to use is somewhat arbitrary, but 
because of its simplicity and familiarity to most researchers the classical model is used here 
explicitly. 
 
Figure 2.13 illustrates the complete microbial decay curve. The mathematics for each of these 
components and a complete combined model are presented here (W. J. Kowalski, 2001). 
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Figure 2.13 Two-stage Decay curve with shoulder for Staphylococcus aureus based on data from 

(Sharp, 1939) 
 
Some microorganisms exposed to UV experience an exponential decrease in population 
similar to other methods of disinfection such as heating, ozonation, and exposure to ionizing 
radiation (Hollaender, 1943; Riley and Nardell, 1989; Whiting, 1991) as illustrated in Figure 
2.12. What determines whether an individual microbe survives UV irradiation may be beyond 
current analytical means, but it is known empirically that populations will decrease 
exponentially under UV exposure and there is a high probability that the exponential decay 
process will be consistent for any sufficiently large microbial population (Kowalski, 2001). 
 
The single stage exponential decay equation for microbial populations exposed to UV 
irradiation is as expressed in Equation  2.7. 
 

2.5.5.3 Two-Stage Survival Curves 
 
Tailing is directly associated with the UV inactivation of a less resistant population following 
a more resistant population of the target microorganisms. This effect may be due to clumping 
(Moats et al., 1971; Davidovich and Kishchenko, 1991), or dormancy (Koch, 1995). Other 
factors are (1) the variation in resistance of individual microorganisms to UV irradiation may 
cause “tailing”, and (2) any shielding effect may render the microorganisms more resistant to 
UV irradiation. For application in wastewater treatment, Dietrich et al. (2003) concluded that 
UV inactivation of coliform bacteria in the “tailing” region was attributed to the inactivation 
of bacteria associated with particulate matter. 
 
In general, a small fraction of any microbial population is resistant to UV or other bactericidal 
factors (Cerf, 1977; Fujikawa and Itoh, 1996; Whiting, 1991). Typically, over 99 % of the 
microbial population will succumb to initial exposure but a remaining fraction will survive, 
sometimes for prolonged periods (Smerage 1993, Qualls and Johnson 1983). 
 
The two-stage survival curve can be represented mathematically as the summed response of 
two separate microbial populations that have respective rate constants k1 and k2. If ‘f’ could 
be defined as the fraction of the total initial population with rate constant k2, then (1-f) is the 
fraction of the total initial population with rate constant k1.  



Basics ___________________________________________________________________ 35 
 

 

The total survival N(t) will then be (Kowalski, 2001): 
 
Equation  2.8 

N(t)/N0 = (1-f) N(t)/N0 + f N(t)/N0 
 

 
Figure 2.14 Survival Curve of Streptococcus showing two stages based on data from (Lidwell and 

Lowbury, 1950) 
 
For UV irradiation, the total survival curve is therefore the sum of the rapid decay curve (the 
vulnerable majority with rate constant k1) and the slow decay curve (the resistant minority 
with rate constant k2), and the complete equation is: 
 
Equation  2.9 

ItKItK ff efefNtN �� 
�
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Where:  
 
N(t) = concentration of viable microorganisms (cells/ml) after UV irradiation at a specific 

time (t).  
 NO = concentration of viable microorganisms before UV irradiation (cells/ml) 
 kf  = rate constant for fast decay population (J/m²) 
 ks = rate constant for slow decay population, (J/m²) 
 f = fraction of the total initial population subject to slow decay 
 
The resistant fraction of most microbial populations may be about 0.01 %, but some studies 
suggest it can be as high as 30 % or more for certain species (Riley and Kaufman, 1972; 
Gates, 1929; UVDI, 2001). This model is the one that fit the Data in this thesis for both 
E. coli and Enterococci microorganisms. 
 

2.5.5.4 The Shoulder 
 
The initiation of exponential decay in response to UV exposure, or any other biocidal factor, 
is often delayed for a period of time (Cerf, 1977; Munakata et al., 1991; Pruitt and Kamau, 
1993). Figure 5.4 shows the survival curve for Staphylococcus aureus, in which a shoulder is 
evident from the fact that the regression line intercepts the y-axis above unity. Shoulder 
curves typically start out horizontally before developing into full exponential decay. This 
region of transition is referred to as a shoulder. 
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The lag in response to the stimulus implies that a threshold dose is necessary either before 
measurable effects occur or that repair mechanisms actively deal with low-level damage 
(Casarett 1968). The effect is species and intensity dependent. In many cases it can be 
ignored, however, for some species and sometimes for low intensity exposure, the shoulder 
can become significant and prolonged (Kowalski, 2001). 
 

2.5.6 Factors affecting UV inactivation 
 
Generally speaking, UV intensity, temperature and pH have negligible impact on the UV 
dose-response of microorganisms in water (Liu, 2005). Several other factors such as the 
wavelength of UV light, UV absorbance and scattering, and the state of the microorganisms 
affect UV dose-response of microorganisms. 
 

2.5.6.1 UV intensity, temperature and pH 
 
It has been reported that the UV dose-response of microorganisms follows the rules of 
reciprocity over an intensity range of 1 to 200 mW/cm² (Oliver and Cosgrove, 1975). For 
instance, the inactivation performance from a UV intensity of 2 mW/cm² and an exposure 
time of 50 seconds (i. e. UV dose of 100 mJ/cm2) which is equivalent to a UV intensity of 
5 mW/cm² and an exposure time of 20 seconds. 
It is well documented that UV inactivation is not directly affected by temperature and pH. 
Severin et al.,(1983) reported that the UV dose needed for a given log reduction of E. coli, 
Candida parapsilosis, and f2 bacteriophage increased slightly as temperature decreased. 
Similarly, Malley (2000) found that the dose-response of MS2 was independent of 
temperature from 1 to 23 °C. 
Although the pH of the water may vary, the pH within a cell is buffered to a relatively 
constant value. Therefore, UV dose-response is usually independent of the pH of the water. 
Malley (2000) also reported that the dose-response of MS2 was independent from the 
suspension’s pH values of 6 to 9. 
 

2.5.6.2 Turbidity 
 
To investigate the Turbidity as a limitation on UV disinfection performance Bourgeous and 
Narayanan (2004) tested two filtered effluents with similar turbidity of 1.5 - 1.6 NTU, both 
were exposed to a UV dose of 58 mJ/cm², the two filtered effluents differed significantly in 
the number of large particles present. An increased number of large particles caused a higher 
total coliform bacteria concentration (790 MPN/100 ml) relative to the effluent from filter 2 
(10 MPN/100 ml). These results indicate that turbidity does not accurately measure the 
presence of the larger particles, and the presence of larger particles in filtered effluent will 
prevent the adequate disinfection by a UV disinfection system. 
 
In other studies (Christensen and Linden, 2002 - 2003), the authors reported that a turbidity 
greater than 3 NTU resulted in an overly conservative UV dose determination by the direct 
absorbance measurement. An increase of turbidity from 1 to 10 NTU would decrease the 
average dose from 5 to 33 % in the collimated beam test.  
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The particle size has a profound effect on the reading of turbidity metres. Small particles 
(<0.1 �m) do not scatter visible light effectively, so water could contain large number of 
small particles or microorganisms but still give a low turbidity reading. The size of large 
particles (0.1 - 0.8 �m), such as clays or plankton, is near the wavelength of visible light  
(0.4 - 0.8 �m). These particles scatter light more effectively and yield higher turbidities 
(Berman et al., 1988). Edzwald (1983) showed that 50 mg/l kaolinite gave a turbidity reading 
of about 80 NTU, while 50 mg/l humic acid gave a turbidity reading only slightly greater than 
3 NTU. Hoff (1978) proposed two factors concerning the significance of particles on 
disinfection processes: (1) the size of target microorganisms and particles, and (2) relative 
innate disinfection resistance of the microorganisms themselves. 
 

2.5.6.3 UV wavelength 
 
The UV dose-response of microorganisms varies in the range of the so-called germicidal 
wavelength (200 - 300 nm) because microorganisms can absorb different amounts of UV light 
at different wavelengths in that range. At a given UV dose, a measured inactivation of a 
microorganism as a function of the wavelengths is similar to the DNA absorbance in the 
range of these wavelengths Figure 2.15). 
 
 

 
Figure 2.15 UV absorbance of DNA with LP and MP lamp output (Bolton, 1999) 
 
 
The action spectrum has a peak at 254 nm and drops to zero near 300 nm. It is generally 
believed that microorganisms are most sensitive at 254 nm within the germicidal wave-
lengths. However, there are the exceptions, such as MS2 bacteriophage and Herpes simplex 
virus, whose UV susceptibilities are greater at the wavelengths below 230 nm (Linden et al., 
2001).  
 
Absorption characteristics of wastewater solids are approximately the same for all wave-
lengths within the UV range. Medium-pressure UV disinfection units that make use of a range 
of UV wavelengths derive no additional benefit for inactivation of embedded target organisms 
over systems using a single wavelength of 254 nm. The inclusion of longer UV wavelengths 
only increases the overall intensity of UV in bulk liquid medium (Loge et al., 1999). 
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2.5.6.4 UV absorbance and scattering 
 
UV attenuation in water is due to absorbance and scattering, which can be categorized as the 
soluble absorbance, the particulate absorbance, and the particulate scattering (Qualls et al., 
1985). The soluble absorbance and the particulate absorbance constitute the UV absorbance.  
 
The absorbed UV light is no longer available for inactivation and therefore the UV ab-
sorbance should be accounted for in the calculated of delivered UV dose. UV absorbance at 
254 nm (UVA) is a well established water quality parameter that characterizes the reduction 
in incident UV light as it passes through water samples. 
 
Since most particles in water may contribute to UV absorbance to some extent, this direct 
absorbance measurement did not differentiate the scattering and the absorbance (Christensen 
and Linden, 2003). In terms of UV inactivation, the scattered UV light is still available for 
inactivating microorganisms, while the absorbed UV light is no longer available. In 
wastewater, Loge et al. (1999) reported that UV absorbance of the wastewater solids varied 
from 0.33 to 56.9 �m-1 (3,300 to 569,000 cm-1) with a high absorbance associated with using 
iron to remove phosphorus in the activated sludge plant. Linden and Darby (1998) also found 
that UV absorbance of the wastewater particles varied among the different treated effluents. 
 
The scattering of UV light is the change of light direction caused by an interaction with a 
particle (Figure 2.16). Particulate scattering occurs in all directions including toward the 
source of incident light (back-scattering). Unlike the absorption of UV, the scattered UV light 
is believed to still be available to inactivate microorganisms. The problem of scattering is that 
it may interfere with the UV absorbance measurement when there is a high level of 
particulates present in the water (Qualls et al., 1983). 
 

 

Figure 2.16 Scattering pattern of UV light on particles (UVDGM, 2003) 
 

2.5.6.5 State of microorganisms  
 
Stagg et al. (1977) demonstrated that viruses present in sewage might exist in several physical 
states: suspended as individuals; aggregated in viral clumps; and associated with suspended 
solids. Because viruses display an affinity for silts, clay minerals, cell debris, and particulate 
organic matter, Bitton (1980) suggested that viruses should be considered biocolloids, which 
are subject to electrostatic attraction by a positively charged surface in a natural aquatic 
environment. 
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Analogous to the above statement, Emerick et al. (1999, 2000) concluded that many micro-
organisms of interest in wastewater are present in either a disperse state (i. e. not bound to 
others) or a clumped or particle-associated state (i. e. bound to other bacteria or particles) 
such as biological floc (e. g. activated sludge) in wastewater treatment. 
 
The state of microorganisms in water plays a critical role in two aspects: (1) accurate 
enumeration of these clumped and particle-associated microorganisms is difficult by 
commonly used methods such as the multiple tube fermentation and membrane filter test 
(APHA et al., 1998), because clumps of bacteria are only counted as single colonies; (2) it 
may significantly change the UV disinfection kinetics of the microorganisms. 
 

2.5.7 Interdependency of particles and microorganisms 
 
Particles in water absorb and scatter UV light to varying degrees based on size and 
composition. Particles impact the disinfection process in two distinct manners: 
 
1. Particles can decrease the UV transmittance (UVT) of water and thereby impact UV dose 

delivery. 
2. Particle association can shield microorganisms from UV light, thereby changing the 

characteristics of the UV dose-response curve. 
 
Many small particles tend to scatter UV light, whereas in the presence of big suspended 
matter, bacteria are shaded by or incorporated into “sheltering” flocs. Studies by Sakamoto 
and Zimmer (1997) have shown that large particles (about 50 �m diameter) are difficult to 
penetrate so the required UV demand is raised drastically.  
 
The presences of particles within wastewater which affect the distribution of applied UV 
intensity to embedded organisms of interest occur in both a dispersed state (i. e., not bound to 
other objects) and a particle-associated state (i. e., bound to other objects such as other 
bacteria or cellular debris). Dispersed coliform bacteria are readily inactivated because they 
are exposed fully to UV light. Treatment-process related disinfection problems most always 
result from the influence of particle-associated organisms. (Oliver and Cosgrove, 1975; 
Qualls et al., 1983; Qualls and Johnson, 1985; Cairns, 1993; Emerick et al., 1999; Emerick et 
al., 2000). 
 

2.5.7.1 Particles associated coliforms 
 
Until recently, there has not been an effective method to quantify the aggregated or particle 
associated microorganisms. Knowledge of the interaction between particles and 
microorganisms is still limited in terms of the fundamental mechanisms and there determining 
factors. More research is necessary to provide better insight into the phenomena. 
 
Particle-associated microorganisms may be shielded from UV light effectively reducing 
disinfection performance as discussed in the section above, which in turn causes a tailing or 
flattening of the dose response curve when higher inactivation levels are desired. 
 
Organisms within coagulated and flocculated particles will be more difficult to inactivate; 
however, they will typically be removed during filtration. 
 



40  ________________________________________________________________ Chapter 2 
 

 

Unfortunately, it is not possible to increase the UV intensity enough to overcome the shading 
effect imparted by particles. An example is illustrated in Figure 2.17: as shown, increasing the 
UV intensity tenfold has little effect on reducing the number of surviving particle-associated 
coliform bacteria because the absorption of UV radiation by wastewater particles is typically 
10,000 times or greater than the bulk liquid medium. Particles essentially block the 
transmission of UV light. Particles larger than some critical size (a function of the size the 
target organism) will effectively shield the embedded microorganisms (Emerick et al., 1999; 
Emerick et al., 2000). 
 
 

 
Figure 2.17 Impact of UV intensity on the effectiveness of UV disinfection of effluent from an air-activated 

sludge wastewater treatment plant (Emerick et al., 2000) 
 
 
Because the effectiveness of UV disinfection is determined primarily by the number of 
particles containing coliform bacteria, in order to improve the performance of a UV 
disinfection System, either the number of particles with associated coliform bacteria must be 
reduced (selecting an appropriate upstream treatment process), or the particles themselves 
must be removed (e. g. by improved clarifier design or use of some form of filtration) 
(Emerick et al., 2000).  
 
Without effluent filtration, the UV performance achieved will depend on the operation of the 
upstream processes (Emerick et al., 1999). The use of deep final clarifiers after activated 
sludge at a plant will reduce the number of large particles that may shield the bacteria by 
increasing the solids retention time. The relationship between the fraction of the wastewater 
particles with one or more associated coliforms and the solids retention time (SRTs) is 
illustrated in the Figure 2.18. 
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Figure 2.18 Fraction of particles in settled wastewater with one or more associated coliform organisms as 

function of the solids retention time (SRT) (Emerick et al., 2000) 
 
Cairns (1993) found that particle-associated microorganisms accounted for over 1 % of the 
total microbial count in raw wastewater. It had been estimated that up to 90 % of viruses 
found in wastewater are solid-associated (Bitton, 1980). Small viral aggregation or viruses 
attached to submicron particles (<0.22 μm) were the majority of solid-associated viruses 
found in treated sewage (Hejkal et al., 1981). In municipal wastewater, substantial numbers of 
bacteria can be associated with fecal particles.  
 
It is helpful to establish a potential correlation between the characteristics of the association, 
and the general water quality parameters from an engineering point of view. Parker and Darby 
(1995), however, reported that all correlations between water quality parameters (e. g. SS, 
turbidity, and UVA) and the number of particle-associated coliform bacteria was statistically 
insignificant in secondary effluent type wastewater treatment plants. 
 
Qualls et al. (1983) reported that filtration of secondary effluents through an 8-�m filter 
removed the particulates responsible for the “tailing” in the UV dose-response relationship for 
total coliforms. The log inactivation increased from 3 log to over 4.5 log at 12 mJ/cm² after 
filtration. In a later study, Qualls et al. (1985) found that the UV dose-response curves of 
unfiltered and the corresponding filtrate (10-μm filter) of the wastewater samples significantly 
diverged at higher doses after 2 log inactivation in five secondary aerobic biological treatment 
effluents. The authors inferred that the non-particle-associated coliform bacteria (i. e. 
dispersed) with the capability to withstand a full exposure to UV irradiation were dominant in 
those samples. 
 
Emerick et al. (1999) reported that roughly 0.7 % of all associated particles with a diameter 
greater than 10 μm could completely shield coliform bacteria from UV irradiation in 
secondary wastewater effluents. The authors also inferred that chemically induced floc (e. g. 
by coagulant) created more UV resistant particle-associated coliform bacteria than those of 
biologically induced floc (e. g. by activated sludge). Jolis et al. (2001) reported that a dose of 
approximately 80 mJ/cm² was necessary to consistently meet the wastewater reclamation 
coliform criteria if there were large particles present in the tertiary effluent due to the transient 
and poor operation of the in-line filtration.  
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Loge et al. (1999) stated that variations in the activated-sludge process that did not add 
chemicals, had particle absorbance values within the same order of magnitude (10,700 to  
74,300 cm-1). The WWTP that used chemical phosphorus removal had the greatest particle 
absorbance (569,000 cm-1). The high absorbance is hypothesized to be related to the iron 
contained in the coagulant used to precipitate phosphorus. 
 
The author also observed that lagoon systems had low numbers of coliform-bacteria-
associated particles, and thus had low numbers of residual coliform bacteria surviving high 
UV doses despite having high suspended solids concentrations (Loge et al., 1999). He 
concluded that in order to reduce the residual concentration of coliform bacteria, you must 
choose a different treatment process or alter the treatment processes to reduce the association 
of coliform bacteria with particles.  
 

2.5.7.2 Role of particle size 
 
Particles present in water are characterized by their size distribution, density, shape, and 
surface charge. A comprehensive particulate analysis is a direct approach to investigating the 
influence of particle-associated microorganisms instead of the surrogates of water quality 
parameters, like turbidity and TSS. Currently, the particle counters are able to account for 
particulate number and size distribution. 
 
In wastewater, Berman et al. (1988) reported that the bacteria associated with particles 
(> 7 μm) were 3 to 5 times more resistant than those associated with smaller particles in the 
primary effluent. Homogenisation of the >7 μm fraction increased not only the number of 
< 7 μm particles, but also the rate of inactivation to a level similar to that of the < 7 μm 
fraction. Many researchers (Qualls et al., 1985; Emerick et al., 1999; Dietrich et al., 2003) 
tried to define the so-called critical particle size (CPS) for different target microorganisms 
(e. g. bacteria, virus) with respect to UV inactivation. A general understanding is that any 
particle size below the CPS is not of concern while one with a particle size above the CPS is 
equally significant in the disinfection of the particle-associated microorganisms. All the 
documented experimental studies of CPS, however, have concluded or inferred from the 
divergence of dose-response curves before and after filtration by the known pore size 
membrane. 
 
Comparing the UV dose-response of 10 μm filtered samples with the corresponding unfiltered 
samples in the secondary effluent of five aerobic biological treatment plants, Qualls et al. 
(1985) suggested that the CPS of particles shielding coliform bacteria from UV inactivation 
would be about 10 μm, i. e. all the particles greater than 10 μm diameter might equally 
contribute to that protection. The number of bacteria attached to a single particle varied from 
as little as 5 to 10, to as many as several hundred. Dietrich et al. (2003) concluded that the 
CPS of wastewater particles remained invariant with the varying intensity of UV light (fixed 
dose with changed exposure time) applied to the bulk liquid medium. 
 
Particle size does not appear to be an important factor once the critical size is exceeded, 
because coliform bacteria are located randomly within particles and are not typically located 
in the most shielded regions within particles (Emerick et al., 2000). 
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2.5.8 Limitations of UV inactivation 
 

2.5.8.1 Repair mechanism 
 
Because microorganisms that have been exposed to UV light still retain metabolic functions, 
some are able to repair the damage done by UV light and regain infectivity. Repair of UV 
light-induced DNA damage includes photoreactivation and dark repair (Knudson, 1985). With 
the doses typically used in UV disinfection, microbial repair can be controlled and accounted 
for. 
 
Knudson (1985) reported that photoreactivation had increased the UV dose required to 
achieve a 3 log inactivation of seven Legionella species by a factor of 1.1 to 6.3. 
Photoreactivation also increased the required dose by a factor of 1.2 to 3.5 for the 4 log 
inactivation of twelve species of bacteria (Hoyer, 1998). The indicator bacteria E. coli (ATCC 
11229) had been reported to be capable of photo-repair following LP UV irradiation by a 
number of studies (Harris et al., 1987; Schoenen and Kolch, 1992; Hoyer, 1998; Sommer et 
al., 2000; Zimmer and Slawson, 2002). Furthermore, Zimmer and Slawson (2002) reported 
that E. coli (ATCC 11229) and E. coli O157:H7 were able to effectively photo repair 
themselves up to 2.5 and 2.9 log respectively following a dose of 8 mJ/cm² LP UV irradiation. 
Limited or no photo repair was observed after an MP UV exposure of 5 mJ/cm². The 
photoreactivation of Cryptosporidium parvum was not evident following either LP or MP 
irradiation (Shin et al., 2001; Zimmer and Slawson, 2002). Apparently, the repair mechanism 
can be inhibited by a higher UV dose.  
Dark repair is the repair process that does not require reactivating light; this means that repair 
to damage caused by UV light can occur in the presence or absence of light. For example, 
Knudsen (1985) showed that the required UV dose for one log inactivation of E. coli with 
dark repair was over two orders of magnitude larger than that of the strain without dark repair. 
 

2.5.8.2 Photoreactivation 
 
Photreactivation or photorepair is the cleaving of pyrimidine dimers by the enzyme DNA 
photolyase (Setlow, 1967). The repair mechanism is termed photorepair because exposure of 
the enzyme to light between 310 and 490 nm is needed to activate the enzyme and provide it 
with the energy necessary to split the paired dimers. 
 
Photorepair varies with different microorganism types, species, and strains of a given species. 
The extent of photorepair depends on many factors, including: type of microorganism, degree 
of inactivation, time between exposure to UV light, photoreactivating light, and the nutrient 
state of the microorganism. Although viral DNA does not have the necessary enzymes for 
repair, the photorepair of viral DNA can occur with the use of the enzymes of their host cells. 
However, RNA viruses lack the ability to photorepair in a host cell (Rauth, 1965). 
 
Research by Lindenauer and Darby (1994) reported that the effect of coliform bacteria 
photorepair in wastewater becomes less pronounced as UV dose increases. 
Kelner (1950) reported that E. coli at 37 °C in nutrient broth lost the ability to photorepair 
after 140 minutes in the dark after exposure to UV light (the same time the survivors took to 
attempt cell division). In the same study, cells kept at colder temperatures maintained their 
ability to photorepair for several hours longer. The rate of photorepair is constant with time 
until it reaches saturation, where saturation is defined as the maximum amount of repair 
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possible by the microorganism given its repair ability and the extent of damage. Kashimada et 
al. (1996) reported that the photorepair saturation of E. coli occurs after 2 hours of exposure 
under fluorescent lighting. With exposure to sunlight, however, they reported photorepair 
saturation after only 15 minutes followed by inactivation, attributed to the UV component of 
sunlight. The rate of repair increases with temperature (Kelner, 1950) but is nearly 
independent of the reactivating light intensity (Setlow, 1967), suggesting photorepair is rate 
limited by the enzyme concentration within the microorganisms. 
The nutrient state of the microorganism also impacts its ability to photorepair. Giese et al. 
(1954) reported that a starved strain of paramecium, Colpidium colpoda, needed more 
reactivating light to reach saturation compared to organisms with sufficient nutrients. 
 

2.5.8.3 Dark repair 
 
Dark repair is when repair processes do not need reactivating light. The term is somewhat 
misleading because dark repair can occur in the presence of light and therefore does not need 
dark conditions. The forms of dark repair include: excision repair, recombinational repair, and 
inducible error prone repair. Excision repair, the most common form of dark repair, is an 
enzyme-mediated process.  
 
Based on the difference in UV sensitivity of repair proficient and deficient bacteria, Jagger 
(1967) discovered that dark repair accounts for roughly 99 % of repair. However, the rate at 
which dark repair occurs is unknown. It is possible that microorganisms have undergone dark 
repair prior to the microbial assay, and that dark repair is not detected. As a result, the effects 
of dark repair can be difficult to measure. Unlike bacteria, viruses do not have the enzymes 
necessary for dark repair. However, a virus can repair in the host cell using the host cells' 
enzymes (Rauth, 1965). 
 

2.5.8.4 Environmental impacts of UV disinfection 
 
On the basis of the evidence to date, it appears that the compounds, formed at the UV dosages 
used for the disinfection (50 to 140 mJ/cm²) of wastewater, are harmless or are broken down 
into more innocuous forms. Thus, the disinfection of wastewater with ultraviolet light doesn’t 
haveadverse environmental impacts.  
 

2.5.8.5 By-products of UV irradiation 
 
UV disinfection by-products (DBPs) arise either directly through photochemical reactions or 
indirectly through reactions with products of photochemical reactions.  
 
Several studies have shown low-level formation of degradable, non-regulated DBPs (e. g., 
aldehydes) as a result of applying UV light to wastewater and raw drinking water sources. 
However, a study performed with filtered drinking water indicates no significant change in 
aldehydes, carboxylic acids, or total organic halides (TOX) (Kashinkunti et al., 2003). 
The difference in results can be attributed to the difference in water quality, most notably the 
higher concentration of organic material in raw waters and wastewaters. 
 



Basics ___________________________________________________________________ 45 
 

 

2.6 Summary and research needs 
 

2.6.1 Summary 
 
The use of wastewater in agriculture is a feasible method of nutrient and water recycling. 
Additionally this often reduces downstream environmental impacts on soil and water 
resources. However, with wastewater use for land application, human health risks remain the 
major concern. Therefore, many regulations come out to control the reuse of wastewater in 
irrigation purposes. These regulations, especially (WHO, 2006), allow for the development of 
new treatment technologies, that are adjusted to the local, economic and environmental 
factors and treat wastewater to the required level, often without the need for conventional 
technologies that exist today to treat water to just about any specified quality (Metcalf & 
Eddy, 2003); because high levels of treatment may not always be required or cost effective. 
 
Waste Stabilisation Ponds (WSP) are one kind of low-cost wastewater treatment, and are 
particularly efficient at removing excreted pathogens. WSP fulfill current and proposed 
guideline values for unrestricted irrigation of no more than 1 and 0.1 intestinal nematode eggs 
per litre. This level of pathogen removal is important if applying the treated effluent for 
irrigation purposes, whereas nutrient removal is not an essential condition in this arrangement. 
 
Treatment processes using duckweeds have been approved by the U.S. EPA as an innovative 
alternative technology (Ngo, 1987; Ngo and Poole, 1987). The "Lemna Technology" can 
reduce BOD5 and total suspended solids to comply with stringent discharge requirements, and 
it can eliminate algae and odors as well as reduce nutrients and heavy metals; it is equivalent 
to advanced secondary or tertiary treatment and it consequently deserves further research as a 
promising low-cost wastewater treatment option. 
 
Disinfection for wastewater reclamation is the process of reducing the presence of pathogenic 
organisms to ensure acceptable health protection for the specific type of reuse application. 
Within the basics section, the application of different disinfection technologies like chlorine, 
ozone, and UV light has been compared. Considering relevant criterions like investment 
costs, operation and maintenance efforts, required staff competence, formation of harmful by-
products, and use of harmful chemicals (like chlorine), disinfection by UV light could be 
identified as the most appropriate disinfection technology in this context.  
 
UV light inactivates microorganisms by damaging their DNA or RNA, thereby preventing 
reproduction of the microorganisms. UV dose-response of microorganisms is expressed as 
either log inactivation or log survival. The pattern of UV dose-response curves could be linear 
(first order kinetics) with “shoulder” or “tailing” in the application of water treatment. Several 
factors significantly affect the UV dose-response of microorganisms including the wavelength 
of UV light, UV absorbance and scattering, and the state of microorganisms. Therefore, UV 
disinfection is mainly used following a strict pre-treatment. 
 
Association of particles and microorganisms can have a tremendous effect on disinfection 
processes, rendering the microorganisms more resistant to disinfectants such as UV light. 
Filtration shows a positive result in decreasing the particle associated coliform as well as 
enhances the disinfection. It was observed that lagoon systems had low numbers of coliform-
bacteria-associated particles and thus had low numbers of residual coliform bacteria surviving 
high UV doses, even though they had high suspended solids concentrations (Loge, et al., 
1999). He concluded that in order to reduce the residual concentration of coliform bacteria 
you have to choose or alter treatment processes to reduce the association of coliform bacteria 
with particles. 
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2.6.2 Research needs 
 
As seen above, UV inactivation is an effective barrier to disinfect pathogens within 
wastewater treatment, but some wastewater constituents like suspended solids were able to 
influence the efficacy of UV inactivation in wastewater treatment facilities. 
 
Some emerging questions in this context are: 

� Is it possible to reach the relevant effluent quality for irrigation or land application by 
UV-disinfection of an only semi treated effluent, e. g. of the different treatment-stage 
effluents in biological treatment facilities? 

� Is the usage of UV disinfection promising for effluent of pond-based wastewater 
treatment plants? 

� Is it probable to reach this quality by sedimentation combined with UV disinfection? 
� Could the enlargement of the retention time replace the application of filtration 

technique as a method aim to eliminate the particle associated coliforms? 
� Can the combination of settling process and Macrophytes (Lemna plant in this case) 

improve the effluent parameter in the context of using UV disinfection (better UV-T 
value and fewer particles ….). More research is necessary to explore the impact of 
lemna upon the disinfection process.  

� How does the combination of settling process and Lemna fronds affect the treatment 
process, the dose response curve, and the residual coliforms as well? 

 
In order to answer these questions, my own investigations on UV disinfection have been 
conducted. Treatment plants effluents used for this purposes, and methods followed to discuss 
this points are described fully in the following chapter. 
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3 Experiments with UV for Wastewater Disinfection  
 

3.1 Experimental design and approach 
 
The overall objective was to investigate the UV effectiveness of inactivating indicator 
bacteria in only semi-treated effluents to a level which would allow its reuse for irrigation 
purposes. In contrast to conventional applications of UV disinfection with high-level pre-
treatment of the wastewater to be disinfected, this study focuses on combinations of UV with 
simpler treatment technologies like pond systems and duckweed plant, which would offer 
additional application options for wastewater reuse. To determine the effects of different 
water qualities on the UV efficacy, wastewater from different sources and treatment levels 
should be used for the investigations. 
 
The experimental design and approach included four subsections: 
(1) Sets of preliminary experiments regarding effects of different physical treatments on 

wastewater samples.  
(2) UV bacterial inactivation in different types and grades of treated and semi-treated 

wastewater effluent. 
(3) Study of the factors that affecting UV inactivation.  
(4) The effect of duckweed plants usage in changing the effluent parameters.  
 
Since the absorbance and scattering of UV through the particles present in the wastewater 
was, in the previous studies, the most significant factor that affected UV efficacy, especially 
the inactivation of residual coliform bacteria. The goal of the preliminary experiments was to 
determine a suitable way to increase UV transmittance (UV-T) of the tested effluent without 
“high-tech” techniques. The first series of experiments were settling experiments, in 
laboratory conditions; the elevation of transmittance with the time was statistically calculated 
depending on the retention time.  
 
In the preliminary experiments, changes in UV transmittance and other parameters in 
different wastewater effluents were compared in identical conditions before and after settling 
and filtration with filters of different pore sizes (�12 - 20 μm). In order to calculate the UV 
dose required to achieve a certain inactivation rate of indicator bacteria (Loge et al., 1999), 
turbidity and suspended solids were measured before and after settling.  
 
Bacteria reduction through settling of solids was distinguished in the preliminary settling 
experiments, as well. Two microorganisms were chosen to be observed during the 
experiments, E. coli and Enterococci (compare basics chapter 2.5.4). E. coli represented the 
indicator bacteria used in most international guidelines for wastewater reuse purposes (e. g. 
WHO, 2006). Whereas the Enterococci group was usually chosen as an indicator for UV 
disinfection systems specifically the genus streptococcus faecalis, as the most resistant 
vegetative bacteria (Chang et al., 1985), in addition to their inclusion in the guidelines rules of 
many international regulations (e. g. EU bathing water standards 2006). These 
microorganisms were observed before and after exposure to different UV doses. 
 
Most of the UV disinfection test has been conducted by a continuous flow UV Reactor system 
with a medium-pressure UV lamp. The UV doses were determined depending on the exposure 
time and the average intensity can be determined from the Uridin actinometry process in both 
continuous flow and collimated beam devices It has also been used as a supportive method to 
verify the continuous flow reactor tests. 
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Since there is no universally acceptable definition to differentiate between the terms “UV 
dose” and “delivered UV dose”, both terms are used interchangeably to indicate the UV dose 
delivered to the target samples in UV irradiation reactors. 
 
The last part of the study was settling enhanced with duckweed plants. Using duckweed 
plants (lemna) obtained from the natural flora of stationary wastewater in Gießen treatment 
plant. The samples used were screening stage effluent (SE) high, loaded with nutrients, 
particles and pathogen, a 50 % and a 100 % duckweed cover mat were employed and then 
compared with pots without duckweed cover in identical conditions. Attention was focused 
on the water quality variations of turbidity, UV transmittance, temperature, and electrical 
conductivity. All the mentioned parameters were measured daily. Pathogen reduction in this 
section of the work was not studied because our focus was on better water quality going 
through the UV disinfection system, which is responsible for the inactivation process of the 
effluent. This part was not completed in this study because of time and space limitations, and 
needs to be studied in further research as a prospect for a full-scale purification system. 
 

3.2 Materials and Methods  
 

3.2.1 Sources of the wastewaters 
 
Two types of wastewater were examined, the first type were high loaded wastewater samples 
taken from activated sludge, and trickling filter plants, and the second type were wastewater 
pond plants which were designed for areas with low figures of connected populations like 
rural areas. 
 
Most of the raw wastewater tests were conducted on the crude effluent taken from the Gießen 
treatment plant after a screening stage, whereas the other samples were taken from the 
outflow of every treatment stage in the Gießen sewage plant and the Dorf-Güll pond plant. 
The following sections describe the mentioned plants.  
 

3.2.1.1 Gießen wastewater treatment plant 
Gießen wastewater treatment plant (GTP) follows the activated sludge method in treating its 
wastewater, through the conventional steps. The activated sludge is returned to the aeration 
basins to help maintain the needed amount of microorganism concentration. The residual is 
pumped to the anaerobic digester. 
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Figure 3.1 Treatment steps of Gießen wastewater treatment plant till 2006 
 
Gießen wastewater was still in part applied to a trickling filter until the end of 2006 (FH 
Gießen, laboratory for wastewater science), where some samples could be examined at this 
time. The wastewater then flows by a rotary distributor equipped with spray nozzles to the 
secondary settling tank to be returned in the settling basin to the Lahn River after that. 
 
Table  3.1 Characteristics and design parameters of the Gießen wastewater treatment plant 
 

Connected p.e., completion design 230,000 inhabitants 
Connected p.e., applied approx. 225,000 inhabitants 
Amount of wastewater 25 mio m³ yearly (domestic wastewater + storm water + infiltration water) 
Amount of wastewater 15 mio m³ yearly (Domestic wastewater + infiltration water) 

Amount of wastewater 40,000 - 45,000 m3/d (with dry weather), 300 l/s (with dry weather) to 3,000 l/s 
(with wet weather) interpretation the biology: l,500 l/s 

Amount of wastewater per inhabitant roughly 205 l/d (incl. roughly. 50 % infiltration water) 
Sludge amount 10,000 - 11,000 m3/year with 65 - 70 % water content 
Sludge utilisation agricultural utilisation 
Gas production l.8 mio m3 yearly = approx. 5,000 m3/d 
Amount of screening- und grit 
chamber material 1,500 m3/year 

Energy consumption 5.7 mio kWh/year; approx. 27 kWh per year and inhabitant. 
Gas consumption 400,000 m3/year 
Purification costs of the plant approx. € 20.00 per year and inhabitant (1995) 
Company staff approx. 20 persons 

Data obtained from FH Gießen, laboratory for wastewater science 
 
The experiments were done by using different effluents from the treatment plants as follows: 
 

� Final effluent (FE) effluent. 
� Trickling filter (TF) effluent  
� Grit Chamber (GC) effluent  
� Screening stage effluent (SE) 
� Effluent of different pond plants and from every treatment stage 

 

Inflow 

Screening 

Digested sludge drying 
incineration 

Anaerobic digestion 

Grit Chambers 

Oxidation 

Activated sludge Trickling Filter 

Second Clarifier 
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Further sections in the UV inactivation experiments were the irradiation of the screening stage 
effluent (SE), which was the most investigated effluent, after conducting one or more pre-
treatments on it in the laboratory prior to UV irradiation (sedimentation, filtration, and 
combination of both of them), comparing it with the direct irradiation of the SE without any 
further treatment. 
 
The samples have been taken from the outflow channel of each treatment stage using clean 
buckets thrown into the channel. The samples were then poured into clean bottles, where they 
were then examined in the disinfection reactor just before conducting the disinfection. 
 

3.2.1.2 Dorf-Güll treatment plant 
 
The pond-based Dorf-Güll wastewater treatment plant (DGTP) was completed in 2004 and 
has continuously operated until present day. The layout of the whole plant is given in Figure 
3.2. Raw sewage passes through the screening step to the aeration 5,000 m³ capacity (2.5 m 
deep) pond. This pond is partially mixed, and is equipped with a type of surface aerator which 
supplies oxygen into the middle of the pond. The next pond is a 4,000 m³ capacity (2.5 m 
deep) facultative pond, which is divided into two parts with a partial barrier to keep a partial 
mix and slow velocity for the wastewater in order to let settlement take place. The last pond is 
a 1,100 m³, 1 metre depth maturation pond of, where the last settlement occurs before the 
wastewater is returned to the Lahn River (Figure 3.2, Figure 3.3). 
 
 
 
 
 
 
 

Figure 3.2 Flow scheme of Dorf-Güll wastewater treatment plant 
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Figure 3.3 Pictures of Dorf-Güll wastewater treatment plant; from left to right: aereated pond, 
facultative pond separated by a wall, effluent polishing pond and sludge thickener 

 
 
The geometrical characteristics of this plant are displayed in Table 3.2, whereas the effluent 
characteristics are illustrated in Table 3.3  
 
 
Table 3.2 Characteristics and design parameters of Dorf-Güll wastewater treatment plant 
 

Connected p. e., completion design 3,500 inhabitants 
Connected p. e., applied 2,966 inhabitants 
Maximum amount of wastewater Qmax 525 l/s 
Amount of wastewater 386,704 m³/year (domestic wastewater  

+ storm water + infiltration water) 
Amount of wastewater 267,537 m³/year (domestic wastewater  

+ infiltration water) 
 
 
Table 3.3 Effluent loads of Dorf-Güll wastewater treatment plant 
 

BOD5 6,050 kg/a 
COD 26,616 kg/a 
TN 14,097 kg/a 
TP 1,880 kg/a 
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3.2.1.3 Further wastewater pond plants 
 
Samples from six other pond treatment plant systems were used in the disinfection tests by the 
collimated beam device at WEDECO (today Xylem). These ponds are the following 
 

� Olpe-Oberveischede: consists of three lagoons, the first one, is the only aerated one 
and the last pond is a polishing pond. 

� Olpe-Altenkleusheim’s crease dislodging is the first treatment step before entering the 
first pond, which is the facultative pond without aeration and the last pond is a 
polishing pond.  

� Hamm-Wambeln: the first pond is a sedimentation tank without aeration, and the last 
one is a polishing pond. 

� Greven-Schmedehausen; Sludge trap is the first application in this treatment plant, it 
enters the first pond, which is aerated, the second pond is a facultative pond, and the 
last one is a polishing pond.  

� Lienen-Höster: the effluent is passed in a pit, followed by a facultative pond (not 
aerated), the second pond is similar to the first one, and the third one is supplied with a 
gravel filter. 

� Lichtenau-Kleinenberg: in this pond aeration is supplied to the first and second pond, 
which are followed by two other facultative ponds. The fifth pond is a polishing pond. 

 
The table below shows the design parameters of these ponds  
 
Table  3.2 Geometric characteristics and design parameters of the studied pond plant 

Wastewater pond plant Design capacity Resultant 
wastewater Connected p.e. Average effluent 

 [EW] [l/(d*EW)] [-] [m³/24h] 
Greven-Schmedehausen 1,100 476.34 689 17 

Hamm-Wambeln 300 580.09 131 74 
Lichtenau, Kleinenberg 1,800 418.23 - - 

Lienen-Höster Mark 100 89.87 80 17 
Olpe, Altenkleusheim 900 586.44 1,422 1,272 
Olpe, Oberveischede 900 2,329.11 1,257 648 

 
All samples taken from these ponds were irradiated with a collimated beam device in 
WEDECO (today Xylem) and then compared to the main examined one from Dorf-Güll 
(described in section 3.2.1.2) that was irradiated with the continuous flow UV irradiation 
system in Gießen`s Technical College (Fachhochschule Gießen / Friedberg).  
 

3.2.2 Collection of wastewater samples 
 
A series of experiments was conducted from September 2005 to June 2007 and together there 
were in total 163 series in addition to the duckweed tests. The individual dates of sample 
collection are presented in tables A-1 and A-2 in the annex. 
 
From the Gießen wastewater treatment plant, samples were collected from the incoming 
screened raw sewage, the grit chamber effluent, final effluent of the activated sludge system, 
and effluent from the trickling filter system. At the wastewater pond plants, samples were 
collected from the discharge point of each pond of the treatment plants. 
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The sampling order was first the final effluent followed by the trickling filter, then the grit 
chamber, and finally the crude influent (after the screening stage) for the Gießen treatment 
plant to minimise any effect of contamination of samples from samplers. In the case of pond 
treatment plants, sampling started with the final effluent and ended with the screened influent 
for the same reason. 
 
Samples were collected from the discharge system as shown in Figure 3.4 from the above-
mentioned points of every examined wastewater treatment plants.  
A representative effluent sample of each experiment was collected from the appropriate 
sampling point by dipping the bucket into the flow. The bucket was poured into a container, 
and the process was repeated several times until the container was almost filled to ensure all 
sub samples could be taken from this one sample. These containers were plastic, made with a 
10 to 30 up to a 60 litres capacity (depending on the amount needed for each experiment). All 
sub samples were sterilised then labelled appropriately. A sufficient number of sub samples 
could be collected from a single blended container. Every sub sample was blended again 
before the analysis to satisfy the permit, to provide statistically sound data and give a fair 
representation of the bacteriological quality of the discharge (Csuros et.al., 1999). The 
sampling equipment was cleaned in the laboratory before they were transported to the 
sampling location. During sampling, the buckets and containers were rinsed twice with the 
sampled effluent. 
 

        

Figure 3.4 Technique of sampling  
 
General bacterial analyses were carried out within 1 - 2 hours after sampling and directly 
before the application of any further treatment or irradiation in the laboratory. Chemical and 
physical analyses were carried out in the same day, and when this was not possible, samples 
were stored in the cooler at 4 °C for no longer than 24 hours as described in the Standard 
Method 9060B (APHA et al., 1998). 
 

3.2.3 Execution of microbiological analyses 
 
All glassware that was used for this experiment had been sterilized in the laboratory either via 
autoclave or heated in the hot air oven. 
 
Bacteria parameters such as Total coliforms, Escherichia coli and Enterococci have been 
examined as explained in section 3.1. The method used to detect E. coli and total coliform 
bacteria was the Petrifilm technique, whereas Enterococci was observed using the spread 
plate method. Both methods are described in the following sections. 
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3.2.3.1 Measurement of Total coliforms and E. coli 
 
Coliform bacteria are defined as all aerobic and facultative aerobic, gram-negative, nonspore-
forming rod-shaped bacteria, able to ferment lactose with gas and acid production in 24 hours 
to 48 hours at 35 °C (multiple-tube fermentation technique: section 3.1 in Mack [1997]). 
Although coliform bacteria may originate from a variety of sources and can for instance grow 
in soil (Metcalf & Eddy, 2003), they have traditionally been used as an indicator of fecal 
contamination in resources like water pollution from sewage, because they commonly inhabit 
the intestinal tract of humans. 
 
The faecal coliform bacteria are part of the total coliform group. The major species in this 
group is Escherichia coli (E. coli), a species indicative of faecal pollution and the presence of 
enteric bacteria. E. coli detection is the recommended test for wastewater treatment system 
(Dufour, 1977). 
 
The faecal coliform bacteria, predominantly Escherichia coli, are detected by observing their 
ability to ferment lactose at 44.5 °C. (Dufour, 1977), E. coli are the most common coliform 
among the intestinal flora of warm-blooded animals and therefore more indicative of fecal 
contamination (Rompre et al., 2003). E. coli have shown distinct positive correlations as an 
indicator of waterborne disease. The presence of Escherichia coli in water indicates the 
possible presence of pathogens (Scott, 2002; Dufour, 1977). 
 
The Petrifilm method 
 
The most effective microbiological monitoring for water sources is the simple, rapid, and 
inexpensive determination of the presence of indicator bacteria; so therefore, Petrifilm was 
the method chosen to detect total coliform and E coli bacteria. 
 
In this study the 3M™ Petrifilm method was used, this is based on a dry nutrient medium with 
an indicator system and therefore can be used immediately, without further preparation. Due 
to the simplicity and sensitivity of this system, the Petrifilm method was the method chosen to 
the method of observation for both total coliform and E. coli in this study. 
 
Like the spread plate technique, 1 ml of the wastewater sample can be pipette onto the centre 
of the bottom perpendicular to Petrifilm plate, while the top film should be rolled down 
carefully to avoid entrapping air bubbles. Pressure should be gently applied on the spreader to 
distribute inoculums over a circular area before the gel is formed. Petrifilm should be 
incubated for the coliform group at 35 °C and for E. coli at 44.5 °C. 
 
Coliform colonies growing on the Petrifilm EC plate produce acid, which causes the pH 
indicator to make the gel turn the colour dark red. Gas trapped around red coliform colonies 
indicates confirmed coliforms, while E. coli appears in blue. Two kinds of Petrifilm were 
used, Petrifilm and Coliform, count for the identification of both coliform and E. coli, these 
plates were used just in the first series of experiments. In the following series of experiments 
it was sufficient to detect the E. coli group because it is the most used indicator in almost all 
of the new versions of guidlines for wastewater reuse (WHO, 2006) and EU directive for 
bathing water guidelines (EU, 2006). Therefore, different plates were used, and these are 
Selective E. coli Count plates. 



Experiments with UV for Wastewater Desinfection ________________________________ 55 
 

 

Figure 3.5 shows E. coli colonies in blue as they grow on the selective E. coli count plate. 
 

  

Figure 3.5 Selective E. coli count plate. 
 
In order to assess the validity of Petrifilm plate, side-by-side tests were conducted at Silliker 
Laboratories (Matner, 1990) comparing the Petrifilm plate and the MPN test method, which is 
described in detail in the Standard Method (APHA, 1992; Bast, 1999). In many cases, the 
Petrifilm method recovered far more bacteria from the sample than were recovered by the 
MPN method. The overall results from this comparison are: 
 

� MPN estimated count did not accurately reflect the actual bacterial count. 
� MPN method is somewhat more sensitive, however is less accurate. 
� Petrifilm plate methods offer a more accurate alternative to the MPN. 

 
Bühler et al. (1993) also supports the excellent sensitivity and other qualities of the 3M™ 
Petrifilm. The 3M™ Petrifilm method was compared with another reference method, the 
membrane filter method (Baumgartner, et al. 1993), and found the study found that Petri film 
can be recommended for counting E. coli in water and drinking water. 
 

3.2.3.2 Measurement of Enterococci 
 
The gram-positive Enterococci are commonly found in the intestinal tracts of humans and 
other animals (Clausen et al., 1977). These bacteria were selected to be observed in this study 
for two main reasons, first they are able to survive in a similar range of conditions as 
waterborne pathogenic bacteria (Richardson et al., 1991), especially certain Enterococci such 
as Streptococcus faecalis. The Enterococci group of coliform bacteria is a subgroup of fecal 
streptococci and is made up of a total of five species. This microorganism is considered more 
representative of human fecal pollution than other Streptococci (Toranzos and McFeters, 
1997). In addition, fecal streptococcus has also shown a strong correlation as an indicator of 
pathogen presence (Scott, 2002). Secondly, they were chosen because they are presented in 
the last WHO Standards edition for the reuse of wastewater for irrigation and land reuse 
(2006).  
 
However, one potential limitation does exist in the use of Enterococci as an indicator 
organism. It is known that reservoirs of the bacteria exist in the environment and they can 
readily reproduce once they are introduced into an environment (Scott, 2002). Therefore, it 
was chosen to detect both the E. coli and Enterococci in this study, which would assure the 
disinfection result in the experiments and conformation to the latest edition of WHO 
standards. 
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Spread Plate Technique was used for the detection of Enterococci with the solid agar as 
described in Standard Methods (Standard Methods, 1992). Growth media was Kanamycin 
Aesculin Azide Agar (KANA) manufacturer “Sigma Aldrich”, which is widely used in 
different fields of food microbiology. KANA contains sodium aside and kanamycin as 
selective agents. The targeted organisms hydrolyse Esculin, which leads to the formation of 
black haloes around the colonies. The media was obtained from Fulka, and was prepared 
according to manufacturer directions. 
 
The Petri dishes were vaccinated using a 1ml pipette while the sampled water would be 
pipette onto the agar and spread. Then they were incubated at 35 °C for 18 - 24 hours, and 
after that the colonies with the black haloes (Figure 3.6) were counted. The enumeration 
results for the spread plate method are expressed as a concentration in units of CFU/ml. 
 

  

Figure 3.6 Enterococci bacteria as black haloes on the KANA agar 
 
At least three dilutions of each sample, and three replicates, were analysed to provide final 
counts. Statistical analysis of data was done by means of Microsoft Excel and SPSS a 
program available from LEAD technology Inc. 
 

3.2.4 Measured water quality parameters 
 
To determine the water quality of the samples, the following parameters have been measured 
in this study:  
 
� Chemical oxygen demand (COD) was measured as described in DIN ISO 15705 H45 (DIN 

38 409 H41, H43, H44), using Dr. Lange photometer and Dr. Lange analysis kits in mg/l; 
� Total nitrogen (TN), and total phosphate, all were photometric analysed as described 

before; 
� Total solids (TS), total suspended solids (TSS) and total disolved solids (TDS) with TSS + 

TDS = TS, were measured in mg/l as described in (DIN 38 409 H1, H2 and H3); 
� pH value, temperature, and electrical conductivity (EC) were measured using a Dr Lange 

pH metre (ION 500). After using the pH metre, the electrode was stored in storage solution 
provided by the manufacturer. 

� Turbidity was measured with Hach Ratio/XR turbidimeter (Model 2100P) in 
nephelometric turbidity units (NTU). Great care was taken to have clean and smooth 
surface of the turbidity measuring cells. 

� UV transmittance (resp. UV absorbance) has been measured at a wavelength of 254 nm 
with 1 cm quartz cells by a Shimadzu UV-601 UV spectrophotometer. The MilliQ water 
(Millipore) was used as blank. The pH value was not adjusted and measurement was 
carried out at room temperature without pre-filtration to the sample. Christensen and 
Linden (2001) recommended that UV absorbance measurement can be made without 
filtering the sample. 
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3.2.5 Description of the UV irradiation reactor 
 

3.2.5.1 Pilot system set-up 
 
A pilot UV-disinfection unit with a continuous flow reactor (CFR) was used for this test. It 
consists of a pump with a maximum capacity of 144 m³/h connected to a plastic made 
chamber where the UV lamp was installed, the connection was done with the use of plastic 
hose-pipes in order to create a circular flow in the tested wastewater. The sample was pumped 
into the irradiation chamber and flowed down through the pump in the hosepipes to then be 
re-pumped into the irradiation chamber again, and so on until the maximum required 
delivered UV dose was reached (see Figure 3.7). The sample was then discharged using the 
outlet, and a new sample was filled from the sample collection point (see Figure 3.7). 
However, it was cleaned beforehand by using hypochlorite solution (150 μl per 600 ml) for a 
contact time of 5 minute, after that distilled water was used several times for a 20 minute long 
contact time in order to rinse the residual hypo-chloride from the system. Every time before 
using the system, the system was washed with the examined sample and a new 600 ml of this 
sample was filled fresh in the system to be irradiated. 
 

 
Figure 3.7 An overview of the pilot plant 
 
The UV lamp used for this test was a UVC-LPS9 with a low-pressure high intensity 
spectrometry. The low-pressure mercury arc lamp (manufacturer: Radium Lampenwerk 
Wipperfürth, nominal length: 240 mm, diameter: 35 mm) is enclosed in a tubular processing 
chamber (volume: 480 ml). A surrounding thin layer of quartz glass shields the lamp from the 
sample that flows parallel to the orientation of the lamp. Its energy consumption is 9 Watt, of 
which 2 Watt is emitted at 254 nm, the relevant wavelength for bacteria inactivation. 
Although previous studies showed that no fouling of quartz sleeves occurs within the testing 
period, we tried to wipe it before every test to ensure stable conditions during the entire 
testing period. 

Sample 
collection point 

Reactor 

Pump 

Irradiation 
Chamber 

Outlet



58  ________________________________________________________________ Chapter 3 
 

 

3.2.5.2 General test arrangement 
 
The UV reactor was turned on outside the system for 15 minutes before starting any of the 
irradiation experiments. While the wastewater sample is fed into the chamber from the 
samples collection-point (Figure 3.7), the pump runs at the same time in order to release the 
water into the pipes to fill the system.  
 
The first sample (the blank test) was collected from the 600 ml wastewater sample as soon as 
it flowed through the entire system several times in the absence of a UV reactor, in order to 
insure the homogenisation of the sample and to get rid of any remaining air bubbles in the 
system. The stopwatch was switched on as soon as the UV reactor was inserted in the system 
to calculate the first delivered UV dose. 
 
Since the 600 ml samples needed 15 seconds to finish one circulation through the entire 
system that contained the UV reactor, at the chosen flow rate of 144 m³/h, the second sample 
(which is the first irradiated one) was then taken after 15 seconds. The third one was taken 
after 30 seconds, and so on until the maximum required UV dose was reached. The last 
sample was collected after the UV-lamp was switched off. The whole Process was repeated 
for every tested wastewater type three times or more depending on the experiments 
circumstances. These samples were examined in round about 1 hour after the irradiation 
process. 
 

3.2.5.3 Sampling procedure 
 
The sampling point was in the irradiation chamber, where a 10 ml sample was taken by sterile 
pipettes and fed into sterile tubes. Dilutions were made if needed. Triplicate determination 
was made for both types of bacteria E. coli, Enterococci, and Total coliform. Total coliform 
was just observed in the first months of the research, after that E. coli was considered a 
sufficient indicator for the coliform group as it was recommended in the international 
guidelines (WHO, 2006), for the reasons that are described in this section. Bacterial tests, for 
the above-mentioned bacteria, were conducted upon the irradiated samples within 3 hours 
after the irradiation process. 
 
Based on the type of the irradiated wastewater and the UV transmittance of this effluent type, 
the number of the irradiated samples with different delivered UV doses varied in each 
experiment. There were about 5 to 8 different irradiated samples with different delivered UV 
doses plus the blank sample. For example, when the observed effluent has a little UV 
transmittance value, the number of gained samples will increase to 8 tests. Likewise, when the 
UV-T is high for the chosen wastewater type, 5 irradiated samples are used to reach our target 
value. This is because the required disinfection can be obtained earlier and a sufficient UV 
dose could be reached in the fifth sample. 
 
Every experiment was a series of 5 to 8 irradiated samples. There are 163 series of irradiation 
experiments of different water qualities. 
 

� screening stage effluent, 89 irradiated samples + 36 blank tests  
� first pond outflow effluent, 67 irradiated samples + 14 blank tests  
� second pond outflow effluent, 58 irradiated + 14 blank tests 
�  effluent of pond plant, 59 irradiated samples+ 14 blank tests 
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� other pond effluents, 44 irradiated samples ] 2 blank tests 
� grit chamber outflow effluent, 27 irradiated samples + 6 blank tests 
� trickling filter outflow, 15 irradiated samples + 2 blank tests 
� effluent activated sludge plant, 28 irradiated samples + 4 blank tests 
� 30 min sedimentation of screened raw sewage, 35 irradiated samples + 22 blank tests 
� 30 min sedimentation followed by filtration, 16 irradiated samples + 11 blank tests 
� 24 hours sedimentation followed by filtration, 16 irradiated samples + 10 blank tests 
� other combinations of sedimentation and filtration of screened raw sewage, 

20 irradiated samples + 7 blank tests. 
 

3.2.5.4 Selection of UV efficiency curves and dose calculation 
 
UV dose distribution in a continuous flow UV reactor is subjected to non-ideal hydraulic 
characteristics and non-uniform intensity profiles within the reactor. Ideally, all target 
microorganisms passing through the reactor will receive the identical dose only if the reactor 
is plug flow with complete mixing perpendicular to that plug flow, which does not generally 
exist in a real UV reactor. There are two methods to estimate the delivered UV dose in a 
reactor: 
� One is the so-called reduction equivalent dose (RED) based on biodosimetry (Qualls 

and Johnson, 1983), which is defined by measuring the inactivation level of a challenge 
microorganism with a known UV dose-response. Hence, the RED for a UV reactor is 
equal to the UV dose that achieves the same inactivation level of the challenge 
microorganism in a collimated beam apparatus (see section 2.5.2.1) during the 
biodosimetry testing. 

� Another approach is to employ Computational Fluid Dynamics modelling to determine 
the hydraulic characteristics of a UV reactor, and then integrate this information with 
the UV dose determination. 

 
Since a bench-scale collimated beam apparatus was not available for most of the experiments 
in this study, fundamental principles, equations, and calculation database of UV dose 
determination with respect to the specific hydraulic characteristics of the used UV reactor in 
calibration with collimated beam apparatus were followed, and are listed and detailed in the 
following sections. 
 

3.2.5.5 UV doses calculation 
 

3.2.5.5.1 Reactor performance 
 
Basillus subtilles spores were used as UV indicator bacteria in order to calibrate the 
inactivating efficacy of the continuous flow system. A comparison test was conducted 
between the collimated beam devise in Bonn University with the reactor in Fachhochschule 
Gießen which was used for most of the following experiments. 
The reactor was capable of inactivating the mentioned spores using higher UV doses than 
those applied in the Bonn university collimated beam device.  
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Figure 3.8 Bacillus subtilis reduction versus UV Dose in collimated beam device and continuous stream 

reactor 
 
A 1,200 J/m² UV dose is enough to produce almost 5 log units in reduction of B. subtillis 
bacteria using a collimated beam device, while the same UV dose in the continuous flow 
reactor reduces roughly 3.5 log units of the same bacteria. The reactor in Giessen showed to 
have lower lamp power than that in Bonn (13 Watt and 17 Watt respectively) Further 
calculations were followed according to the B.subtillis reactivation test and are shown in the 
following sections.  
 

3.2.5.5.2 Lamp behavior and the resulting UV dose 
 
In the first experiments, the UV lamp was turned on as the tested effluent was already fed into 
the system. This meant that the irradiation started as the UV reactor had not yet reached its 
steady output. This forced us to calculate the delivered UV dose in an integral way. 
 
According to the manufacturer, the reactor needs 60 seconds to achieve 80 % of its output. 
Based on this fact, the intensity on the surface of the reactor increases with the time until it 
reaches a steady level after 60 seconds, for that reason the reactor shows e-function behavior 
when switched on. In general the output of the reactor can be calculated at a specific time as 
following: 
 
Equation  3.1 
 
 
Where: f(t) = output of the reactor at a specific time 
 t = time in seconds 
   = time constant  
 
To calculate the time constant, 80 % can be placed for the output of the reactor after 60 sec, 
because the flow rate achieves a steady level after t = 60 s. 
 
Equation  3.2 
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After disintegrating   can be calculated as follows: 
 
Equation  3.3 

 
 
This time constant of the lamp can be used to calculate the intensity of the reactor in every 
time of operation. The UV dose of the reactor can be calculated from time it is turned on until 
it reaches its constant output through the following integration  
 
Equation  3.4 
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Where: IAverage = average intensity that reaches the sample W/m² 

 dt = time in seconds 
 

3.2.5.5.3 Arithmetical applied intensity in the system (hydraulic calculations) 
 
In a continuous flow system, the contact between the radiator and the sample is limited to the 
irradiation chamber. While the whole sample (which is 600 ml) runs in a 15 second 
circulation time through the hosepipes too, where no irradiation exists. Consequently 
irradiance calculation have to take into consideration the reactor’s volume in relation to the 
whole volume of the system (irradiation chamber plus hosepipes). 
 
The volume in the whole system, after being emptied and measured, equalled 600 cm2, where 
the irradiated volume in the irradiation chamber was a measure of the volume around the 
reactor, 
 
Equation  3.5 

 
 
Where: ra = radius of the cylinder 
 rr = radius of the radiator 
 
The irradiation is then reduced by the factor 69/600 = 0.115. The quartz glass has a radius of 
rradiator = 1.6 cm (diameter 3.2) and 13.3 cm is the length of the free radiator. The surface of 
the quartz glass is therefore: 
 
Equation  3.6 

21342 cmlrA radiatorradiatorradiator 	���	 �  
 
The UVC-output of the merged radiator UVC-PSL 9 that was used for these experiments was 
manufactured by the firm Radium. According to the manufacturer, S = 2 W = 2,000 mW. 
According to all of the above data, the intensity on the surface of the radiator is in the result: 
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Equation 3.7 

 
 

3.2.5.5.4  Estimated average intensity 
 
The investigation of the applied intensity in the continuous flow system that reaches the 
sample’s surface can be conducted depending on the approach that is represented in Oberg 
worksheet (Oberg, 1995). 
 
The intensity in thisa kind of reactor is essentially affected by two factors, the reduction in the 
intensity occurs because of the increasing distance from the source of radiation, secondly, the 
absorption of the UV light in the irradiated water sample (Lambert-Beer law is accepted in 
this case). Considering these two factors the UV-intensity in the reactor can be calculated as 
follows. 
 
Equation  3.8 
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Where: I(r) = Intensity in the reactor mW/cm² 
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 S = Lamp output [mW] 
 r = Radius of the cylinder [cm] 
 Tw = UV-transmission of irradiated water [%] 
 TQp = Transmission of the quartz pipe [%] (ca. 90 %) 
 l = Length of the reactor [cm] 
 
For the estimating of average intensity (IEstimated): 
 
 
Equation  3.9 
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After the insertion of (r) and the integration remains: 
 
 
Equation  3.10 
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To estimate the applied UV intensity, depending on the flow system’s data, the following 
values were set in Equation  3.10: 
 
 S = 2,000 mW (UVC-output of the reactor UVC-PSL 9 according to the factsheet: 

2 W) 
 Tw = 85 % (the initiation absorption value of the uridin solution A0 = 0.07 (for 

0.5 cm thickness) corresponded to a Transmittance of T = 10-A � 100 = 85.1 %) 
 TQg = 100 % (depending on the manufacturer the UVC-output is the output outside 

the Quartz glass, there is no need for a reduction factor) 
 ri = 1.6 cm (outside the reactor : 3.2 cm) 
 ra = 2.05 cm (inside the reactor: 4.1 cm) 
 l = 13.3 cm 
 
Equation  3.11 

 
 

3.2.5.5.5 Actinometrically defined intensity 
 
A collimated beam device (CBD) manufactured by WEDECO AG (today Xylem), 
conforming to the DVGW W 294 Standard (DVGW 2006) was used for some of the pond 
wastewater treatment plant tests. It was calibrated using a modification of the procedures 
(Actinometry) in Appendix A of DVGW W 294 of October 1997 (DVGW 1997; note: the 
W 294 issue of 1997 was replaced by the 2006 issue, but the appendix about actinometry is no 
longer included in the new issue), as well as the continuous flow system. Explanations and a 
picture of the CBD is provided in section 2.5.2.1. 
 
In the collimated beam devise, 300 ml of 7-μM solution of uridin in PH 7 phosphate puffer 
solution was irradiated in a glass petri dish of 0.2 m diameter, positioned 0.230 m below the 
collimated beam tube. Irradiation times were chosen to ensure that there was a 90 % reduction 
in uridin concentration.  
 
The same calibration was conducted for the continuous flow system that was used for most of 
the experiments; in order to measure the average applied intensity that was delivered to the 
sample, the same concentration of (7 μM) uridin was used in 600 ml phosphate puffer flows 
in the system. The probable total required irradiation time for the actinometry tmax can be 
determined from the estimated intensity value of the reactor that reached the medium IEst and 
the proportional factor F = 2.95*104 J/m².  
 
In order to determine the tmax, the estimated intensity value (see Equation  3.11) should be 
reduced by a factor in consideration of the reactor and total volume proportion. 
 

 
 
Depending on the resulted tmax, actinometry processes took place in this case (the continuous 
flow system), over four time intervals of 10 minutes for each one. The residual concentration 
of uridin was measured by transferring a sample of the irradiated solution to a 1 cm quartz 
cuvette and measured the absorbance at 262 nm in the spectrophotometer.  
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Values of absorbance measured at successive irradiation times were obtained, A0, A1, A2, 
A3…An. A graph was constructed of log (A1/A0), log (A3/A0)…log (An/A0) against irradiation 
time in seconds and the line extended to cross the X axis where 90 % (1 log) reduction in 
uridin concentration occurred. This value T90 was used to calculate the irradiance (average 
intensity) at the sample surface in W/m² based on Equation  3.12: 
 
Equation  3.12 

 
 
Where: Iaverage = average intensity that reached the sample, W/m2 

 Q = quantum energy at 253.7 nm 
 �  = molar absorption coefficient for the uridin at 253.7 nm= 841 m2/mol 

 decay�  = quantum yield for the decomposition of uridin = 0.019 
 t90 = time for 90 % decomposition which is 2,120 s 
 
Equation  3.13 
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�
 

 
Where: NA = Avogadro’s Number,  
 h = Planck constant [J�s], 
 c = speed of light [ms-1] 
 �  = wavelength [m]. 
 
In order to achieve a lower delivered UV dose in the continuous flow system, the lamp was 
covered, and therefore a 5 cm long reactor was achieved, resulting in an average intensity of 
7 W/m2 according to the Equation  3.12. 
 

3.2.5.6 UV dose response curve 
 
As part of the bacteriological sampling programme, site-specific UV disinfection systems 
performance data was recorded against each effluent sample. Data was derived from the UV 
system and a record was made at the time of sampling. The onsite data requirements 
demonstrate the efficacy of the UV disinfection system against the sample results. 
To derive a UV dose response curve (DRC) for the studied bacteria in the system, the 
validation process determines the log inactivation achieved for a specific pathogen and relates 
it to the operating conditions at the time of the testing. 
In the continuous flow system of this study, 600 ml of treated or semi treated effluent from 
the selected sites were irradiated, and sampling started with the lowest UV dose that was 
obtained for 15 seconds circulation time for the effluent inside the system, and after covering 
part of the radiator, resulting in a delivered UV dose of… 
 
Equation  3.14 

UV dose = t* Iaverage=15*7= 105 J/m2 
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The effluent flows continuously to allow another sampling after 30 seconds operation time, 
the irradiated sample had a UV dose of 210 J/m2. The sampling operation was repeated in 
equal time intervals to get irradiated samples with increased UV doses through the time 
period double, triple and so on, until the highest required dose is achieved. The irradiated 
samples were examined as described in the section 3.2.3.1. An example of the table obtained 
in one operation of the irradiation process is represented in the Table  3.3. For the collimated 
beam device, after the irradiance was obtained, the irradiance times were calculated to obtain 
a series of UV doses from 50 to approximately 1,000 J/m2.  
 
Table  3.3 An example of the table obtained in the irradiation process of outflow of first pond of Dorf-

Güll pond on 22.05.2007 

Test no. Time [sec] 
Intensity 
[W/m²] UV Dose [J/m²] E. coli [CFU/ml]

Enterococci 
[CFU/ml] 

T0 0 7 0 2,233 287 
T1 15 7 105 110 40 
T2 30 7 210 13 6 
T3 60 7 420 2 3 
T4 90 7 630 1 0 

 
The log reduction through UV reactor was plotted against the actual UV dose delivered to the 
sample, to generate a UV dose response curve (DRC) for each site (see Figure 3.9). 
 

 
 
Figure 3.9 A dose response curve (DRC) of log reduction of E. coli and Enterococci against the applied 

UV dose of the outflow of a first pond of Dorf-Güll treatment plant on 22.05.2007 
 

3.2.6 Recontamination tests 
 
Some recontamination tests (9 series of experiments) were conducted in the first quarter of the 
research, from December 2005 until February 2006, for the settling experiments and the pond 
effluent from every stage of the Dorf-Güll pond treatment plant. All of the observed samples 
were irradiated with high UV doses and then poured into sterile glass bottles to be stored in 
dark inaccessible places, to prevent the photo-reactivation process in room temperature of 
20 °C. 
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The samples were examined as they were poured into bottles and then further examined after 
24 hours for a maximum period of 16 days. The E. coli bacteria and Enterococci group 
growth were observed for this purpose. The observation of recontamination tests were 
followed as the one described in Oberg worksheet (Oberg, 1995). 

3.2.7 Wastewater retention test procedure 
 
Wastewater samples were collected from the after screening stage influent of Gießen 
treatment plant, and the sample was then put into containers. These containers were rinsed 
with water and then distilled water. Sterilisation of these containers was not possible because 
of technical reasons. The first examination of the sample before the sedimentation process 
was conducted as they fed into the containers and were mixed well. 
 

3.2.7.1 Imhoff cone pretests for settling experiments 
 
Imhoff cones were pre tests for the settling process, where four cones were fed with after 
screening stage influent (from GTP)These cones are 1,000 mm long and are graduated, so that 
it was possible to measure the sediment in the bottom of the sample with the time in minutes. 
The test lasted for 24 hours. 
 

3.2.7.2 Tests in containers 
 
Containers of 30 litres volume were used for these experiments with a room temperature of 
20 C. They were filled in duplicate containers. They were rinsed earliest with water before the 
sampling process, and then fed with the GTP after screening stage influent to be transported 
to the laboratory within 10 min from the sampling point.  
 
The first tested samples were taken in the laboratory after that the containers were well 
shacked. Three parallels were taken from each container in every stage of the sedimentation 
process. They were taken in sterilized glass bottles of 1,000 ml capacity. Samples were 
collected from the containers by dispersing the sterile Erlenmeyer or glass bottle in the 
container then opening it within the effluent to prevent any kind of contamination while 
sampling, as described in the standard method for the sampling method from lakes or shallow 
wells (APHA, 1998; Csuros, 1999). One of the parallels gained from each of the containers 
was used to wash out the continuous flow reactor before using the second parallel in the 
irradiation process, whereas the third one was used for the other water parameters observation 
(chemical and physical analysis). 
 
Disinfection processes were made for the sample before settling and at the selected settling 
time. DRCs were derived for every irradiated sample. Times of sampling for the disinfection 
process were chosen, depending on the Imhof cone pre–experiments, after 30 min settling 
time, then after 3 till 6 hours based on the course of the experiments, and after 24 hours. This 
series of experiments lasted from the end of November 2005 until February 2006 including 
the control experiments which were run without subsequent irradiation.  
 
Every single experiment lasted for approximately 15 days. Samples were chemical and 
microbiological analyzed (as described in the sections 3.2.3.and 3.2.4) and compared with the 
blank sample of each experiment. They irradiated and observed as described in section 
3.2.5.6. 
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3.2.7.3 Settling and filtration 
 
The corresponding “particle-free” samples were prepared by filtration of screening stage 
effluent (SE), resulting in a set of filtered and unfiltered samples for the same source of water. 
There is no broadly accepted pore size for filtration and many researchers used 7 - 10 �m for 
wastewater samples based on the concept of critical particle size (see section 2.5.7.2). In this 
study, the filter with pore size of 12 - 20 μm was the one that used in almost all filtration 
experiments. 
 
As pre-filtration experiments, two of smaller pore size filters (6 - 8 μm and 2 μm) were 
examined, they showed no significant improvement in the effluent in comparison with the 
filtered effluent using the 12 - 20 μm filters. 
 
The same procedure for the settling tests was carried out for the series of filtration 
experiments. After 30 min settling time and after 24 hours settling time were the chosen time 
intervals for settling to be filtered. In some experiments 3 hours settled samples were filtered 
too. Filtration of the samples was conducted as follows: 

� 12 μm filter papers were used for this purpose; the filters were rinsed with distilled 
water before use (Csoures, 1998). 

� Filtration was conducted using a sterile filter apparatus supplied with vacuum to 
enhance the operation. The vacuum was turned on as the sample was poured through 
the filter in the sterile glass Erlenmeyer.  

� The samples were then kept in sterile glass bottles of 1,000 ml capacity. 
� Three parallels were gained for the filtered samples, and another three were sampled 

without conducting a filtration upon them for every chosen settling time (0.30 min, 
3 hours, and 24 hours). This was done to ensure reliance comparison between blank, 
settled samples and filtered one. 

 
All samples were chemically and microbiologically analyzed as in the settling tests. 
Irradiation process was carried out as described in the section 3.2.5.6. The continuous flow 
system was disinfected with hypochlorite then flushed out with distilled water and then with 
the observed sample before every single irradiation process before the irradiation process of 
this sample. 
 

3.2.8 Duckweed enhanced settling 
 

3.2.8.1 General approach for the duckweed experiments 
 
For the experiments with duckweed, the plants were collected from Gießen wastewater 
treatment plant, from further basins with steady effluent. The collected plants were then kept 
in the laboratory and cultivated indoor in a plastic vessel with a depth of 25 cm and length of 
120 cm containing around 20 litres of their original effluent which was collected from the 
same basin. The cultivation was chosen using wastewater influent because these plants are 
unable to maintain their normal health in solutions containing only mineral salts. When 
supplied with organic substances they rapidly increase in number, remaining at the same time 
perfectly healthy (Bottomley, 1920) as in the wastewater influent. 
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From this duckweed farm, duckweed fronds were collected and placed into test pots and 
containers. These test pots and containers were then used for the different duckweed 
experiments. These experiments lasted from March until end of May 2007. Five containers of 
10 litres capacity and six pots of 1 litre capacity were used, three of each located in the nature 
conditions (outside), where two containers and three other pots were located in the room 
temperature inside the laboratory (see Figure 3.10). 
 

    
Figure 3.10 Location of the outside placed samples (left picture) and the inside placed one (right picture) 
 
In the test pots and containers the same weight of duckweed fronds were added in order to get 
two series of the experiments, one at a stable room temperature and the other outside in 
natural atmosphere. The duckweed fronds were distributed in the pots and the containers as 
follows: 
 

� One of the pots and one of the containers in each location was a control sample 
without any duckweed addition.  

� One pot and one container in both locations had a 50 % surface cover of duckweed 
fronds. This percentage of surface cover was used after a consultation from the 
technical director of Lemna Tec Firm Matthias Eberius, who has performed many 
studies upon duckweed and claims that in this percent duckweed can give better 
improvement in wastewater purification than when the surface is covered completely. 

� One of the pots in each location was covered completely with duckweed, in order to 
try the effect of full coverage of the fronds upon the influent quality. One outside 
container as well had this full coverage. 

 
All containers and pots were wrapped with aluminum paper to prevent the penetration of the 
light through them in the effluent, and to prevent any effect from the difference in color 
between the containers. 
 

3.2.8.2 Sampling and selection of duckweed 
 
At present, mixed cultures appears to be preferable in monoculture to insure the best yield on 
a yearly basis (Dudley et al., 1981). Therefore, duckweed mixture was collected from nature 
in order to increase the probability of the adaptation of duckweed with the influent used in the 
test.  
The vessels where the duckweed samples were cultivated were placed in the sunlight and 
were fed with fresh influent weekly or when needed, to ensure a steady cultivation rate for the 
duckweed. Harvesting from this culture was conducted as a new experiment was run.  
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For this purpose a clean sieve was used, then the collected plants were rinsed out with water 
to be dried for 15 min, they were then weighed to get the dry weight of the added plant in 
each pot. The method was run after a consultation from the technical director of Lemna Tec 
Firm, Matthias Eberius. 
 
The pots with more than 7 litres effluent (which are referred to as containers) had a diameter 
of 27 cm and a depth between 25 - 29.5 cm which differ depending on the sample quantity in 
each unique test, where in the 1,000 ml glass pots they had a diameter of 10 cm and depth of 
almost 13 cm.  
 

3.2.8.3 Test procedure 
 
All test pots and containers used for these experiments were cleaned and rinsed thoroughly 
with water and then with the sample. They were then filled equally with a fresh after 
screening stage sample, where in the containers, 5 to 8 litres of the sample were filled 
(depending on the sufficiency of the original sample amount that was taken from Gießen 
treatment plant to be equally distributed in the containers). Using this same process the small 
glass pots were filled with 500 to 1,000 ml of sample. Then the pots were filled and supplied 
each with the specific cover and weight of duckweed. 
 
Three small pots were placed inside the laboratory in a room temperature of 20 °C, and three 
were placed outside in the natural condition. One in each location was a blank pot without any 
duckweed addition, one in each location had 50 %, Duckweed cover, and one in each location 
had the 100 % duckweed cover. The containers were kept in the same position, except for the 
inside container with 100 % coverage of duckweed, because of technical conditions. 
 
Relevant parameters like pH, temperature, turbidity and transmittance were measured daily 
for 9 to 16 days depending on the course of every experiment, and the improvement of the 
measured parameters. The parameters were measured as described in the section 3.2.4. This 
experiment was repeated for the containers 4 times and for the pots 8 times for the inside and 
outside-conditions. 
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4 Results and Discussion 
 
 

4.1 Results and discussion of preliminary experiments 
 

4.1.1 Introduction 
 
The removal of nutrients from wastewater is unnecessary when the wastewater is reused for 
irrigation purposes; therefore, the treatment concept focuses on two main steps, which have 
been identified to be sufficient to produce irrigation water of the WHO water quality for 
unrestricted irrigation:  
 

� mechanical purification of the influent (to remove grit and organic matter in order to 
avoid odorous and aesthetic problems with the irrigation and as pre-treatment for the 
subsequent disinfection),  

� appropriate wastewater disinfection which is UV irradiation in this case (in order to 
avoid health risks through pathogens contained in the irrigation water) (Rudolph et al., 
2007). 

 
Since sedimentation was chosen as an ideal pre-treatment in terms of reduction of helminthes 
eggs and disruptive particles for the subsequent disinfection using UV continuous flow 
reactor, it was necessary to monitor the variation through storing the wastewater sample for 
several days. This is relevant to UV disinfection methods, particularly transmittance variation, 
as well as turbidity and suspended solids which are basically removed through filtration, 
sedimentation, or coagulation. The same observations were made before testing the effect of 
the combination between sedimentation and filtration. This testing was done to compare the 
efficacy of improving the water parameter before using UV as a subsequent disinfection 
method, and to certify the validation of sedimentation as a sufficient low priced pre-treatment 
for the reuse purpose in wastewater reutilisation for land application. In particular, the land 
application of reclaimed wastewater is a concern in developing countries. Therefore, a low 
cost treatment plant is a crucial need in those countries. 
 
Bacteria reduction and nutrient variation were observed as well. In order to have an 
experimental survey of the variations of these two issues over the time of storage all 
observations were conducted after the screening stage effluent (SE) of Gießen treatment plant. 
In the following sections, the test results are shown in detail. 
 

4.1.2  Effluent quality variations by settling and/or filtration 
 
To compare the effect of sedimentation and filtration upon the wastewater sample and to 
choose the best filter after considering economic conditions and simplicity of use, several 
tests with settling and filtration have been conducted with the wastewater from different 
sources, as described in section 3.2.1. 
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The following is a comparison between the resulted TS amount, COD, and turbidity of  
 

� First, the screening stage effluent (SE) of Gießen treatment plant, 
� Second, the (SE) effluent after filtration using different pore-size filters,  
� Third, the (SE) effluent after sedimentation for 30 min retention time. 

 
Figure 4.1 shows these parameters for the SE of Gießen treatment plant and after settling time 
for 30 min, and after filtration with a 12 μm pore size filter. 
 

 
 
Figure 4.1  Comparison of different parameters between SE, settled for 30 min, and fine filtered effluent 
 
Filtration shows the best COD reduction, as well as TS and TSS removal. A reduction in 
COD, TS, and TSS amount occurred as well after sedimentation for 30 min, but not as much 
as after filtration. The turbidity value decreases slightly by filtration, but shows no reduction 
by sedimentation at a 30 min retention time. Therefore, the 30 min sedimentation time could 
reduce the solids content in the SE effluent which leads to the reduction in the COD amount 
of the effluent. However, this reduction was not sufficient to improve the turbidity because of 
suspended solids.  
 
In Figure 4.2 wastewater parameter variations after filtration are compared with different 
pore-sizes filters, fine filter of 12 μm pore size, finer filter of 8 μm pore size, and finest filter 
of 2 μm pore size. The chart compares the filtration in steps, going from first the fine then 
finer then the finest filter for the original effluent after each screening stage. 
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Figure 4.2 Parameters variations between the different effluent qualities due filtration with different 

pore sizes 
 
The figure above shows no significant difference in any of the studied parameters, even when 
the finest filter was used. Filtration of the screened effluent shows no improvement in the 
solids reduction, turbidity, EC, and COD when the effluent was filtered in steps. This could 
be due to the large amount of suspended solids and particles that stick to the filter and prohibit 
the other smaller particles from passing through the filter pores in the filtered effluent. For 
this reason, filtration with a 2 μm pore size filter has no significant effect in reducing the 
suspended solids more than the bigger pore size filters. 
 
Another comparison was performed between the effluent qualities after the use of the finest 
filter, filtration with three different pore-size filters in steps for the screening stage effluent 
(SE), and filtration with a fine filter after sedimentation at a 30 min retention time. The results 
are displayed in Figure 4.3. 
 

 
Figure 4.3 Comparison of wastewater parameters of the SE after different sorts of treatment 
 
From the graph it can be observed that the three achieved effluents have similar properties 
within the studied parameters, this leads to a conclusion that no improvement in these 
parameters could be achieved when using the finest filter (2 μm), or filtering the effluent 
though different pore size filters. Sedimentation of the effluent before filtration has no effect 
in improving the effluent properties of TS, turbidity and COD. 
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In order to verify the result another comparison was run for the studied parameters of the AS 
effluent that was filtered with the fine filter (12 μm), and the one that was settled for 30 min 
then was filtered (see Figure 4.4). 
 

 
 
Figure 4.4 Comparison of wastewater parameters for screening stage effluent that was fine filtered or 

filtered after settling for 30 min 
 
No significant difference can be seen between both filtered effluents. This result is because 30 
min settling time was not enough to cause comparable reduction in the studied parameters in 
comparison with filtration. In the batch with a 30 min settling time, the reduction in the 
particles in the effluent will not be significant enough to affect the filtration efficacy. The 
result is that there will not be a significant difference between filtration with or without 
settling for 30 min. 
 
Consequently, in the following experiments that were conducted to compare filtration with 
sedimentation, the fine filter of 12 μm pore-size was chosen for comparison with different 
retention durations after screening stage effluent. 
 

4.1.3 Suspended solids reduction over retention time 
 
Pre-experiments with Imhoff cones 
 
Below are a couple of basic observations for settled particles in the effluent during the 
screening stage (AS) of a Gießen treatment plant using Imhoff cones, in order to measure the 
velocity of the accumulation of particles in the bottom of the cones. 
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Figure 4.5 Variations of the quantity of the sediment particles in the bottom of the Imhoff cone within 24 

hours. 
 
As the results of the observations recorded in Figure 4.5 show, the particles tend to 
accumulate faster in the first few minutes, until 6 min, they thensettle at a slow rate until 
2 hours. Large particles settle mostly in the very first minutes of the settling time based on 
their weight. The light particles need more time to settle and they will not be as noticeable 
after measurement as the big particles because of there tiny size in the settling amount. 
 
Based on these results, test series of settling processes for larger amounts of sampled water 
were conducted to observe the suspended solids content variations over time.  
 
TSS amount variations in test containers through the time  
 
Completion of the Imhoff cone experiments was conducted on the SE of Gießen treatment 
plant but in big containers, with a capacity of 30 litres and a height of 1.2 m. In these 
experiments the amount of suspended solids was analyzed as described in (DIN 38 409 H1, 
H2 and H3). The time intervals were expanded and chosen based on the results of the Imhoff 
cone observations. TSS values were observed in nine different screened effluents of Gießen 
municipal treatment plant, every observation consisted of two parallels (in two different 
containers). The total number of series of TSS observations was eighteen. An example of the 
TSS variations during settling is displayed in Figure 4.6. 

 
Figure 4.6 Example of TSS removal [mg/l] over particular time intervals [h] (on 16.01.2007) 
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Solids are reduced in the sedimentation rapidly in the first 30 minutes, the reduction in solids 
after that is negligible in comparison with the initial reductions during the storing process. 
The other experiments show similar results for the initial sedimentation hours, whereas they 
differ slightly from each other by days of retention time. Figure 4.7 shows the overall results 
for TSS removal in the first 10 hours in 17 series of tests.  
 

 
Figure 4.7 TSS percentage removal in 17 series of experiments  
 
Comparing these results with the one shown in Figure 4.8 taken from Greeley, 1938, the 
results represent typical performance data for the removal of TSS in primary sedimentation 
tanks as a function of the retention time. The curves shown on the figure are derived from the 
observations of an actual sedimentation tank (Metcalf and Eddy, 2004). Retention time is 
displayed in hours, and the removal of the suspended solids is displayed in percentage. 
 

 
Figure 4.8 Typical TSS removal in primary sedimentation tanks, where the percent removal is displayed 

against the time in hours 
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Comparing both of the above Figures (Figure 4.8 and Figure 4.9), it can be observed that 
economic reduction in the TSS value occurs in the first hours of the sedimentation process 
until 1 hour according to Greeley. After that timeframe (1 hour) the reduction percentage 
continues, but does not exceed the 20 % in the Greeley curvilinear for the next 6 hours. After 
that it reached a stable level. In this study the stable level began after 1 hour as is illustrated in 
Figure 4.7. 
 
The linear slope of the reduction in this study matches the study by Greeley but after that the 
curve changes to be stable which is different from the results in Greeley This could be 
because in Greely the measurements were taken during more time intervals than in this study. 
Therefore, it was possible to have many points in the graph in the timeframe from 30 min to 
7 hours. Whereas in this study there were just 5 time intervals, at 30 minutes, 90 minutes, 
3 hours, 4 hours and 6 hours (see A8). 
 
An overall analysis was conducted on the whole TSS tested influents that were taken from 
Gießen WWTP (17 series) (see A8 and A9). This analysis shows that 81 % of the suspended 
solids can be removed in the first 30 minutes as illustrated in Figure 4.7. Therefore, it can be 
stated that 30 minutes is an economic retention time for suspended solids removal in 
containers with a 1.2 meters depth. This result differs from that in Oke (2006), who found that 
the economic retention periods for suspended solids removal is at 80, 75 and 70 minutes for 
effective depths of 0.8, 1.0 and 1.2 metres, respectively. So according to Oke, 70 minutes is 
the economic retention period for 1.2 metres depth. It should be said that Oke used columns 
of 1500 mm long and 70 mm diameter. The TSS concentration in the sample was measured 
similarly in this study. 
 
It can be concluded that a 30 min retention time for the wastewater sample is an economic 
retention time for the elimination of 80 % of the SS in the wastewater sample. Increasing the 
retention time would add more costs and would be less effective in reducing the SS 
concentration of the sample. 
 

4.1.4 UV-Transmittance variation through settling 
 
The major effect on the disinfection efficiency is the level of UV transmittance, which is the 
ability of UV light to penetrate through the target water sample to enable better disinfection 
efficiency. 
 
Tests with Imhoff cones 
 
UV transmission variations through settling time were studied using Imhoff Cones (06/2007 - 
07/2007) at WEDECO AG (today Xylem) in the framework of BMBF project (see Glossary). 
Imhoff cones were filled with 1 litre influent. The influent was taken from Bielefeld-Brake 
municipal wastewater treatment plant after the screening stage. Settling tests were conducted 
upon the influent after the screening stage. Samples were taken from the float up water, and 
tested in short time intervals between 0 to 90 minutes. UV-transmittance variations in this test 
are illustrated in Figure 4.9. 
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Figure 4.9 UV-transmittance after different sedimentation periods  
 
These tests show significant development in the UV-transmittance value through 
sedimentation. Transmittance increases in the floating water sample after 90 minutes 
sedimentation time on an average of 40 %.  
 
Tests in containers 
 
The previous tests were verified using containers with a 0.6 m depth. The examined sample 
was the after screening stage sample of GTP. Observations of the transmittance variations 
during the retention time lasted from 4 hours to more than 14 days.  
 
The first set of observations were first conducted with a short time interval, within 4 hours. In 
this test transmittance was observed every 15 minutes over 4 hours. Transmittance was shown 
to increase at a faster pace in the first 2 hours than in the second half of the observation, 
which showed a steady level from 2 hours onward. At the 120 minute interval, transmittance 
peaked at 3 times the value of the start value.  
 

 
Figure 4.10 Transmittance variations through the time of sedimentation on 18.04.2007 
 
In this graph, the improvement in the UV-T value in accordance with the reduction in the SS 
concentration due to the settling effect as described in the previous paragraph. This can be 
assumed by comparing the elevation in the UV-T value with the settled solids amount 
elevation in Figure 4.5 from the point 0 in the graph to the point at 120 minutes. It can be 
concluded that, the influence on the UV-T result is the effect of solids settling in first 2 hours. 
Allowing the settling of the effluent for 2 hours long would increase the UV-T value 3 times 
greater than the start value. 



78  ________________________________________________________________ Chapter 4 
 

 

Moreover, transmittance variations were observed for 24 hours (in 6 series of experiments 
with 3 different water qualities, and 2 repetitions for each wastewater quality), and the 
effluent used for this purpose is the screened effluent of GTP.  
 
In Figure 4.11, the first chart shows the observation after 30 minutes settling time then after 
24 hours for two different wastewater qualities (taken in different times) and the parallel 
series of each one. The second chart shows the observation after 3 hours, then 24 hours 
retention time of the screened effluent of GTP taken on 23.01.2007 and the parallel series as 
well.  

 

 
Figure 4.11 Transmittance variations within 24 hours settling duration for the GTP screened effluent 
 
As seen on both diagrams, transmittance shows a significant improvement after 24 hours. 
After 30 minutes settling time, there is a development in UV-transmittance of more than 30 % 
on average, whereas after 3 hours the improvement is still only about 30 % on average, and 
after 24 hours transmittance increases in all the previous tests to more than 280 % on average 
 
It can be concluded that the UV-T value definitely increases during the storing process of the 
sample. This increase is very site-specific according to the wastewater quality, which in turn 
affects the improvement percentage including the chemical content like ferrous (as ferric 
salts) which would worsen the UV-T value (Metcalf and Eddy, 2004). Additionally, the 
presence of grease and oils in the raw wastewater samples that absorb the UV light can 
worsen the UV-T value. Some organic compounds that contain double bonds have the ability 
to absorb UV light and thereby worsen the UV-T value (Metcalf and Eddy, 2004). 
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SE of GTP was studied many times to observe the UV-T value improvement over the 
retention time. Nine series of tests were done (see A7, A8, A9). Pots of 1,000 ml and 
containers of 8,000 ml capacity filled with the screened effluent were placed outside. While 
other pots and containers with the same characteristics were placed inside the laboratory. The 
graphs in the Figure 4.12 shows the transmittance variation in the big sample amount of 5 to 
8 litres sample (first one), while the second one is a smaller sample amount of less than 1 litre. 
The identical curve color refers to the same wastewater quality (same date of sampling), but 
one was placed inside the laboratory (continuous line) and the other was stored outside in the 
natural conditions (intermittent line). 

 

 

Figure 4.12 UV-T variation over the settling time in big sample amount (first diagram) and small sample 
amount (second diagram) 

 
For the longer storage duration the pots that were placed inside the laboratory (both the small 
or big samples), transmittance increased at a steeper slope than these placed outside.  
 



80  ________________________________________________________________ Chapter 4 
 

 

Higher transmittance values in half the retention time of that achieved in the big pots could be 
achieved in the small pots due to the small sample amount. In most of the small sample pots, 
the peak of the curve was between the 7th and 8th day of the observations, while for the big 
sample pots the peak was achieved in the 10th day for the 5,000 ml wastewater sample and 
14th day for the 7,000 ml wastewater sample. The small and big pots which were stored inside 
show higher UV-T values in most of the observations than their parallel outside stored 
samples. This was due to the lack of the wind effect by storing the pots inside the laboratory, 
which lead to a minimisation of the whirl of the water body which worsens the UV 
transmittance in the wastewater sample. 
 
Transmittance in all the observations shows an improvement through extending the time of 
storage. These results agree with the one from the Imhoff cones tests. 
 
While observing all the transmittance variation experiments through the retention time, it can 
be observed that only by extending storage time without any further treatment, a significant 
improvement in the transmittance value can be measured, as displayed in figure (Figure 4.13). 
The figure shows all the measured transmittance within 600 hours for the different wastewater 
qualities. Effluents that were started with a UV-T value between 0 - 10 % show improvements 
over the storage duration. This improvement exceeds the 40 % UV-T value in several cases. 
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Figure 4.13 Wastewater transmittance variation over settling retention time 
 
Consequently, UV light transmittance increases over time without any other further 
application except storage, due to the settling of the big particles and the suspended solids 
imbedded in these particles in the first retentions hours, in addition to the utilisation of some 
organic materials by means of the microorganisms in the longer retention period. This 
changes the chemical content of the wastewater resulting in the elevation of the UV-t of the 
samples. 
 
After 300 hours, which is about 12 days retention time, no additional improvement could be 
achieved due to the reduction in the settling effect, and the reduction in decomposition of the 
organic compounds with double bonds that affected the UV-T value before and lead to an 
increase in it.  
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4.1.5 UV-transmittance variation through settling and filtration 
 
As UV transmittance is the determining feature of the UV disinfection performance, more 
experiments were run in order to improve the transmittance of the influent. Filtration was one 
of the applied methods in order to enhance the UV efficacy. It was practiced on the effluent 
after different sedimentation time intervals.  
 
Eight different screened effluents taken from GTP were tested, and different sedimentation 
times were chosen to do a comparison between the UV transmittance improvements for both 
the filtered settled and settled only samples of the same retention time (see Annex A6, A7, 
A8, A9). In Figure 4.14, the numbers 30 and 24 refer to the settling durations chosen, which 
were 30 minutes and 24 hours. S refers to the settling and SF refers to the settled and filtered 
screening stage effluent (SE). 
 

 
Figure 4.14 Comparison between UV-T variations over settling and settling with filtration for the same 

time intervals 
 
In all the sampled effluents, filtration shows a better UV-T value than in the settling duration 
of 30 minutes, but extending the settling time to 24 hours results in an even better UV-T value 
than that achieved with filtration for the settled effluent. 
 
One other point was studied (time interval) to find out if extending the settling time to 6 hours 
instead of 24 hours would give the same UV-T result that was achieved with filtration 
combined with settling for 30 min. Three different samples were observed after 30 minutes, 
6 hours and 24 hours of settling time and filtered at the same durations. The UV-T was 
measured after every application. Results are illustrated in Figure 4.15.  
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Figure 4.15 UV-T comparison of three different samples for the applications settling +filtration and 

settling only, at 30 min, 6 h and 24 h retention time 
 
It is obvious from the previous figure that extending the time to 6 hours increases the 
transmittance value, but still does not achieve the UV-T achieved in the point SF30, which 
was possible by extending the settling time to 24 hours. 
 
The average improvement in transmittance with a settling time of 30 minutes, 6 hours and 
24 hours are 40 %, 130 %, and 250 % respectively. Whereas the average improvement of UV-
T for the filtration combined with settling for the time intervals 30 min, 6 h and 24 h are 
150 %, 240 %, and 290 % respectively. 
 
While comparing these percentages from the figure above, we can observe that filtration when 
combined with settling gives better UV-T results in a wider range than settling only. 
Moreover, this difference decreases when increasing the settling duration, so in 30 minutes 
settling time there is a difference of more than 100 % to the filtration by itself, where after 
24 hours retention duration this difference decreases to 40 % to the filtration by itself. This 
could be due to the fact that: while filtration of the sample with a filter of 12 - 20 μm pore 
size, all the particles of this size and greater could be eliminated from the wastewater sample. 
Moreover, they would form a film on the filter that would prohibit even smaller particles from 
going through the filter. Therefore, the elevation in UV transmittance was much higher in 
comparison with settling only for 30 minutes. Whereas, extending the settling duration would 
give sufficient time for more particles, even the light ones, to settle down out of the 
wastewater sample, and at the same time improve the UV-T sample to a level that could be 
achieved by filtration. Furthermore, filtration of the sample that settled for 24 hours long did 
not have a significant effect on the UV-T value, because the settled solids in the 24 hour 
period will not form film on the filter and the 12 - 20 μm pores-size filter will not be able to 
eliminate many particles from the sample. Therefore, the UV-T values for effluent stored for 
24 hours is very comparable to the one for the filtered effluent. 
 
Thus, filtration could help in improving UV light transmittance in the studied effluent. 
However, this improvement could also be obtained by extending the retention time, as a cost-
effective solution for the non-industrial countries. A retention time of 24 hours for the 
screened municipal wastewater sample could increase the UV-T to about 4 times greater UV-
T value for the sample. 
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4.1.6 Turbidity variations through settling duration 
 
During the observations of turbidity for different settling time intervals, an improvement in 
turbidity unit can be perceived in the settled samples over time. 
 
Turbidity of two different wastewater qualities taken in different time intervals were tested 
during a retention duration of 8 days, for each sample one parallel was conducted (see Annex 
A8). 
 
An illustration of the turbidity data of 4 series of tests, measuring the after screening stage 
influent sample from the Gießen treatment plant, for different settling time intervals is 
depicted in Figure 4.16: 
 

 
Figure 4.16 Turbidity variation over settling time in hours 
 
In both samples, and in repetition, there is an improvement in the turbidity value during the 
retention period. This decrease stabilizes after several days retention time. To verify the 
experiments, other series of settling tests were conducted (see Annex, 10), and during them 
observations of turbidity variations were done. The graph below represents three different 
samples of wastewater quality of the SE taken from GTP. Each series consists of two 
experiments stored in containers of 5 - 8 litres sample amount, one is sedimentation of the 
sample inside room temperature (intermittent lines) the other (continuous lines) are 
sedimentation experiments for the sample left outside in the natural conditions (see Figure 
4.17). 
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Figure 4.17 Turbidity variations over the time of settling in days for sample amount of 6 - 8 litres. 
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The different storage inside or outside room temperature did not play a significant role in the 
turbidity enhancement, because turbidity improved in both cases. An almost 60 % 
improvement on average of the turbidity value within the first 5 days storage time can be 
noticed. Other experiments were conducted to observe the turbidity for long retention times in 
small sample amounts (around 1 litre). Figure 4.18 shows the six different samples stored 
inside at room temperature 20 °C for a retention time of 14 days.  
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Figure 4.18 Turbidity variations over the time of retention in days for sample amount of around 1 litre 

stored inside the room temperature 
 
In the figure, it can be noticed that there is a turbidity reduction shown in a descending slope 
in all samples. This decrease in the turbidity value lasted up to 6 days of storage, after that the 
curves tend to be steady. The improvement rate is almost 80 % on average. 
 
At the same time, another series of 1 litre samples, were located outside in the natural 
conditions. Turbidity variation was observed in these samples too. Figure 4.19 shows the 
results of the observations.  
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Figure 4.19 Turbidity variations over the retention duration in days for sample amount of around 1 litre 

stored outside in the natural conditions 
 
In this figure, the reduction in turbidity continued through the sixth storage day to an average 
of 70 % improvement, and then tends to be stable.  
 
In all the graphs of Figure 4.17 ff. the improvement of the turbidity lasted to the 5th day of the 
retention period. But in the small amount sample the average improvement was 80 % and in 
the big amount (8 litres sample) the average improvement achieved was 60 % only. After that, 
there were no significant improvements. In addition, in both sample amounts (1 litre and 
8 litres) inside conditions showed better turbidity than outside located samples.  



Results and Discussion ______________________________________________________ 85 
 

 

Turbidity is a result of three components in the wastewater: oil content, gas bubbles and, 
solids concentration (Metcalf and Eddy, 2004). Therefore, the difference in the turbidity in the 
containers and the small pots inside or outside the room can be discussed as follows: 
 

� First, settling of the particles in the first detention duration had a big effect on the 
turbidity value and improved it in a wide range.  

� Second, in the laboratory there was no wind that could whirl the sample and lessen the 
settling effect. Therefore, the inside located samples showed better turbidity 
improvement than the outside ones. 

� Third, in a big sample amount the settling of the particles has a longer way to travel 
than the settling in the small amount samples, and the oil content needs more time to 
reach the surface and float. Therefore, a longer time was needed in the big sample 
amount to get the improvement in the turbidity value.  

� Fourth, along time retention of the sample allowed the biological interaction to take 
place. The aerobic bacteria will use the dissolved oxygen to break the organic matter, 
and produce H2O and CO2 that is released into the air. This will affect the turbidity 
and lead to improve it at the beginning of the retention duration 

� Fifth, later because of the lack of the oxygen, anaerobic bacteria and even the 
facultative bacteria will start to use the oxygen in the organic material in the sample to 
get their energy. This will lead to a breakdown of these compounds and produce other 
compounds and gas bubbles that will worsen the turbidity in the sample. In a small 
sample amount of 1 litre there will not be as big an anaerobic area in the bottom of the 
sample as in the 10 litres amount sample, so turbidity will show a greater 
improvement in the small amount sample than in the big one.  

� Sixth, the whirling effect of the heat resulting from these interactions could also 
worsen the turbidity or prevent its improvement 

 
It can be concluded that, the small sample amount needs less time to achieve the peak in the 
turbidity variation curve. This peak is the time needed to reduce SS amount over settling 
process and other microbiological interactions. In most of the observations in the retention 
experiments it was mentioned that there is an advance in the turbidity removal during the first 
days of detention. This reduction stays stable or continued in a small amount after a maximum 
of 6 days of retention duration. 
 

4.1.7 Impact of turbidity upon UV-Transmittance  
 
In the latest studies for turbidity and UV transmittance in the wastewater effluent, no 
correlation between both of the parameters was found. In this study, transmittance was 
observed parallel to turbidity in every settling test. Figure 4.20 shows an improvement in 
turbidity as well as transmittance over settling for the screened effluent of GTP (sample 
amount of 5 - 8 l) located in the natural conditions (continuous lines) and inside room 
temperature (intermitted lines). 
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Figure 4.20 Transmittance improvement (first graph) and turbidity reduction (second one) over settling of 
SE of Gießen wastewater treatment plant  

 
Comparing both graphics in Figure 4.48, turbidity and transmittance show improvement over 
the retention time. This improvement reaches its peak in turbidity observations in the area 
around 6 days of storage, while transmittance’s significant improvement started after six days 
of detention and lasted until 13 days of storage.  
 
In order to get a better view of the relationship between transmittance and turbidity, Figure 
4.21 shows the variations of turbidity and transmittance over settling time for the screened 
effluent of GTP taken on 21.11.2006. No relationship can be found in this graph: 
transmittance improved over the settling time while turbidity was reduced in the first period 
of settling and then increased again in the second half of the retention period where the 
increase in UV-T value had a faster trend in this half and lasted to the end of the experiment.  
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Figure 4.21 UV-transmittance [%] and turbidity [NTU] variations over retention time intervals 
 
A correlation test was conducted for all the settling observations for turbidity and UV 
transmittance. The test resulted in negative and positive directions, which indicates an 
insignificant correlation between the parameters in more than 400 tests (see Annex A8, A9) of 
different wastewater qualities taken from different wastewater treatment plant stages. 
 
An example of the non-correlation between turbidity and UV-T is shown in Figure 4.22. For a 
high UV transmittance value, two different turbidity values can be observed; therefore, a low 
turbidity reading for effluent does not result in a good UV-T value.  
 

 
Figure 4.22 Display of the non-correlation of UV-T and turbidity 
 
Accordingly, there is no correlation between turbidity and transmittance. As an example 
effluents of the activated sludge and outflow from the first pond have a small amount of 
particles; this could decrease the turbidity of the effluent, whereas the transmittance could still 
be low due to the presence of the other substances like iron. This is one of the reasons for the 
non-correlation between the parameters. Additionally, the particles sizes affect the 
measurement of water turbidity. Large particles scatter visible light more effectively and yield 
higher turbidities (Berman et al., 1988). This means that if water with low SS concentration 
and high UV transmittance can still have high turbidity value if large particles exist. 
 
In the literature, the relationship between UV-T and turbidity was not studied, but (Metcalf 
and Eddy, 2004) claim that in untreated wastewater generally there is no relationship between 
turbidity and the concentration of suspended solids, where UV-transmittance is high 
correlated with TSS amount. This could lead to a conclusion that they refer to the non-
correlation between the parameters in untreated wastewater. While I agree with the results in 
this study, I would suggest that Turbidity and UV-T are not correlated in general and a low 
turbidity value for the effluent cannot refer to a high UV-T value. 
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4.1.8 Bacteria reduction over storage time 
 
Due to density considerations, several pathogens like bacteria do not settle as individual cells 
or even colonies. Typically, bacteria can absorb particulate matter or floc particles, which 
settle during sedimentation (U.S. EPA, 2004). It was hypothesized that the settling velocity of 
particles would increase significantly if the particle size was increased due to the association 
between bacteria and particles (Stoke’s Law). Bacteria concentration changes over the 
retention time were studied for Enterococci and E.coli pathogens in the screened effluent. The 
SE from GTP was stored in the containers. The removal of E.coli and Enterococci over the 
retention time was studied in the floating sample. A series of observations were done and the 
data was observed in the Annex (A8). These containers were kept for 15 - 20 days inside at 
room temperature. 
 

� Escherichia coli: 
 
Figure 4.23 displays the E. coli concentration for the sample over the retention time. The 
graph on the left side represents the E. coli count in coliform forming unit per one ml, while 
the graph on the right side represents the removal in a logarithm scale, verses the time in 
hours. 
 

  
 

 
Figure 4.23 Concentration of E. coli [cfu/ml] over the storage duration[h], the first graph illustrates E. coli 

concentration in cfu/ml and the second in logarithm for the same sample started on 
21.11.2006. 

 
A reduction in the E. coli concentration can be noticed through settling in the first day of the 
retention period, even in the first settling hours. E. coli settled out with the particles but not in 
a great amount. The reduction in the E. coli concentration in the flouting part of the sample 
did not achieve an order of magnitude. This is seen in the right graph, a logarithm display of 
the reduction in the removal of the bacteria, when it started to be significant after 48 hours of 
retention duration. 
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In order to exaggerate the image, 6 series of observations were illustrated (11.2006 through 
01.2007) in Figure 4.24. E. coli concentrations are depicted over the settling time. The test 
lasted for more than 20 days on the screened effluent taken from GTP (see Annex A8).  
 

 
 
Figure 4.24 Log concentration of E. coli in the samples over the time [h] 
 
In the graph it is obvious that a significant reduction in the E. coli concentration occurs after 
4 to 6 days of retention time and continues to reach more than 3 orders of magnitude after 
300 hours of the detention duration.  
 
Overall it can be said that the reduction in the E. coli count due to the settling effect occurs in 
the first hours of the retention period but only in a small amount. This is seen because the 
settled particles can have bacteria imbedded or adsorbed into them. Guo Liu (2005), who 
studied the settling characteristic of bacteria under laboratory conditions, found that E. coli 
does not seem to settle out over a 24-hour settling duration. In his study, he depicted the 
settling pattern of E. coli by the change in log concentration of E. coli in the supernatant of 
the samples. He used a control sample, that was continuously shaken and analyzed in parallel 
to account for the growth of E. coli during the settling time. The E. coli itself cannot settle but 
after attachment to particles it can settle out to the supernatant. 
 
The reduction percentage in the E. coli concentration by more than three orders of magnitude 
does not occur because of the settling effect, but by the biological processes during the several 
day retention time of the sample. Affected mainly by temperature, solar radiation, and 
prediation; antibiosis resulted from algal growth. The sample with this duration had 
conditions similar to those seen in the facultative pond. The solids in the sample settled out 
forming a sludge layer at the bottom. The benthic layer will have an anaerobic breakdown of 
organics. This will release soluble organic products to the water column above. 
  
Organic matter that dissolved will be metabolized by heterotrophic bacteria, during the 
absorption of oxygen, this will be replaced by photosynthetic oxygen production by 
microalgae. Sunlight encourages algae to utilize carbon dioxide. CO2 is released by bacteria 
during the break down of organic components of the WW and absorb nutrients (mainly 
nitrogen and phosphorus) contained in the WW. This symbiotic relationship contributes to the 
overall removal of BOD and the dying off of the pathogens.  
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Consequently, E. coli settle with the particles in the first settling hours to achieve a reduction 
of less than one order of magnitude. Extending the retention duration to 5 days creates the 
reduction in the E. coli amount achieving a low bacterial count of less than 10 CFU\ml. This 
reduction occurs due to the biological processes in the WW sample that are enhanced with 
sun light and heat. 
 

� Enterococci: 
 
The contents of Enterococci in wastewater influent are one order of magnitude fewer than 
E. coli concentration. The reduction of Enterococci during the settling period is more 
pronounced than that for the E. coli.  
 
Figure 4.25 shows the concentration in log scale of both E. coli and Enterococci in the SE of 
GTP that was observed in a settling experiment started on 11.2006 
 
 

 

Figure 4.25 Bacteria reduction over the settling duration started on (11.2006) 
 
 
Other tests were done on the reduction in E. coli and Enterococci over the time period 
11.2006 through 01.2007 (see Annex A8). In these tests, no significant reduction was 
observed in the first 24 hours. Figure 4.26 shows two graphs illustrating four series of tests of 
the SE taken from GTP on 02.2007 examined after 30 minutes and 24 hours settling duration. 
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Figure 4.26 Enterococci (first diagram) and E. coli (second diagram) reduction over the settling time 

illustrated in logarithm scale 
 
 
Comparing both graphs shows that Enterococci decrease by settling at a higher rate than 
E. coli bacteria. This reduction was on one order of magnitude which differentiated 
Enterococci from E. coli, which did not settle in a great amount. This is because Enterococci 
preferentially attached to the particles with diameters of 10 �m to 30 �m, while E. coli had a 
broader distribution, and thus less ability to attach to these particles (Hueiwang et al., 2005). 
Therefore, Enterococci adhered to the particles more than E.coli, Hence when the particles 
settle out this will lead to a reduction in the Enterococci count in the floating part of the 
sample more than the reduction in the E. coli count (E. coli cells are about 2 �m long and 
0.5 �m in diameter, with a cell volume of 0.6 - 0.7 �m3) (Jin, et al., 2004).  
 
Observing the reduction after 15 days retention or more, shows a reduction in the Enterococci 
to about 10 cfu/ml (Figure 4.27). 
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Figure 4.27 Concentration of Enterococci [cfu/ml] over the settling duration [h] 
 
After 24 and 48 hours of settling time, no significant reduction can be observed because of the 
lack of the settling effect of the solids. The bacterial removal is more significant after the 
fourth day because of the biological processes in the wastewater sample that were discussed 
in the previous paragraph. Enterococci bacteria are attached to the particles in a greater 
amount than E. coli and therefore they settle out with the particles in the first settling hours 
more than E. coli do. 
 

4.1.9 Bacteria reduction through storage time and filtration 
 
The filtration method was used in the experiments to reduce the contents of suspended solids 
from the influent. This was applied on the settled samples, using filters with a pore size of 
12 μm. Bacteria counts were observed after this application. Control samples were observed 
in parallel to the filtered samples in the same settling intervals. 
 
Figure 4.28 shows the removal of both Enterococci and E. coli over the settling period in 
comparison with filtration. The first graph illustrates Enterococci removal and the other one 
shows E. coli removal.  
 
From the first graph, it can be noticed that in the 30 min settling time there is a tiny reduction 
in the Enterococci count. The combination with filtration increases the removal of these 
bacteria to one order of magnitude. Extending the time to 24 hours allows for a reduction in 
the Enterococci to a level similar to that seen in the filtered sample after 30 minutes settling 
duration, it should be said that filtration of the 24 hour settled sample shows a bit more 
reduction in the Enterococci amount in the sample. 
 
On the other hand, E. coli concentration did not show a significant decrease in the 30 minutes 
settling period. Filtration of the 30 minutes settled sample has only a little effect on the 
reduction of E. coli. Extending the settling time to 24 hours and then filtering the settled 
effluent has no additional effect upon the reduction of E. coli in the effluent sample. 
 



Results and Discussion ______________________________________________________ 93 
 

 

 

 
 
Figure 4.28 First graphic illustrates the Enterococci reduction and the second one is the E.coli reduction 

in 30 min and 24 h settling time intervals. 
 
 
The variation in the bacterial count over the settling period depends on the variation in the 
particles, because the bacteria that are attached to the particles are also filtered. This occurs 
because the pore size of the filter is 12 μm and the size of the bacteria did not exceed 0.7 μm. 
This means that whenever the attachment possibility of the bacteria is greater, the possibility 
of these bacteria out being filtered out of the sample is greater, especially for the particles that 
are bigger than 12 μm. 
 
Non-settling particles can have bacteria imbedded or attached to them. Therefore, through 
filtration more pathogen removal can be achieved. Since Enterococci shows a more 
propensity to attaching to the particles, its removal is more significant than the removal of 
E. coli. 
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4.1.10 Nutrients variations through storage time 
 
In this study, nitrogen and phosphorus were observed daily in the screened effluent of Gießen 
treatment plant that had been stored for more than 15 days in containers.  
 

� Nitrogen reduction 
 

The results of six series of tests are displayed in Figure 4.29 showing total nitrogen (TN) 
removal over the retention time in days. 
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Figure 4.29 Total nitrogen concentration changes in the settled effluent for a period of more than 15 days 
 
In most of the examined samples a significant reduction in the total Nitrogen content 
happened in the first 24 hours due to the settling process. However, the reduction in the 
following storage days was slower, because this reduction resulted from biological processes.  
 
This explanation of decreasing nitrogen levels over the long retention time is as follows: 
 

� First, the decreasing rate observed in the first 24 hours retention time was much more 
than in the following storage days. This was due to the settling solids which allowed 
the organic nitrogen to settle with them. This led to a reduction in the total nitrogen 
content in the wastewater sample. 
 

� Second, because of the long storage time the wastewater sample would have 
experienced conditions similar to that found in the facultative ponds. This meant that 
the upper layer from the sample has aerobic conditions and would result in a 
nitrification process. This would result in transforming the N content from NH4 form 
to NO3 form. At the same time in the bottom layer because of the anaerobic 
conditions, a denitrification process is taking place. The anaerobic bacteria uses the 
oxygen of NO3 to decompose organic matter producing N2 and CO2. The gaseous state 
of N2 results in the reduction in the total nitrogen amount in the sample. 
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Consequently, TN value decreases rapidly in the first hours due to the settling process. This 
decrease slows in the following days of the storage period because of a biological process.  
 
This result agrees with the one of Horne and Goldman, 1994 who concluded that the 
reduction of the nitrogen in the stored wastewater was due to the fact that nitrogen in its 
various forms can go to a gaseous state, causing it to become trapped in solids and settle, or to 
be suspended in the wastewater. Whereas Hsieh (2000) seems to think that large amounts of 
nitrogen did indeed settle into the sediment. The sediment also seems to contain nitrogen in 
organic form, indicating that nitrogen was probably taken in by algae and other organisms 
that later died and settled to the bottom of the ponds. Lundquist (1999) also claimed that some 
nitrogen is lost to the atmosphere at a higher rate. Whereas Horne and Goldman (1994) 
interpreted the reduction as due to various algae which can obtain and incorporate nitrogen in 
wastewater.  
 
In this study it was not observed whether the reduced nitrogen was suspended in the 
wastewater, trapped by the solids and sedimented, or released to the atmosphere. It was noted 
that, a reduction in the TN amount will occur during the retention period, the amount of 
nitrogen reduced was by more than half, and nitrogen content is reduced in the first hours of 
retention because of settling which is faster than the reduction observed in the following days 
which occur because of biological processes. 
 

� Phosphorus reduction 
 

A parallel observation for total phosphorus (TP) was conducted over the storage period (up to 
15 days). The results of the 6 series of tests are displayed in Figure 4.30, TP concentration 
was mentioned as regards to the retention time.  
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Figure 4.30 Total phosphorus [mg/l] variations over the retention time(h) 
 
A reduction in the phosphorus concentration can be observed in the first 24 hours of storage 
time, which was not the situation in the following storage days. More tests were carried out to 
verify the result; a linear regression was tried on the total phosphorus disparity over time for 
18 series of observations (see Annex A8, A9). The normality test emphasizes the results of 
the regression show no significant correlation was found between time and TP concentration. 
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Figure 4.31 An overall data illustration of total phosphorus values [mg/l] over the retention time [h] 
 
The reduction in phosphorus concentration that was observed in the first 24 hours was due to 
the settled phosphorus associated with the organic matter. The phosphorus settles down in the 
sediment because of the settling effect of the solids further reduces the levels after that. No 
reduction effect on phosphorus concentration can be noticed, and the concentration stays in 
this range during the next days of storage. This occurs because TP content of the wastewater 
cannot be removed without chemical additives like Ferros or Alum or other commonly 
applied coagulants. 
 
High concentrations of total phosphorus suggest that most of the phosphorus was associated 
with the organic matter. Depletion of the oxygen and nitrate in the sludge layer of the 
sedimentation container coincide with sulphate reduction to sulphide and a release of soluble 
orthophosphate. Previous studies demonstrated that denitrifies underlie phosphorus 
immobilisation under these conditions (Barak et al., 2003). 
 
As a result, a reduction in the TP amount occurs during the first settling hours in the stored 
samples. A continuous reduction over the storage period cannot be expected. A great 
reduction in the TN value occurs in the first settling hours of the stored samples and the 
reduction then is continued due to biological processes.  
 

4.2 General conclusion of the preliminary experiments 
 
These pre UV-disinfection treatments ended up with the following conclusions 

 
� Filtration improves the effluent parameter's quality; however, extending the settling 

duration could give the same effect. 
� By storing wastewater for different retention durations, a dramatic increase in the UV-

T value could be assured until day 6 through 8 in the retention period. The average of 
this increase differs depending on the effluent quality and the surrounded atmosphere. 
UV-T value reached 40 % after 6 days retention duration for the (SE) sample only. 
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� TSS reduction during the storage process occurs in the first settling hour, whereas 
after that the reduction is not significant. 80 % of the suspended solids in the effluent 
can be settled out after 30 minutes retention time. 

� In this study there was no relationship found between turbidity and the concentration 
of suspended solids in untreated wastewater because of the existence of oil and gas 
bubbles affected the visible light and worsened the turbidity value. On the other hand, 
no correlation was found between turbidity and UV-transmittance. 

� Through the retention of the screening stage effluent, E. coli and Enterococci, that 
have adhered to the particles, settle out in the first hour of the retention period. 
However, this does not exceed one order of magnitude for Enterococci and less than 
that for E. coli. 

� Nitrogen is reduced as a result of the settled mass and decreases during the storage 
duration. The phosphorus concentration decreases in the first settling hours and then it 
changes to be independent from the retention period. However in the case of using the 
effluent in irrigation, it will not be necessary to reduce the nutrient that is required in 
an irrigated area for the plants growth. 

 
Overall, it can be stated that settling occurring in the first hours of the retention duration 
allows an increase in the UV-T value of about 30 % on average, parallel to the reduction in 
the TSS concentration of 80 %, while at the same time a decrease in the turbidity can be 
noticed, however it did not exceed 5 % on average. Whereas the pathogen that was dispersed 
or attached to the settled particles settled too but in only very small amounts that did not reach 
one order of magnitude. Nevertheless, extending the retention time to several days allows a 
continuous increase in the UV-T value which is not related to the SS concentration but to the 
biological decomposition of the organic compounds that happened due to the biological 
process. Turbidity showed a dramatic decrease until the 6th day of the retention time, whereas 
TSS concentration did not show significant decreases after the 80 % reduction that happened 
over the 4 hours settling period. 
 

4.3 Results of pathogen inactivation by UV for different wastewaters 
 
UV light interacts with the materials it encounters through absorption, reflection, refraction 
and scattering. In disinfection applications, these phenomena result from interactions between 
the emitted UV light and the UV reactor components, especially the treated water. Therefore, 
optimal UV disinfection efficiency in typical systems should be applied after conventional 
wastewater treatment plants require secondary effluent with high UV transmission values. 
Often filtration (e. g. by sand filters) is used prior to UV disinfection, which might additional 
costs when a reduction of suspended solids and turbidity is not required for other reasons. 
 
In contrast to fully purified wastewater, a literature review shows that there is still little 
knowledge about disinfection of only partly purified sewage (see for example Rudolph et al., 
1992; Emerick et al., 1999; Rott and Schöler, 2001; Frank et al., 2002).  
 
Therefore, the objective of this part of the study is to prove the capability of UV irradiation in 
disinfecting wastewater which is only partly treated. Among others, the following surveys 
were conducted: 

� Evaluation of disinfection performances of influent only pre-treated by fine screening 
and sedimentation on a laboratory scale.  

� Comparing disinfection results of activated sludge effluent, which is the primary 
treated effluent after grit chamber and trickling filter effluent.  

� Evaluation of the disinfection performance of irradiated effluent of wastewater pond 
systems. 
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4.3.1 Escherichia coli reduction over different wastewater treatments  
 
In the conventional treatment plants and pond treatment plants the essential goal is not to 
reduce bacterial content only but to improve the effluent quality for discharge into the water 
source. Thus, the reduction of E. coli content achieved at these plants is not up to the standard 
to be reused for irrigation purposes.  
 

4.3.1.1 Bacteria reduction through settling  
 
Reduction of the settling time did not exceed the one log unit as mentioned at the results of 
the preliminary experiments, see section 4.1.8. 
 

4.3.1.2 Bacteria reduction in pond treatment plants  
 
In pond systems, pathogen levels are significantly lowered by the combination of both 
“removal” (by sedimentation of particle related pathogens as well as helminthes) and 
“inactivation” (by insolation and biological processes). Among others, three key mechanisms 
can be identified for disinfection in ponds: 
 
� Sedimentation, which leads to a significant reduction in helminthes and particle-

related pathogens through removal from the water body by settlement; 
� High pH, especially in algae ponds, it has inactivating effects when exceeding levels 

above 9; 
� Sunlight, resulting in different effects like photo-biological and photo-oxidative 

damage to DNA and external structures (e. g. Davies-Colley, 2005). 
 
Several approaches exist to enhance the efficiency of pathogen reduction by modification of 
pond constructions or further development of pond systems, as there are for example: 
 
� Specific constructions like buffers within the ponds or sequential arrangement of 

ponds to avoid short circuits and to ensure long retention times (e. g. Shilton and 
Mara, 2005); 

� Pond-specific filter systems, like rock filters (e. g. Johnson and Mara, 2005); 
� Algae ponds and systems with regularly high pH values which creates biological 

inactivation of pathogens. 
 
The most frequently tested pond was at the Dorf-Güll treatment plant. The concentrations of 
E. coli that had survived after the different pond stages was observed at different times 
between September and October 2005, the results are displayed in Figure 4.32.  
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Figure 4.32 Log concentration of the survival of E. coli in Dorf Güll (pond) treatment plant 
 
More than 2.5 log reductions of E. coli can be achieved through the pond system of Dorf- 
Güll. Figure 4.33 shows the reduction in E. coli bacteria in other pond treatment systems that 
were examined in the time between 12.2006 and 05.2007. These ponds are Olpe-
Oberveischede (OOV), Olpe-Altenkleusheim (OAK), Hamm-Wambeln (HAW), Greven-
Schmedehausen (GSH), Lienen-Höster (LHM), and Lichtenau-Kleinenberg (LKB). The 
results of these observations with the repetitions are presented in Figure 4.33. 
 

 
 

Figure 4.33 E. coli reduction efficacy of different pond systems 
 
Removal of E. coli in the different treatment plants varied in a range between 1.5 to 4.5 log 
units. The removal target for E. coli is 1000 E. coli/100ml, which corresponds to the WHO 
standards for unrestricted irrigation, and cannot be assured in the tested pond treatment plants. 
 

4.3.1.3 Bacteria reduction at Gießen wastewater treatment plant 
 
As mentioned in chapter 3.2.1.1, two types of treatment were followed up at the Gießen 
wastewater treatment plant (GTP) at the beginning of the observation: the activated sludge 
and the trickling filter-technology. With both of the treatments, the reduction in bacteria did 
not exceed 2.5 log units as illustrated in Figure 4.34  
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Figure 4.34 Survived E.coli bacteria through the treatment plant stages of GTP 
 
 
In the treatment plant Giessen,E. coli removal was observed during the tests to be under the 
limits of the removal target for E. coli of 1000 cfu/100ml, which is the WHO standard for 
unrestricted irrigation. The E. coli removal achieved was 100 cfu/100ml.  
 

4.3.2 Dose response curve by UV irradiation 
 

4.3.2.1 Results of pond treatment plants 
 
As mentioned in the previous paragraphs, the reduction in E. coli and Enterococci 
concentrations through the oxidation pond treatment plant did not exceed 2.5 to 4 log units for 
each of the studied pathogen bacteria. One hundred coliforms per 100 ml was the final 
concentration of E. coli that may be achieved at pond effluents. However, pond treatment 
plants are very site-specific and the pathogen content end result varied widely. Therefore, if 
the outflow of the pond treatment plant was decided to be reused in irrigation, disinfection of 
the effluent may be required. 
 
Laboratory scale experiments were conducted to disinfect the outflows of different stages of 
the pond treatment plants, using a collimated beam device at WEDECO AG (today Xylem) in 
Herford for different wastewater pond plants in Germany, and a continuous flow reactor at 
Fachhochschule Gießen for the Dorf-Güll pond plant. Information about the treatment plants 
are given in section 3.2.1. the pathogen determination was done at WEDECO (today Xylem) 
using the MPN method, while the spread plate method was used for the application in the 
Gießen laboratory. Parameters that could affect the UV disinfection efficacy are summarized 
in the Figure 4.35, while all the measured parameters are displayed in Annex A5. 
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Figure 4.35 Some of the measured parameters of the pond plant different outflows sampled on 14.05.2004 
 
 
Dose response curves were derived for both the continuous reactor and collimated beam 
devices as described in section 3.2.5.6 for all the tested effluents. 
 
Here it can be distinguished between the Dorf Güll pond treatment plant that was treated with 
the Continuous Flow Reactor (CFR), and the other ponds influents and effluents that were 
inactivated with the Collimated Beam Devise (CBD). 
 

4.3.2.1.1 (CFR) inactivation of DG pond plant 
 

4.3.2.1.1.1 Dose response curve in screened effluent 
 
UV inactivation of both E.coli and Enterococci bacteria was conducted on the screened 
effluent of the DG pond plant using a continuous flow reactor (see Annex A4). A 2.5 log units 
reduction for E. coli bacteria and more than 3 log reduction of Enterococci was achieved, 
even though the transmittance of the screened effluent during the experiment duration ranged 
between 0 - 0.3 percent, which was the lowest among all the studied ponds inflows. 
 
Figure 4.36 illustrates the UV dose response curve of E. coli (continuous lines) and 
Enterococci (intermittent lines) removal in the screened effluent of the DG pond plant.  
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Figure 4.36 UV dose response curve of E. coli (continuous line) and Enterococci over the UV irradiation 

doses in the screened influent of DG-pond plant (11.2006 - 06.2007) 
 
 
The elevation of the applied UV dose to about 400 J/m² lead to a reduction in E. coli and 
Enterococci concentrations of three, and 1.5 log units respectively. At a UV dose of 920 J/m² 
it was possible to achieve an E. coli removal of 100 cfu/ml, which is not quite the removal 
target of 10 cfu/ml (corresponding to the 1,000 MPN/100ml of the WHO unrestricted 
irrigation standards). 
 
It can be noticed that increasing the applied UV dose until several thousand did not increase 
the pathogen removal, because of the high suspended solids amount. See figure 4.66. 
However, it was able to achieve 3 log reductions of the indicator bacteria. 
 
It can be concluded, that in spite of the poor UV-T value (0 - 0.3 %) measured at a wave 
length of 254 nm and the high TSS and turbidity of the screened effluent at the DG pond 
plant, a pathogen removal of more than 100 cfu/ml (10,000 cfu/100ml) was able to be 
achieved by a UV dose of 400 J/m² in the continuous flow reactor. 
 

4.3.2.1.2 Dose response curve of the first pond outflow  
 
Disinfection of Enterococci and E. coli pathogen through the continuous flow reactor is 
illustrated in Figure 4.37. Investigations were conducted of the outflow of the first pond at the 
Dorf-Güll treatment plant (See section 3.2.1.2) in 2006/2007. Results of the E. coli and 
Enterococci removal (in CFU/ml) against the applied UV dose are presented in Figure 4.37, 
all zeros (refers to no growth, on the Petri plate using spread plate method, or on Petrifilm 
using 3M Petrifilm method) were replaced with 0.1 in the graphics (data can be seen in Annex 
A4). 
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Figure 4.37 UV dose response curve of E. coli (first graph) and Enterococci (second graph) represented in 

cfu/ml of first pond outflow of DGTP (2006/2007) 
 
 
At a 200 J/m² UV dose, a removal of more than 2.5 log units of E. coli concentration was 
possible. In order to get the same reduction of Enterococci a UV dose of 600 J/m2 was 
required. It was possible to have less than 1 cfu/ml survived Enterococci at this dose, which 
was not possible in the case of E. coli inactivation. This is because E. coli is present in a more 
than 1 log unit higher concentration in the domestic wastewater than Enterococci.  
 
Moreover, in the first graph that illustrates E. coli removal, the tailing effect of the PAC was 
shown to be in the range between 300 to more than 550 J/m2. Increasing the UV dose allows 
more removal of the E. coli amount to less than 1 cfu/ml at a UV dose of almost 900 J/m2, 
although the outflow of the first pond at the DG plant had during the test period shown a  
UV-T between 4.5 - 5.5 %.  
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The reduction in the PAC effect can be attributed to the fact that, in the oxidation pond plants 
the first stage is settling, which allows a greater removal of the particles and thereby the PAC. 
In addition to the mechanical aeration which enhances the aerobic interactions that happened, 
the microorganisms in the presence of sunlight break the organic matter, therefore, lessening 
the solid amount in the sample (see Figure 4.37). In addition to breaking some of the 
accumulated pathogen because of the whirling effect of the aeration system and allowing the 
inner part of this gathering to be free. These all simplify the way UV radiation can reach the 
pathogen, even though the UV-T of the sample had just a little improvement. Therefore, 
increasing the UV dose application to 1,000 J/m² could allow the total inactivation of the 
indicator pathogen in the first pond sample outflow. 
 

4.3.2.1.3 Dose response curve for the second pond outflow  
 
A reduction to a level lower than 10 E. coli/100 ml was achieved early by the continuous flow 
reactor for both kinds of bacteria Enterococci and E. coli by a UV irradiation dose of 
220 J/m², which resulted in a reduction ranging between 0.7 to 1.8 log units for Enterococci 
and a reduction of more than 3 log units of E. coli bacteria. The transmittance values varied in 
this effluent type between 10.5 to 13.7 %. 
 
Pathogen concentrations are represented in log (CFU/ml) in Figure 4.38. In order to get a 
logarithm scale of the concentration of bacteria, all zeros, which represented the non-bacterial 
growth in 1ml sample vaccinated with either the Petrifilm method, that was used for the 
detection of E. coli, or on the Petri dish by spread plate method, that was followed for the 
detection of Enterococci, were replaced with 0.1 to avoid complications in logarithmic 
calculations. 
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Figure 4.38 UV dose response curve of E. coli (first graphic) and Enterococci (second graphic) in the 

outflow of second pond of DGTP using continuous flow reactor in 2006/2007 
 
 
The regulations of WHO for unrestricted irrigation (1,000 MPN/100ml equivalent in this 
graph to the 10 CFU/ml) was achieved in the tested effluent with a max UV dose of 200 J/m2. 
Although, Enterococcie bacteria needs higher UV doses to be inactivated, the count of 
10 cfu/ml can be achieved with 100 J/m2 because of the lower concentration of these bacteria 
in the effluent than E. coli. 
 
As it can be noticed from Figure 4.37, UV-T did not show an elevation in comparison to the 
first pond outflow, but TSS reductions can be seen in this outflow and thereby increase the 
inactivation efficacy of the UV irradiation. Therefore, in almost all the tests it was possible to 
achieve total inactivation of the E. coli bacteria with a UV dose of 500 J/m². 
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4.3.2.1.4 Dose response curve of the final effluent 
 
Even though the UV-transmittance values from the final effluent of the Dorff-Güll plant, 
which was treated with the continuous flow reactor, ranged between 13 and 16 %, a reduction 
of at least 1.5 and 2.5 log units of Enterococci and E. coli respectively was achieved by a UV 
dose of lower than 200 J/m². In addition a 1 cfu/ ml Enterococci concentration was achieved 
by the application of a UV dose lower than 200 J/m², and by a dose of 300 J/m² a 1 cfu/ml 
concentration of E. coli bacteria was assured. Figure 4.39 illustrates these results, all data can 
be seen in Annex A4. 
 

 

 
 

Figure 4.39 UV dose response curves of E. coli (First graphic) and Enterococci (Second graphic) for pond 
effluent in 2006/2007 (laboratory tests were conducted with a continuous flow reactor) 

 
By the use of a continuous flow reactor it was possible to achieve 10 cfu/100ml  
(= 0.1 CFU/ml) with a UV dose of almost 500 J/m², which is usually applied with filtrated 
secondary effluent to achieve a target of 10 E. coli per 100 ml.  
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Enterococci bacteria required a lower UV dose of about 300 J/m² to be almost totally 
disinfected. Moreover, the bad UV-T did not show an effect upon the disinfection efficacy 
because of the low TSS concentration that allowed the reduction in the E. coli count with the 
elevation of the UV dose. The scattered light was not absorbed in the liquid and therefore 
resulted in low UV-T measurement and could still be able to disinfect the pathogen. 
 

4.3.2.2 (CBD) inactivation of the inflows of different ponds, 
 
In the disinfection experiments that were done using the Collimated Beam Devise (CBD) it 
should be mentioned that 

� First, the UV-T value measurement differs than that in the Giessen because the 
samples were filtered before the measurement and therefore resulted in higher UV-T 
values than those measured in Giessen. 

� UV lamp power of the CBD is 17 Watt while in the continuous reactor it was 13 Watt. 
� MPN is the method used for the concentration identification of the pathogens, while 

for the continuous flow reactor it was a count plate.  
 

4.3.2.2.1 Dose response curve of different inflows 
 
Different pond treatment plants were investigated in order to distinguish the UV performance 
of inactivating the indicator coliform bacteria. UV transmittance of the influents of these 
ponds varied from 3 % to over 30 %. Figure 4.40 is a display of the different UV-T values 
measured in the influents of these ponds. Two measurements are displayed for the Hamm-
Wambeln influent in different experiments days.  

 
Figure 4.40 Exemplary of UV transmittance (in %; for wavelength of 254 nm) of influents of different 

pond plants in Germany 
 
The UV-T value of the screened effluent of the different plant ponds varied widely between 
3 % - 32 %. This is related to the solids amount and the ion content of the different inflows. 
 
The inactivation of E. coli pathogens in the influents of these ponds (description of the 
different ponds in section 3.2.1.3) were studied using a collimated beam device. Analyses 
were conducted using the MPN method; the results are presented in Figure 4.41 in 
MPN/100ml against the applied UV dose. 
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Figure 4.41 UV dose-response curves for screened effluent of different pond plants (laboratory tests were 

conducted with a collimated beam device according to U.S. EPA, 2002) in 2007/2008 (E. coli 
are represented in MPN/100ml) 

 
In Figure 4.37, in all studied influents a 2.5 to 4 log units reduction of E .coli concentration 
was achieved, while the transmittance value varied between 3 - 32 %. The pathogen removal 
in all the tested plants was effective until a UV dose of about 400 - 600 J/m2. In most of the 
disinfected inflows, 1,000 MPN/100 ml was achieveable at a UV dose of 600 J/m². However, 
after that value it can be seen that a tailing region started. This is the tailing effect of the 
Particles Associated Coliforms (PAC). This means that all the free pathogen in the sample 
could be inactivated by the UV irradiation, and extending the irradiation will not cause further 
significant removal because the other surviving pathogens are attached or imbedded in the 
particles, and exceeding the UV irradiation time will not allow the irradiation to reach all 
these bacteria. Some more removal could be noticed in a slower slope of the different curves 
in the graph, this is due to the inactivation of some bacteria that were hidden by some 
particles or are attached to the surface of the particle and had a chance to be exposed to the 
UV radiation because of the mixing effect applied to the sample. 
  
Hamm-Wambeln influent that was studied on 15.10.07 had the highest UV-T value of 34 %. 
The UV inactivation result of this influent achieved only 2.5 log units’ removal of E. coli. by 
a UV dose of 200 J/m2, then there was no additional removal even by extending the 
irradiation, which is the tailing effect of the (PAC) in the influent sample. Whereas, the same 
sample on another test day had a UV-T value of 16 % and E.coli removal of about 2 log units 
at a UV dose of 200 J/m2, but by extending the irradiation to achieve about 1,000 J/m2 would 
allow about 4 log units removal of E. coli. Therefore, it can be said that the UV-T value of a 
sample cannot give an expectation of significant inactivation of the sample. The sample could 
have a good UV-T value even though it had a bad disinfection result because of the presence 
of large particles that could have pathogen disperse and (PAC) which are difficult to be 
inactivated in such untreated wastewater sample without a pre-disinfection treatment method 
such as filtration. 
 

Although in all these inflows after screening stage it was possible to achieve the target 
removal of 1,000 E. coli /100 ml corresponding to the WHO standards for unrestricted 
irrigation by different UV doses from 200 to 1,000 J/m2. 
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4.3.2.2.2 Dose response curve of the first pond outflows of different ponds 
The use of the collimated beam device to inactivate different first pond outflows taken from 
different ponds was conducted from 10/2006 to 05/2007 (See Annex A3). All of them are 
aerated ponds, except the Lienen-Höster Mark pond plant (the dashed line in Figure 4.42) 
which has no aeration in the first pond. Although, the UV-transmittance value of the Lienen-
Höster Mark first pond outflow was 12 %, which is the minimum UV-T value in comparison 
with the other pond effluents, a reduction of almost 3 log units was achieved at a UV dose of 
180 J/m². 54 % was the UV-T of the Hamm-Wambeln first pond outflow, the highest UV-T 
value of the tested plants, and a removal of more than 2 log units was achieved by UV dose of 
380 J/m². Results of E. coli concentration in MPN/100 ml versus a UV dose in J/m² are 
presented in Figure 4.42.  

 
Figure 4.42 UV dose-response curves for first pond outflows of different pond plants (laboratory tests 

were conducted with a collimated beam device according to U.S. EPA(2002) in 2007/2008 
 
By 420 J/m2 it was possible to get pathogen removal of 100 MPN/100ml, which is a removal 
of 2.5 - 3 log units. It can be seen that after a reduction of 100 MPN/100 ml there was no 
more significant reduction. This could be due to the fact that by using the pathogen detection 
method MPN there is a limitation, because in general the MPN method gave a higher colony 
count (cfu/ml) and a lower reduction compared to the spread plate method that was used for 
the determinations of the pathogen removal in the DG pond plant. According to Hunsinger et 
al, 2005, the reason why this phenomenon could happen is that probably damaged cells can 
recover and then grow in the liquid medium (in the MPN method) but not in the solid one, 
due to the fact that in the MPN method the neutralizer is added to the broth tube, while there 
is no neutralizer added to the agar medium in each of the petri plates and the petri films. 
Therefore, the removal is shown not to be as realistic as in the MPN method used after CBD 
inactivation as in the petri film method used after CFR inactivation. Moreover, when the 
coliform load in the sample is low (like 100 MPN/100 ml or 1 cfu /ml), the variation between 
the counts of these different methods will be higher. 
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Nevertheless, the E. coli removal to below the limit of the unrestricted irrigation standards 
according to the WHO (1,000 MPN/100 ml) was able to be achieved in CBD at a UV dose of 
almost 220 J/m2. 
 

4.3.2.2.3 Dose response curve of the second pond outflows of different ponds 
 
The results of inactivation of E. coli pathogens in the second pond outflow of different pond 
plants was conducted using a collimated beam device; presented in MPN/100 ml in Figure 
4.43. 
 

 
Figure 4.43 UV dose-response curves for second pond outflows of different pond plants (laboratory tests 

were conducted with a collimated beam device according to U.S. EPA, 2002) 
 
Although in these effluents UV-T varied between 21 to 47 %, the higher UV-T values were 
for Altenkleusheim and Oberveischede they had 47 % and 46 % UV-T values respectively, 
where the other two had UV-T values of 34 % for Greven sch. and 21 % for Lienen-Hö. All 
of them had no aeration system, although there was no significant correlation between the 
disinfection efficacy and the UV-T of the samples.  
 
It should be mentioned that the second pond outflow had already a count of about  
1,000 - 10,000 MPN/100 ml therefore meeting the regulations of the WHO for unrestricted 
irrigation at 1,000 MPN/100 ml was easy to be accomplished with a UV dose of  
100 - 300 J/m2 depending on the effluent characteristics. 
 

4.3.2.2.4 Dose response curve of the final effluent of different ponds 
Other pond effluents that were treated by CBD like Greven-Schmedehausen, and had a final 
effluent transmittance value of 40 %, could have a reduction of 3.3 log units in the E. coli 
content by a UV dose of 201 J/m². In addition, for the Hamm Wambeln final effluent, which 
had a transmittance value of 57 %, a reduction of 1.5 log units was reached by a UV dose of 
130 J/m². By further increasing the UV dose to 500 J/m² just 2 log units could be achieved. A 
similar log reduction could be reached for the same effluent, as its UV-T value was no more 
than 36 %; see Figure 4.44. 
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Figure 4.44 disinfection of E. coli in the final effluent of different pond plants in Germany using a 

collimated beam device at WEDECO AG (today Xylem) 
 
As shown on the graph with UV doses of 500 J/m², which are typically applied with filtrated 
secondary effluent, a target of 1,000 E. coli per 100 ml may be achieved with pond effluent 
using a collimated beam device. A survival fraction can still be seen in all the tested samples, 
but it was more significant in the pond effluents that their pathogen content was determined 
using the MPN method, because of the reason that was discussed in paragraph 4.3.2.1.1.1. 
 
In the following paragraph a modelling of the surviving bacteria will be discussed. 
 

4.3.2.2.5 Modeling UV inactivation of bacteria by continuous flow reactor  
 
In general, a small fraction of any microbial population is resistant to UV or other bactericidal 
factors (Cerf, 1977; Fujikawa and Itoh, 1996; Whiting, 1991). Typically, over 99 % of the 
microbial population will succumb to initial exposure but a remaining fraction will survive, 
sometimes for prolonged periods (Smerage, 1993; Qualls and Johnson, 1983). This effect may 
be due to clumping (Moats et al., 1971; Davidovich and Kishchenko, 1991), dormancy (Koch, 
1995), or other factors. 
 
Both of the examined indicators, E. coli and Enterococci, that were used in this study, showed 
that for low UV doses, a linear reduction trend for the log percentage reduction versus applied 
UV dose represented this 99 % of the microbial population. After a certain UV dose level, the 
reduction trend changes for both types of bacteria as a result of the remaining fraction of the 
microorganisms that have a resistant effect as mentioned above. This change point differs by 
the sample quality and the treatment stage. The inactivation rates of low UV doses are 
calculated in the literature in a linear correlation following the power model. Unfortunately, 
this power model does not describe the tailing effect of the PAC (the resistant fraction), 
hence, finding another model was necessary.  
 
Various models have been developed to describe the response of coliform bacteria to UV light 
to aid in the design of full-scale UV disinfection systems (Emerick and Darby, 1993; Loge et 
al., 1996a; Qualls and Johnson, 1985; Scheible, 1987; Severin et al., 1984a; Severin et al., 
1984b; U.S. EPA, 1986; WPCF, 1986). All of these models have been, of necessity, 
empirically based and are site specific. 
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While analyzing data from all stages in the pond treatment system of DGTP, the dose-
response curve of the log reduction percentage for both examined bacteria (E. coli and 
Enterococci) over UV dose shows a linear correlation at lower doses of 50, 100, and 150 J/m², 
and then levels out to a “slower” region at higher doses of 250 and 400 J/m² (Figure 4.45).  
 

 
 
Figure 4.45 E. coli and Enterococci logarithm reduction percentage over the UV dose 
 
The Figure 4.45 shows at two stages a curve of inactivation, a fast and a slow decay. The 
break (bend) shown on the figure is the point that refers to the UV dose where all free bacteria 
were inactivated and is the start of the tailing region where the other linear decay started, 
therefore, the two-stage model (Equation  2.9) is the one that could express this way of 
disinfection.  
 
Calibrations of the model for different effluent types can both change the statistical 
significance of the parameters, and yield radically different coefficient values, because it is 
very site-specific. 
 
Since one of this study‘s objectives is to enable the use of treated effluent for irrigation 
purposes, and E. coli is the unique indicator in all international guidelines, it was sufficient to 
calibrate the regression model for the dose response curve of E. coli bacteria only, out of all 
the studied effluent types.  
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Two-stage (broken line) regression analysis was conducted between the two variables, 
logarithm percentage reduction of E. coli in cfu/ml versus UV dose applied upon the sample 
in J/m². The coefficient determination (R square = 0,94 ) indicates that 94 % of the variations, 
which is the logarithm E. coli reduction percentage, can be explained by the variation of the 
UV dose depending on the derived formula from the mentioned regression. 
The scatter diagram below shows that the predicted values are inside the range of the 
observed data. This demonstrates that the regression is reliable. 
 

 
Figure 4.46 Demonstration of the data of the outflows of all ponds of DGTP, shows that the predicted 

values are within the range of the data 
 
Based on the two-stage curve formula (Equation  2.9), and depending on the figure above, the 
E. coli reduction percentage can be predicted in the continuous flow UV disinfection system 
as follows: 
 
Equation  4.1 
For UV dose < break (fast decay): 
 

Log percentage reduction of E. coli = a1. (UV dose- b.) + b � �ht 
 
Equation  4.2 
For UV dose > break (slow decay): 
 

Log percentage reduction of E. coli = a2. (UV dose- b) + b � ht 
 
Where: b = Break: which is UV dose [J/m²] when all free E. coli are inactivated 
 b � ht = Break height: which is log reduction percentage at this UV dose  
 a1, a2 = regression coefficients 
 
Based on this formula, the UV dose required to get (x) log reduction in the E. coli 
concentration can be predicted. This formula fits all the UV inactivation experiments for the 
different influent and effluent types. Calibrations for the different effluents can change both 
the statistical significance of the parameters and yield radically different coefficient values. 
For example, based on this calculation and the related estimated parameters, the UV dose 
required to inactivate almost 99.9 % of E. coli (survived fraction is 0.01 %) in the SE of 
DGTP is 1,077 J/m2, however for the final effluent it is 504 J/m².  
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4.4 General conclusion of UV-disinfection for pond plant effluents 
 
The measurement results with water samples of wastewater pond plants are summarized as 
following: 
 

� In all (CBD) tests it was able to get to the target E. coli removal (1,000 MPN/100ml) 
in all the tested effluents in addition to the inflow after the screening step. 

� In the (CBD) it was not possible to achieve the reduction in the E. coli count without a 
survival fraction, this could be attributed to the limitation in the MPN method that was 
explained in section 4.3.2.2.2. However, 99.9 % removal of the E. coli content was 
assured after the UV disinfection of the final effluent in all tested pond plants. 

� With 500 J/m² it was possible to achieve an E. coli count lower than the WHO 
standard of (1,000 MPN/100ml) for unrestricted irrigation using both CBD and CFR 
methods. The dose that is usually used for the disinfection of sand filtered effluent is 
an optimal treatment prior to the UV disinfection.  

� In (CFR) it was not able to inactivate the inflow after the screening stage down to the 
target level of the WHO legislation for unrestricted irrigation  

� The first pond outflow effluent disinfection with (CFR) resulted in E. coli 
concentration reduction by 3 orders of magnitude at a UV dose of 200 J/m². This is the 
same reduction efficacy that the pond wastewater treatment gave for the influent and 
even more than the reduction that can be obtained through a biological treatment plant. 
Enterococci and E. coli reached almost no growth on the petri plates with a UV dose 
of 630 J/m². 

� The second pond outflow disinfection with (CFR) resulted in no growth on the petri 
plate and was achieved with a UV dose of 210 J/m² for Enterococci, while for E. coli 
at a UV dose of 420 J/m². 

� Final effluent disinfection through (CFR) that resulted in no growth on the petri plate 
was found at a UV dose of 210 J/m² for both kinds of indicator bacteria. 

� The statistical study of the two stage model shows that the pond effluent can be 
disinfected with a minimum survival fraction because the low decade of the curve is 
minimized in the pond effluent, especially if it was compared with the after screening 
stage effluent. This can be attributed to the long settling duration in the pond plant that 
allows a reduction in the SS. The solids contain coliforms which is the one responsible 
for the tailing effect of the dose response curve (the survived fraction). 

 
Overall it can be concluded that using a UV light disinfection method for the pond effluent is 
very promising, the legislation of the WHO for unrestricted irrigation (2004) can easily be 
achieved even with low UV-T value by the application of a UV dose of lower than 500 J/m².  
 

4.4.1 Results of high loaded Gießen treatment plant 
 
E. coli, as an indicator bacteria of the fecal coliform, was found in the final effluent of Gießen 
treatment plant in a concentration ranging between 800 - 2000 cfu/ml, and the Enterococci 
group had a concentration between 100 - 300 cfu/ml. Disinfection using UV light on Gießen 
domestic wastewater plant inflow after a screening stage that had E. coli content of more than 
105 was able to reduce the pathogen content to a level approximately near that in the final 
effluent All data is displayed in Annex A1. 
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4.4.1.1 Preliminary treated effluent  
 
Disinfection of the influent of the Gießen treatment plant (after screening stage) was tested for 
several months. The samples were taken after the screening stage. These samples had a high 
load of pathogen, with population values of 10 4  to 10 6 , and 10 3  to 10 4  for E. coli and 
Enterococci respectively. 
UV-transmittance values ranged between 0.5 to 2.5 % (low quality wastewater). A reduction 
of more than 3.5 and 2.8 log units for E. coli and Enterococci respectively (Figure 4.47) was 
possible by UV irradiation operated by the continuous flow UV reactor (CFR) at a UV dose 
of 1,000 J/m², which is more than the reduction achieved by treatment of this effluent in a 
conventional treatment plant. 
 

 
 

 

Figure 4.47 UV dose response curve for E. coli (first graphic) and Enterococci (second one) by UV dose 
irradiation in the CFR for the screened effluent  

 
Using this effluent quality, a reduction to 100 cfu/ml (10,000 CFU/100 ml) was easily 
reached, even before the application of a 1,000 J/m² UV dose for both Enterococci and E. coli 
bacteria.  
Both kinds of bacteria show similar reactions toward UV radiation, since Enterococci 
pathogen are not addressed in the WHO regulations for the reuse of wastewater for irrigation 
purposes; therefore, E. coli will be discussed, only. 
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Increasing the UV dose to 1,000 J/m² resulted in a concentration of less than 10 cfu/ml  
(1,000 CFU/100 ml) of E. coli concentration. Lower E. coli concentration was not able to be 
achieved because of the effect of PAC, which was expected because of the bad UV-T and 
high SS amount of all the after screening stage effluents, see the Figure 4.49.  
 

 
Figure 4.48 Parameters of the after screening stage effluents of GTP in 3 different sampling dates 
 
In Figure 4.48 it can be noticed, that the UV transmittance value in all studied samples was 
very low, in addition to the high turbidity of about 30 - 40 [NTU], and the high SS load. In 
these bad effluent parameters cases, the effect upon the UV inactivation efficacy on the E.coli 
pathogen is the solids amount, because there are high concentrations of settable and non-
settable solids, total solids amount ranged between 500 - 1,000 mg/l. So the particles prevent 
the UV radiation from reaching the target organisms, in addition to the scatter of the UV light 
because of these particles.  
 
While displaying the data as a log inactivation of E. coli versus UV dose, a linear inactivation 
rate was found for the first UV doses applied until 800 J/m². This agrees with W. J. Kowalski 
(2001) who found that this model fits the low UV doses which are responsible for inactivating 
all free coliform bacteria. The result of this regression shows statistically high significance 
with a correlation of R = 0.9 (Figure 4.49).  
 

 
 

Figure 4.49 Linear regression trend of the log of ratio E. coli survived and UV dose applied until UV dose 
1,000 J/m² 

 
By the application of higher UV doses, the effect of the imbedded bacteria or particle 
associated coliform can be noticed. This is because the dose response curve shows another 
trend; the tailing region effect that represents the PAC.  
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It can be concluded, that 2.5 log units removal of the E. coli count could be achieved by the 
UV irradiation of the screened effluent of GTP. A 100 cfu/ml E. coli count was able to be 
achieved for all inactivated inflows, which had E. coli concentrations of about 105cfu/ml. 
It is true that the 10 cfu/ml (1,000 cfu/100ml) concentration of E. coli equal to the WHO 
standards for unrestricted irrigation was not achieved, but the bacterial removal was 
equivalent to that achieved in a conventional wastewater treatment plant like GTP, although 
the samples had very bad quality (high TS value, very low UV-T) to be used in a UV 
disinfection system. Additionally, the linear slope that represents all free swimming pathogen 
allows the conclusion, according to the Figure 4.50, that in such bad quality, increasing the 
UV dose to several thousand by increasing the exposure time of the effluent to the UV light 
over the circulation, lead to killing all the free pathogens; however the imbedded ones cannot 
be disinfected even with a high UV dose. 

4.4.1.2 Grit chamber effluent 
 
Grit chamber effluent had obviously lower TSS and thus total solids, lower turbidity around 
20 NTU, and a little bit higher UV-T values which did not exceed 6 % during the experiments 
(see the Figure 4.50). 
 

 
Figure 4.50 Parameters of the Grit chamber effluents of GTP in 3 different sampling dates 
 
Using the UV irradiation system of CFR for the inactivation of this kind of effluent allows a 
removal of both kinds of bacteria, E. coli or Enterococci, by UV irradiation that exceeds 4 and 
3 log units respectively. This reduction was achieved using a UV dose of 600 J/m², see Figure 
4.51. 
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Figure 4.51 UV dose response curve for E. coli (first graphic) and Enterococci (second one) for the after 

grit chamber effluent of GTP by UV dose irradiation in the CFR from 09.2005 to 05.2007 
 
Figure 4.51 shows the E. coli and Enterococci removal results using the CFR. E.coli pathogen 
is the indicator pathogen according to the WHO for irrigation reuse purposes, and therefore, it 
will be discussed more in this study. In the figure, the curves of 2005 are not taken into 
consideration because the UV dose measurements were taken on longer time intervals to see 
the effect of high UV doses, so there was only one measurement in the range (0 - 2,000 J/m²). 
The other three curves will be compared. 
 
Accordingly, E. coli reduction achieved by the CFR UV treatment was similar in all three 
tests. The small difference in the TSS between 40 and160 mg/l, along with the relatively 
similar UV-T value did not affect the fast slope decay of the curve. The required E. coli 
inactivation level for unrestricted irrigation (WHO, 1989) of 1,000 coliforms/100 ml of E. coli 
bacteria (= 10 cfu/ml) was achieved at a UV dose of 800 J/m². This reduction is about 99.9 % 
of the E. coli count, after that no more removal happened with an elevation of the UV dose 
because of the presence of the SS and thereby the PAC. 
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Consequently, the grit chamber outflow could be inactivated to 10 cfu/ml survived E. coli 
with a UV dose of lower than 1,000 J/m². The required dose can be varied according to the 
suspended solids load of the effluent, and not as an effect of the UV-T of the effluent. It can 
be concluded that with high SS amount in the sample the effect of the UV-T seems to be 
lower.  
 

4.4.1.3 Final effluent of GTP 
 
The final effluent of the Giessen treatment plant had most of the time a UV-T value of about 
40 % , but in one case there were some defects in the plant which allowed the sludge to pass 
through to the clarifier (secondary settling tank) and therefore worsen the UV-T value and the 
TSS, this case was the test on 08.05.07. Some examples of the measured parameters of the 
tested final effluents are illustrated in figure 4.81a and all other parameters can be seen in 
Annex A1.  
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Figure 4.52 Some measured parameters of the final effluents of GTP in different sampling dates.  
 
A UV inactivation measurement for both E. coli and Enterococci was done and again both of 
them showed similar trends of inactivation. But since E. coli is the one used in the WHO 
standards for wastewater reuse in irrigation, Figure 4.52 illustrates the UV dose response 
curve of the E. coli only, all the data is listed in Annex A2. 
 

 
Figure 4.53 UV dose response curves of E. coli inactivation in the final effluent of GTP by UV dose 

irradiation in the CFR from 09.2005 to 05.2007 
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E. coli in the final effluent could be inactivated by the CFR to less than 10 cfu/ml in all the 
studied cases at a UV irradiation dose of approximately 400 J/m², and a reduction of 3 - 4 log 
units of E.coli from a starting concentration of about 10³ cfu/ml to an end concentration of 
lower than 10 cfu/ml (= 100 cfu/100 ml), see Figure 4.53. 
 
All the tested effluents show similar slope curves, even the one sampled on 08.05.07 that had 
high TSS amount and low UV-T value. These had affected the UV dose required to get to the 
target reduction of 10 cfu/ml and lead to an increase in the dose from 350 J/m², that was 
sufficient to reach the target concentration in the other three effluents, to 450 J/m² in order to 
achieve this same concentration. 
 
Comparing GC effluent and the final effluent parameters show that the TSS of both of them 
are nearly similar, while turbidity and UV-T were better in the final effluent than in the GC 
effluent. This improvement in both parameters allowed the target pathogen removal to be 
reached with a UV dose of 350 J/m² instead of a UV dose of over 500 J/m². It can be 
concluded that UV-T values affect the UV disinfection efficacy when the other parameters 
(TSS and Turbidity) are similar.  
 

4.4.1.4 Trickling filter effluent 
 
It was not possible to run sufficient experiments on the effluent from the trickling filter 
facility because the plant in Gießen stopped operating in the second half of the experiment 
period, due to the high costs of operation. Therefore, the results of the trickling filter data 
need to be verified.  
 
Two samples were picked and the parameters of these samples are illustrated in Annex A1 (it 
should be mentioned that UV-T could not be measured in these samples at that time of 
sampling). Turbidity and TSS were found to be as low as in the final effluent as a good E. coli 
inactivation result using a UV disinfection system (see Figure 4.54). 
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Figure 4.54 Some measured parameters of TF effluent sampled from GTP 
 
The early experiments were conducted with a very high starting UV dose of 486 J/m², 
therefore, it was not possible to define the lowest UV dose required to meet the WHO 
regulations for unrestricted irrigation, see Figure 4.54. 
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Figure 4.55 Bacteria log inactivation over UV dose in trickling filter effluent 
 
The application of high UV doses over 1,000 J/m² allows showing the tailing effect of the 
PAC which seems to be overwhelmed with a UV dose of 3,000 J/m². 
 

4.5 Discussion of UV disinfection results of the different treatment plants 
 
Inactivation by collimated beam device (CBD) (according to U.S. EPA, 2002) for the other 
pond system’s effluents show that, with UV doses of 500 J/m² (see figure 4.73), which is 
typically applied with filtrated secondary effluent to achieve a target of 10 total coliforms per 
100 ml, a reduction to about 100 coliforms per 100 ml may be achieved with pond effluent 
which is sufficient for unrestricted irrigation. (See paragraph 4.3.1.2). This means, the 
reduction is one log unit lower than that with fully purified effluent. To ensure a reduction to 
10 coliforms per 100 ml, a UV dose of about 1,500 J/m² is necessary. This means, the dose 
has to be about three times higher than the 500 J/m² that is mentioned above, which is still a 
reliable value for energy consumption of the UV lamps. 
 
While comparing both tested plants, pond and activated sludge plants ( the trickling filter was 
not because of the small data set), it can be noticed that the reduction rate for pond effluents 
using a UV disinfection system can be found between mechanically and advanced 
biologically treated wastewater, see Figure 4.56: 
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Figure 4.56 UV dose-response curves for different treated wastewater (laboratory tests were conducted 

with a collimated beam device according to U.S. EPA, 2002) 
 
At the same time, the UV inactivation results with the lab scale continuous flow reactor 
(CFR) have significantly better inactivation results, than the activated-sludge. In all of the 
three types of WWTP final effluents, it was possible to reach the WHO guidelines for 
wastewater reuse in unrestricted irrigation. Nevertheless, in all ponds FE studied cases it was 
possible to get 99.9 % bacterial elimination with a UV dose of approximately 500 J/m². 
However, with this UV dose it was still possible, in both other studied FE (trickling filter and 
activated sludge), to achieve the WHO regulations limit for unrestricted irrigation, but with a 
higher E. coli survival percentage. Whereas the WHO legislation limit for reuse in 
unrestricted irrigation was achieved in the pond effluent with a UV dose of 250 J/m². Briefly, 
it was possible in the pond effluent to reach the target reduction of the pathogen with a UV 
dose of 250 J/m², however almost 500 J/m² was necessary to achieve this reduction in the 
effluent of an activated sludge plant. By comparing the TSS amount of pond final effluent and 
activated sludge final effluent it can be seen that the TSS concentration for both of them are 
located in a similar range [from 1 - 50 mg/l]. Therefore, the difference in the UV inactivation 
result could be attributed to the natural differences of the SS of each plant in terms of 
porosity. This result corresponds to the one of (Log et al., 1999) who claimed that ponds, 
unlike activated-sludge and trickling-filter systems, produce lower PAC and thereby higher 
inactivation fractions of the pathogen. He explained the result with the fact that the plant was 
not designed specifically for the growth agglomeration of bacteria (e. g., activated sludge, 
trickling filter) and will have significantly more particles in effluent with associated coliform 
bacteria. This means pond systems that are shown to have low numbers of coliform-bacteria-
associated particles and thus have low numbers of residual coliform bacteria surviving high 
UV doses even though they produced high suspended solids concentrations (Log et al., 1999). 
In this study it was not confirmed that pond plants produce higher SS solids amount, however 
this could be varied depending on the season of sampling because in the summer the SS 
fraction will be higher because of the suitable atmosphere for algal growth.  
 
Wastewater treatment in ponds cannot ensure transmittance values over 80 %, like the fully 
purified secondary effluents, after specific filtration for optimal UV disinfection efficiency. 
However in this study, it was verified that with UV disinfection of pond-final effluent, that 
even for lower effluent qualities regarding Turbidity and UV-transmittance, a reduction of 
pathogen sufficient for agricultural reuse is feasible with cost-effective doses. Even with low 
UV-T value the disinfection performance is high quality because of the low SS amount in the 
pond plant or the natural SS in the pond plant that did not contain associated coliforms. 
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On the other hand, this study agrees with the result of McCawley (2001) who claimed that 
without some form of filtration it will be difficult to achieve extremely low coliform 
concentrations in the settled effluent from an activated-sludge plant as it was disinfected in 
CBD. It was possible in this study, however by using the CFR to achieve about 100 cfu/100 ml 
with a UV dose of 500 J/m² but then increasing the UV dose will not give a better disinfection 
result. This is attributed to the tailing effect of the residual fraction (of imbedded pathogen or 
PAC). This result is similar to the one of Emerick et al. (1999) who found that the number of 
particles with associated coliform is directly correlated to the residual coliform bacteria 
concentration after high UV doses.  
 
The low PAC effect in the pond plant was confirmed in this study as well, because when 
comparing the dose response curve for the indicator bacteria for pond effluent with the one of 
activated sludge, it can be noticed that the curve tends to be more linear, because the low 
slope of the curve, which represents the residual coliform, resulting from the associated 
coliform was reduced. Thus, pond effluent has more low particle associated coliforms and 
less residual coliform bacteria than other conventional treatment plants like activated sludge 
plants. This corresponds to the result of Emerick et al. (1999) that lagoon systems were shown 
to have low numbers of coliform-bacteria-associated particles and thus had low numbers of 
residual coliform bacteria surviving high UV doses even though they produced high 
suspended solids concentrations. However, industry practice dictates that the low bulk-liquid 
absorbance of such wastewater precludes cost-effective use of UV disinfection 
 
Overall, the lab results show that UV irradiation is technically possible and economically 
reasonable for disinfection of pond effluents to be reused, even without extended further 
purification. Moreover, a reduction in the pathogen count to a level corresponding to the 
WHO regulations for the unrestricted reuse in irrigation could be achieved in all pond 
outflows (first pond, second pond and final effluent) with practicable UV doses. 
 
It was confirmed in this study as well, that pond effluent can be inactivated to a very low 
pathogen survival rate (10 cfu/100 ml) with a very cost effective UV dose (250 J/m²). 
Whereas, activated sludge effluent did not reach such an inactivation result even with several 
thousands of UV doses. In addition extending the UV dose to 1,000 J/m² allows achieving this 
reduction in every pond outflow not just in the effluent. WHO legislation levels for 
unrestricted irrigation was able to be achieved, by extending the exposure time of the sample 
to the UV light resulting in still applicable UV dose, in every stage of the activated sludge 
plant except after screening stage. 
 

4.6 Results for the inactivation of settled effluents 
 
UV disinfection tests of wastewater in combination with limited pre-treatment by fine 
screening and sedimentation on a laboratory scale, was conducted using a collimated beam 
device (CBD) for the short-term settling periods and (CFR) for short and long-term settling 
periods. 
 
Using CBD for the UV inactivation of settled samples by means of mechanical pre-treatment 
improves the disinfection efficiency significantly. In Figure 4.57, the typical results of 
laboratory scale tests for inactivation of E. coli in screened (6 mm) sewage after different 
short-term sedimentation periods (15 to 90 min) is displayed.  
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Figure 4.57 Examples for Inactivation of E. coli by UV light in screened sewage after different detention 
times (laboratory tests conducted with a collimated beam device according to (U.S. EPA, 
2002) 

 
It can be shown that, for the after screening stage effluent a UV dose of 1400 J/m² was 
required to reach 1,000 cfu/100 ml (according to the WHO legislation for the unrestricted 
irrigation purposes). Whereas, if this effluent was retained for 30 minutes of settling duration 
the required dose to achieve the target E. coli content would reduce to 600 J/m². Moreover, 
about 500 J/m² was enough to achieve the 1,000 cfu/100ml target when the retention duration 
was exceeded to 60 and 90 minutes. 
 
Similar laboratory tests were done upon the screened effluent of GTP for different settling 
durations, of 30 min, 6 hours and 24 hours using UV irradiation of CFR. The Figure 4.58 
shows two graphs, the first one is an example of the UV dose response curve for: the screened 
effluent, the screened effluent after 30 min settling duration, the screened effluent after 
6 hours retention duration and the effluent after 24 hours retention duration. The second graph 
shows UV-T values and TSS amount in each of these samples. All other data is displayed in 
Annex A7. 

WHO 
1989 
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Figure 4.58 UV dose response curve for the screened effluent of GTP and for the screened effluent after 

different retention intervals on 02.04.2007 , the second graph represent two of the measured 
parameters of these effluents. 

 
It can be seen in Figure 4.58 that more than 1,200 J/m² was required for the after screening 
stage effluent that was sampled from GTP to achieve the target regulation, which was not 
applied in this test. However, a 30 minutes settling duration for this effluent reduces the TSS 
amount from 145 mg/l to 40 mg/L and allow the UV inactivation of the E.coli pathogen from 
more than 104 to 10 cfu/ml (= 1,000 cfu/100 ml) at a UV dose of 1,000 J/m². It should be said 
that the UV-T value improved just 1.5 % after this retention time. However, increasing the 
retention duration of the sample to about 6 hours increases the UV-T value to 6 % and reduce 
the TSS to lower than 10 mg/L. Therefore, a 800 J/m² UV dose was sufficient to inactivate the 
E. coli pathogen to the target level of pathogen content of 10 cfu/ml (according to the 
1,000 cfu/100 ml WHO standard for unrestricted irrigation wastewater reuse). The retention 
time of 24 hours adds a UV-T value improvement of 1.5 % more and reduces the TSS to 
about 5 mg/l. This small improvement in the parameters of the sample did not have a 
significant effect upon the removal efficacy of the pathogen during the UV inactivation, 
therefore, there is no differentiation between the 6h retention duration and 24 retention 
duration in the UV dose response curve of E. coli inactivation. 
 
Consequently, in both CBD and CFR, the unrestricted irrigation guidelines could be achieved 
by a UV irradiation of the settled effluent, even after just 30 minutes settling duration, by a 
UV dose of less than 1,500 J/m2.  
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An overall illustration of all the conducted experiments for the settling durations of 0.5, 1.5, 6 
and 24 hours is shown in Figure 4.59, where a comparison between the settling duration’s 
effects can be noticed.  
 

 
Figure 4.59 Reduction rate of E. coli over UV dose for the screened effluent after different settling 

durations between 03.2007 and 04.2007 
 
 
However, and as shown in Figure 4.59, in all the settled effluents regardless of the settling 
durations, a 99.9 % reduction in the E. coli content was able to be reached even with a UV 
dose less than 1,000 J/m². In detail, the reduction percentage of 99.9 % was achieved at a UV 
dose of almost 400 J/m² for the screened effluent after a 30 minute settling time. A retention 
time of 1.5 hours results in reaching the 99.9 % reduction at UV dose of 320 J/m². 
Nevertheless, a retention time of 6 hours for settled screened effluent needs a 400 J/m² UV 
dose for the same reduction percentage, and a 24 hours retention time delays the inactivation 
percentage of 99.9 % to a UV dose of more than 800 J/m². 
 
A settling duration of 30 minutes seems to be cost effective for a full scale UV disinfection 
system, as it was sufficient to get the required E. coli inactivation with a reasonable UV dose 
of 900 J/m². In order to achieve the required E. coli removal in accordance with the WHO 
standards for the unrestricted irrigation reuse with lower UV dose (between 400 - 600 J/m²) 
an increase in the retention time to 90 minutes or even 6 hours is essential depending on the 
UV dose that will be applied. 
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4.7 Results for the UV-inactivation of effluents after settling and/or 
filtration  

 
The sedimentation effect was compared with filtration by filtering the settled sample with a 
20 μm pore-size filter; both samples were irradiated with the continuous flow UV system by 
similar UV doses in order to compare UV performance in inactivating E. coli bacteria after 
different retention times. Figure 4.60 shows two graphs, the first one illustrates the UV dose 
response curve for: the screened effluent, the screened effluent after retention time of 
30 minutes, the screened effluent after retention time of 30 minutes then filtration, the 
screened effluent after retention time of 6 hours, the screened effluent after retention time of 
6 hours then filtration, the screened effluent after retention time of 24 hours, and the screened 
effluent after retention time of 24 hours then filtration. Where the second graph shows the 
UV-T value and the TSS value for each type of these effluents, all measurements are 
displayed in Annex A7. 
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Figure 4.60 UV- dose response curve of E. coli inactivation in the after screening stage effluent, after 

different retention time, and after filtration of each settling duration, second graphic is the 
TSS and UV-T variations of the sample of 10.04.2007 
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The reduction efficacy of the UV system had improved for the effluent settled for 30 minutes 
and still improved by the combination with filtration in spite of the light decrease of TSS. 
Whereas increasing the settling duration to 6 hours did not improve the UV-T more than the 
one filtered and settled for 30 minutes effluent but the UV reduction efficacy still improves 
for this effluent (see the first graph in the Figure 4.60). After that by the combination of the 
6 hours retention duration and filtration, and by increasing the settling duration to 24 hours, in 
addition to the combination with filtration for this settled effluent no significant improvement 
in the UV reduction efficacy of E. coli can be noticed.  
 
After a settling duration of 6 hours with or without filtration no remarked distinction was 
found using filtration. The UV disinfection performance for the settled effluent for 6 hours 
was similar to that filtered effluent and that settled for 24 hours. This means that extending 
the settling duration of the screened sewage of GTP to 6 hours achieves a disinfection result 
similar to that achieved after filtration with a filter of 20 μm pores-size  
 

4.8 Discussion of retention experiments in subsequence to UV irradiation 
 
In this study, it was proved that by settling only it was possible to achieve a similar 
disinfection curve to that derived after the elimination of particles of � 20μm by filtering the 
settled sample. This can be attributed to the fact that by settling for 30 minutes an 80 % 
reduction in the SS happened. This reduction induces a reduction in the disperse coliforms 
and particle associated coliforms, which are responsible for the survived fraction from the 
higher UV doses. In addition extending the settling duration to 6 hours lead up to a SS 
concentration of about 10 mg/l similar to that achieved by filtering this sample (see Figure 
4.60). This resulted in similar dose response curves for both effluents, although the UV-T of 
the filtered sample was 3 % higher than the settled one (see figure 4.87). This means that 
settling affected the UV disinfection performance by reducing the SS amount but not 
increasing the UV-T value, which agrees with Rajala et al. (2003) who claimed that settling 
does not influence UV dose by affecting transmittance, and shielding is a more important 
effect. Evenwith the filtration results, it was found that after using a 20 μm pore-size filter 
there was no significant improvement in the UV-T. However, an improvement in the 
disinfection performance was noticed which was due to the reduction in the TSS amount. This 
corresponds to the result of Darby et al. (1993) who proved that the improvement in the UV 
disinfection efficacy after filtration was not due to the UV-transmittance improvement. 
 
However, extending the retention duration to reach a reduction in the organic contents, in 
addition to an elevation in the UV-T as good as through filtration was tested. The range of UV 
transmittance that was achieved in a settling period of 7 to 8 days is only slightly worse than 
that of typical secondary treated WWTP effluents of about 45 % to 70 %, however 
disinfection of these retained effluents was not tested which is necessary to give a better idea 
of the effect of these elevations in UV-T value.  
 
On the other hand, in order to ensure a reduction in the indicator bacteria to a level below the 
limit of the WHO guidelines for screened sewage an extension in the irradiation time during 
the disinfection process occurred, and if you are willing to use a UV dose of 1,200 J/m², a 
settling duration of about 30 minutes would be sufficient, while a settling duration of about 
6 hours reduces the required dose to achieve these regulations to 800 J/m². 
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4.9 Discussion of factors determining the UV disinfection efficiency 
 
The performance of the germicidal effect of UV radiation generally depends on the UV dose 
applied to the pathogens (with UV dose [J/m²] = Intensity or irradiance [W/m²] x Exposure 
time [s], see explanations in section 2.5.2), which is mainly influenced by the quality of the 
irradiated water. As UV light interacts with materials contained in the irradiated liquid 
through absorption, reflection, refraction and scattering, the remaining UV dose available for 
pathogen inactivation very much depends on the water constituents. There are generally three 
key parameters used in literature to describe the influence of water constituents on the 
disinfection efficiency of UV irradiation: 
 

� turbidity, stated in nephelometric turbidity units (NTU), 
� suspended solids content (SS) and 
� UV transmittance (UV-T), or vice versa the UV absorption, which is the share of light 

passing through a water sample over a specified distance, e. g. 1 cm. 
 
The results of this study show that the relevance of the mentioned parameters is highly 
debatable. 
 

4.9.1 Discussion of turbidity effect upon UV efficacy 
 
UV-transmittance is a distinctive parameter to define the disinfection efficacy of UV light. As 
mentioned in the preliminary experiment results, this study shows no correlation between 
UV-transmittance with the turbidity of the irradiated wastewater sample in many sections of 
the disinfection tests. In order to study the effect of turbidity upon the disinfection 
performance of the continuous flow UV system, an illustration is shown in Figure 4.61. 
Turbidity variation on the effluent is displayed for the different settling durations and 
filtration process. In addition, to the graph that was shown before in figure 4.86, it shows the 
UV dose response curves (DRC) with surviving E. coli for different treatment types of the 
effluent. 
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Figure 4.61 Turbidity variations in the settled and filtered effluent and E. coli response curve for the UV 

disinfection of this effluent on 10.04.2007 the second graph was illustrated in Figure 4.86 
 
 
Although the reduction in turbidity in the first 30 minutes did not exceed 2 NTU, an 
improvement can be noticed in the UV irradiation E. coli reduction efficacy of about 1 log 
unit at a UV dose of 1,200 J/m². Whereas, the reduction efficacy shows an improvement in 
the following settling durations, although no significant reduction in turbidity can be noticed.  
After a 6 hour settling duration, the reduction of E. coli by UV irradiation was greater (1 log 
unit), due to the reduction in the SS amount. This was greater than the reduction in the 
effluent which was settled for 30 minutes then filtered, although this effluent had a lower 
turbidity value.  
 
To clarify the impact of turbidity upon UV efficacy in inactivating E. coli, another statistical 
analysis was performed. Aggregation of the applied UV doses in two groups, above 200 J/m², 
and below or equal 200 J/m², the reduction percentage of E. coli by UV light over the 
turbidity content of Gießen treatment plant effluent was discussed and illustrated in Figure 
4.62. 
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Figure 4.62 E. coli reduction percentage by UV verses turbidity content [NTU] in the effluent 
 
Removal of E. coli bacteria in the first graph is an example of when the turbidity value of 
15 NTU differed widely. It was one time at 65 %, another time 80 % and also about 90 % at 
low UV irradiation doses of < 200 J/m². A similar situation can be noticed for the high UV 
doses applied when turbidity value of the effluent was 35 NTU in the second graph. So a low 
turbidity value of the effluent does not lead to a better UV disinfection performance.  
 
This agrees with the claim of Bourgeous and Narayanan (2004) who tested two filtered 
effluent with similar turbidity of 1.5 - 1.6 NTU and found that turbidity does not accurately 
measure the presence of the larger particles, and the presence of larger particles in filtered 
effluent will prevent the adequate disinfection by a UV disinfection system. It can be 
concluded that turbidity measurement cannot underlie the reduction efficacy of UV 
disinfection for wastewater samples. 
 

4.9.2 Discussion of the effect of UV-T and TSS amount upon the UV disinfection 
performance 

 
In this study, it was found that UV-T value cannot be used as a factor to decide the efficiency 
of the UV disinfection of a studied effluent. For example, two effluents with the same UV-T, 
one of them is grit chamber (GC) effluent, while the other is activated sludge final effluent. 
Generally, it should be expected that the final effluent of the activated sludge plant would 
have a better inactivation result. Conversely, it was found that the GC effluent had a better 
inactivation result due to the lower TSS amount of 41 mg/l, while at the same time the final 
effluent had a TSS amount of 165 mg/l. So TSS concentration can relate to the reduction 
efficacy of UV disinfection performance more than UV-T value. This agrees with Job et al. 
(1995) who showed that increasing suspended solids concentrations in the final effluents 
reduced the overall performance of the UV disinfection.  
 
Consequently, even when the UV transmittance is low, a high percentage reduction of E. coli 
in the continuous flow UV reactor could be achieved. UV-T value is important to decide the 
performance of the UV disinfection performance upon the effluent only if the TSS 
concentration was reduced.  
 
The amount of suspended solids has an impact upon the disinfection result in the wastewater 
effluent, by reducing the UV disinfection performance. Either by shielding pathogens or by 
attaching to them or the pathogens are dispersed in the particles. 
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In this study, the effect of TSS has been examined by comparing the screened and the filtered 
effluent with a filter of 20 μm pore-size by eliminating the particles from this size and on. 
Figure 4.63 shows the results of the irradiation of UV dose response curve (DRC) of the after 
screening stage effluent (SE) and the same effluent after filtration.  
 

 
Figure 4.63 UV dose response curves of screening stage effluent of GTP in comparison with the same 

effluent after filtration with 12 - 20 μm pores-size filter.  
 
Through means of filtration all the SS from 20 μm and larger were eliminated. This had an 
impact upon the UV disinfection performance, and led to the reduction in the E. coli to 
achieve the WHO recommendations for wastewater reuse for unrestricted irrigation purposes 
at a UV dose of about 300 J/m². While before filtration a dose of 1,000 J/m² was necessary to 
achieve this removal. This agrees with Schoeler (2003) who separated the particles larger than 
20 μm, and found that sewage can be disinfected much better after filtration in a 100 ml 
sample and this was for fecal streptococci, fecal coliform, and total coliform pathogens that 
were exposed to a maximum radiation dose of 1,600 J/m² which could be disinfected to a 
level below the detection limit. However Li and Ganczarczyk (1987) claimed that wastewater 
particles are highly porous and the highly porous nature of wastewater particles creates 
pathways for light penetration. This was not confirmed in this study, because it was found that 
the presence of higher SS lead to lower disinfection efficacy of the UV light. 
 
The elimination of the particles bigger than 20 μm was noticed using filtration as illustrated in 
the section 4.7. Figure 4.87 shows that the disinfection performance did not improve after 
separating the particles bigger than 20 μm in the sample 6 hours and filtration where the UV-
T improves significantly. This is because, although the particles greater than 20μm are 
eliminated using the filtration, by settling there is a reduction in the SS amount and the 
residual solids don’t affect the disinfection performance because the light scattered by the 
remaining solids still could inactivate the coliforms. Therefore, the filtered effluent had the 
same disinfection result, just like the only settled effluent. This result agrees with Qualls et al. 
(1983) who found that the scattered UV light is believed to still be available to inactivate 
microorganisms and therefore produces a good disinfection result. It disagrees with 
Bourgeous and Narayanan (2004) who found that the presence of larger particles in filtered 
effluent will prevent adequate disinfection by a UV disinfection system. They derived this 
result after testing two filtered effluents with similar turbidity, both were exposed to a UV 
dose, the two filtered effluents differed significantly in the number of large particles present. 
An increased number of large particles caused a higher total coliform bacteria concentration. 
In this study the filtration of big particles (� 20 μm) did not have an effect on the disinfection 
performance if enough settling duration was present (6 hours) and through settling the 
elimination of large particles was not assured.  
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Moreover, the result of White et al. (1986) who thought that in order to disinfect effluent with 
UV radiation, total SS (TSS) should be under 20 mg/l and the transmittance above 50 % was 
not emphasized because it was very plant specific. A good disinfection result was achieved 
with worse UV-T value. 
 
Depending on the two stages derived model (see section 4.3.2.2.5) it can be concluded that if 
the effluent has high SS concentration, free bacteria can still be totally inactivated by 
increasing the UV dose to several thousands (linear slope of inactivation), however the 
imbedded bacteria or the accumulated one still cannot be disinfected. Filtering the large 
particles (� 20 μm) allows sufficient reduction in the particles that may contain pathogens and 
therefore achieve sufficient E. coli removal. Moreover, a total disinfection of the effluent after 
separating particles (� 20 μm) was not achieved. This occurred because smaller particles 
could still have pathogens imbedded or attached to it. 
 
As a conclusion, it can be said that increasing UV-T leads to better UV disinfection efficacy 
when this increase is supplemented with a reduction in the particles concentration. UV-T 
value and SS concentration are important parameters to declare the quality of the effluent in 
addition to the turbidity, but they are all not sufficient to predict the UV disinfection 
performance of the effluent. The disinfection performance of different effluents using UV 
light is very site-specific. Additional research is warranted to investigate whether other 
measurements like concentration of particles containing coliforms or the nature of the SS, 
could predict the suitability of UV disinfection for effluent inactivation.  
 

4.10 Reactivation of bacteria 
 
While disinfecting wastewater by UV light, it has to be taken into consideration that the 
pathogen reduction can be reversed when storing the water for some time. Repair mechanisms 
like photo-reactivation and dark repair of irradiated cells may let the numbers of pathogens 
increase again some time after the application of UV light. In this study, the dark repair of 
E. coli was observed for sixteen days, the irradiated samples were stored at lab conditions, 
E. coli concentration was daily examined in the effluent (Figure 4.64). This effect was not 
studied extensively because it was a main focus in many previous studies. (Oberg, 1995). 
 

 
Figure 4.64 Reactivation of E. coli in disinfected effluents, where the higher applied UV dose was 

1,200 J/m² 
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The reactivation of E. coli is obvious in this Figure 4.64. The E. coli population increases in 
about 2 log units for the three types of effluents. Photo-reactivation as well as dark repair 
effects depend greatly on the site conditions (temperature, light exposure, surfaces etc.) 
(Whitby et al., 1984; Harris et al., 1987; Chrtek and Popp, 1991; Thyen et al., 1993, Oberg, 
1995). The repair effects become more evident when adequate UV doses cannot be ensured 
during irradiation, which is given with disinfection of not fully purified wastewater 
(Lindenauer and Darby, 1994). This can be due to the fact that partially purified effluents are 
on the one hand highly loaded with nutrients that feed these bacteria and enhance the 
reproduction process, and on the other hand the solids prevent the full purification of the 
effluent and allow amounts of bacteria to survive or stay active.  
 
Because of the reactivation effects it can be concluded that wastewater disinfected by UV 
light is not appropriate for long-term storage. Therefore, it has to be taken into consideration, 
if disinfected water is stored for irrigation at a later occasion. Nevertheless, in the case of a 
point-of-use immediately after UV-disinfection, the reactivation effects are not significant. 
 

4.11 Duckweed enhanced settling of screened influent 
 

4.11.1 Introduction 
 
Duckweed (DW) is known for its capability of removing nutrients from the influent, and for 
their ability to decrease the evaporation in wastewater lagoons (Buddhavarapu and Hancock, 
1991). Most recent studies show duckweed plants in duckweed based treatment ponds to have 
very good results in decreasing the total suspended solid amount in the effluent, because they 
prevent the growth of algae, (Ngo, 1987; Ngo and Poole, 1987). However, the lack of 
information about UV transmittance variations in the duckweed based treatment lagoons 
induces the interest to do these experiments.  
 
Therefore, the concern was to trace the UV transmittance improvement of the screened 
effluent with the addition of duckweed plants without any other high technology applications, 
with the aim of using a UV disinfection system for the retained effluent with duckweed fronds 
in further experminentation. 
 
In this study, a series of retention experiments were done on SE of GTP, using the floating 
aquatic plant duckweed in order to study UV transmittance and turbidity variations in the 
effluent with different duckweed cover and different wastewater amounts for different storage 
durations inside and outside the laboratory, with control pots for each experiment condition.  
 
In the following paragraphs 4.11.2, and 4.11.3, transmittance and turbidity variations will be 
studied in detail for the containers and pots with the different duckweed covers and different 
attached circumstances. 
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4.11.2 Results of transmittance and turbidity variations in test containers 
 
As described in the methods section in chapter 3.2.8, about 5,000 ml effluent was set in test 
containers as following: 

� containers with 50 % and 100 % duckweed cover (DWC) in outdoor conditions, 
� containers with 50 % mat cover inside the laboratory and  
� control containers without any duckweed cover inside and outside the laboratory. 

 
UV-transmittance, turbidity, pH and electrical conductivity were observed daily. In order to 
investigate the impact of different mat covers and the position of the containers either outside 
or inside, various analyses were conducted for UV transmittance in the containers using 
Tuckey HSD and Welson tests, which are shown in the table below. 
 
Table  4.1 Variance analysis test of effluent transmittance in the different containers 

Test Percentage of duckweed 
cover of wastewater 

sample surface 

N Mean 

Tukey HSD (a,b,c) 100 % 36 6.019 
 0 % 58 9.443 
 50 % 58 12.518 

Ryan-Einot-Gabriel-
Welsch Range (c) 

100 % 36 6.019 

 0 % 58 9.443 
 50 % 58 12.518 

 
The best UV-transmittance value that could be achieved was in the containers with 50 % 
DWC with results of more than 3 units better than in the control containers. The worse 
performance was observed in the 100 % DWC containers, regardless of the position of the 
container. 
 
Moreover, turbidity removal was better in 100 % DWC compared to that in the control 
containers, and the best improvement was observed in the 50 % DWC containers (Table 4.2). 
 
Table 4.2 Variance analysis result of turbidity for the effluent in the containers 

Test Percentage of duckweed 
cover of wastewater 

sample surface 

N Subset 
 

Tukey HSD (a,b,c) 50 % 58 14.7678 
100 % 36 14.9903 
0 % 58 17.9359 

Ryan-Einot-Gabriel-
Welsch Range (c) 

50 % 58 14.7678 
100 % 36 14.9903 
0 % 58 17.9359 

 
 

 
A comparison between UV-T improvements in the different DWC containers and the control 
is described in the following paragraphs. 
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4.11.2.1 Containers outside with 100 % duckweed mat cover 
 
A variance analysis study of turbidity comparing the cases with 100 % DWC and the control 
cases was conducted. It was found that the mean value of turbidity is almost 14.9 NTU for the 
100 % duckweed cover, where 17.9 NTU was the mean turbidity value for the containers 
without duckweed cover. UV-transmittance variations over the retention time are illustrated in 
Figure 4.65. UV-T improvements with the retention time can be noticed, where discontinuous 
curves represent the blank containers. 
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Figure 4.65 UV-T variation in the containers for the 100 % DWC and the blank containers at outside 

conditions 
 
It can be seen that in the 100 % DWC, the improvement in the UV-T value was slower than 
that without DWC in almost all of the studied cases. However in one of the tests (02.05.07) 
the improvement of UV-T value was parallel in both the uncovered and the duckweed 
covered samples.  
 
A mean comparison study was conducted for the 100 % duckweed cover containers and 0 % 
duckweed cover containers. The mean value of the transmittance in the 100 % duckweed 
cover was almost 6 %, whereas the mean transmittance value of the 0 % Duckweed cover 
containers was almost 9.4 %. This means that the 100 % duckweed covering did not yield a 
positive effect.  
 
Consequently, turbidity and transmittance in these cases show no correlation. Turbidity was 
better in the 100 % DWC, whereas transmittance was better without DWC. The development 
in UV transmittance values in the containers without duckweed is better than that in the 
containers with 100 % DWC.   
 

4.11.2.2 Containers outside with 50 % duckweed mat cover 
 
A mean turbidity value for the 50 % and 0 % DWC containers is 14.6 NTU and 17.9 NTU 
respectively. A mean UV-T value of 11 % was observed in the containers with 50 % mat 
cover, and for the control containers it was 8 %. As a result, a 3 % greater improvement in the 
transmittance was achieved in the containers with 50 % DWC when compared with these 
without any DWC in the outside conditions. 
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An illustration of the transmittance variations over time for each container is displayed in 
Figure 4.66, where discontinuous curves represent the blank containers. UV-T in all the 
containers showed a slow improvement until the 6 day retention duration, after that it can be 
seen that the UV-T value started to improve in a faster slope then plateaus out. The containers 
with the DW cover show higher measured UV-T values and faster improvement than the 
blank samples. 
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Figure 4.66 UV-T variations in the big pots with 50 % DWC and the blank samples at outside conditions 
 
A linear regression of the transmittance development with the retention time was conducted. 
An improvement of 0.05 % could be achieved in the UV-T value of the screened effluent with 
50 % DWC per hour of retention time. At the same time, the improvement of the 
transmittance in the control containers was 0.04 % per hour. The start transmittance value was 
2 % for both samples.  
 
Overall, it can be stated that the acceleration in UV transmittance improvement in the 50 % 
DWC containers was greater than that in the control containers. The 50 % duckweed covering 
on the surface of the settled effluent in the outside conditions showed a better and faster UV-T 
improvement throughout the retention period of 15 days than the container without DW. 
Additionally, an improvement in turbidity was noticed in the containers with 50 % DWC than 
the containers without DW. 
 

4.11.2.3 Containers inside the laboratory with duckweed 50 % mat cover 
 
The containers that were located inside the laboratory displayed an earlier removal of SE 
turbidity, than those located outside. 15 NTU is the mean turbidity value for the 50 % DWC 
samples, and 17.9 NTU is the mean turbidity value for the control. Turbidity removal was 
better with 50 % duckweed mat cover than without any cover.  
 
The same improvement was noticed with a UV transmittance variance analysis test, where the 
transmittance mean in the 50 % DWC containers inside the laboratory was 15 %, and for the 
control tests it was 11 %. The improvement in UV-T in the 50 % covered surface effluent 
with duckweed was 3 % higher than in the blank containers.  
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Figure 4.67 shows the improvement trend of UV transmittance with the detention time in 
these containers located at room temperature. The blank containers curves are displayed in a 
discontinuous line. It is obvious in the first detention days until day 6 in the detention duration 
that the overall improvement in the UV-T value was about 5 % whereas after day 6 the 
improvement increases to reach 5 % daily until day 10 of the retention duration when no more 
significant effect can be noticed.  
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Figure 4.67 UV-T variations in the big pots with 50 % DWC and the blank samples inside the laboratory 
 
 
This improvement was studied in a linear regression test and shows that the UV transmittance 
value changes by almost 0.09 % hourly, while in the control container transmittance increases 
by 0.07 % per hour, when the starting UV transmittance value is 2 %. 
 
As mentioned in the last paragraph, the UV-T value improvement in the containers located 
outside was 0.05 % per hour, whereas the containers located inside produced a faster 
improvement of 0.09 % per hour. In addition, the mean UV-T value for the containers outside 
the laboratory was 11 %, but for those inside the laboratory it was15 %.  
 
The improvement in the UV-T value was greater in the 50 % DWC containers than that of the 
effluent in the control containers, and it gave better and faster results when these containers 
were located inside the laboratory. 
 

4.11.3 Results of transmittance and turbidity variations in test pots 
 
In order to distinguish the performance of duckweed in a small sample amount, similar tests 
were conducted in smaller pots instead of the containers. The test pots are vessels that contain 
only a little amount of the sample, about 1,000 ml. Duckweed mat cover was as follows: 

� 100 % and 50 % DWC outside,  
� the same inside the laboratory, and  
� blank pots with no DWC for each position to assure a reliable comparison. 

 
The retention time for the pots experiments were shorter due to the smaller wastewater sample 
amount.  
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In Table.4.3 a comparison between the mean UV-T of the pots outside and inside the 
laboratory for the different DWC cover levels (100 %, 50 %, and 0 %) is displayed: 
 
Table.4.3 Mean comparison for the transmittance value for the pots with different DWC 

Test Percentage of duckweed 
cover of wastewater 

sample surface 

N UV-T 
[%] 

Tukey HSD (a,b,c) 100 % 88 13 
50 % 128 14 
0 % 117 14 
Sig.  0 

Ryan-Einot-Gabriel-
Welsch Range (c) 

100 % 88 13 
50 % 128 14 
0 % 117 14 
Sig.  0 

 
Notwithstanding the positional effect, no difference was found between 0 % and 50 % DWC 
in the pots, while the 100 % DWC pots showed an almost negative performance by improving 
the UV light transmittance value of the effluent. 
 
The following paragraphs describe the UV transmittance improvement in every pot with 
different DW percentage mat cover inside and outside the laboratory. 
 

4.11.3.1 Pots outside with 100 % duckweed mat cover 
 
Turbidity removal in the 100 % DWC pots, which were placed outside the laboratory, was 
compared with the pots without DW mat cover. The mean turbidity values were 13 and 
12 NTU respectively. The difference between both means is not significant; therefore, a 
preference cannot be established. This occurs because duckweed roots entrap bubbles in their 
root (van der Steen, 2003), and as it was mentioned before, this effects the turbidity 
measurement and results in high turbidity values. 
 
In order to compare the UV-T value of the effluent with 100 % DWC with the blank sample, 
a variance analysis test was conducted in order to compare the mean values. This comparison 
showed that the mean UV transmittance value of 100 % and 0 % DWC pots were 13 % and 
14 % respectively. This shows that there was no significant difference between both cases. 
Especially considering that the result of the regression showed a correlation coefficient of  
(R = 0.7), which is reliable. 
 
In order to confirm this result, a graph of the conducted experiments is shown in Figure 4.68 
for the blank and 100 % DWC pots that were placed outside. The discontinuous lines 
represent the UV-T variation curve of the blank sample. In most cases there were slow 
increases in the UV-T until the third day, after that the UV-T increased at a different slope but 
faster than at the beginning of the retention period. However, the rate of this increase was 
very much site-specific. After the eight day of the retention period the UV-T increase stopped 
in most cases. 
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Figure 4.68 Comparison between the improvement curves of UV-T value for the effluent in the pots with 

100 % DWC and the blank pots (0 %) at outside conditions 
 
 
As you can see, although no significant difference between the two applications was found, in 
most cases the blank samples had a greater improvement in their UV-T value than that in the 
100 % DWC pots, except in one case. However, in that one case on 17.04.2007, it did not 
show an improvement in the UV-T because of significant algal growth (see Figure 4.70), 
because the presence of Algae in the water affected the UV-T measurement in a negative way. 
 
However, the pots with 100 % DWC did not show better increases in UV-T than the 0 % 
DWC pots. 
 

4.11.3.2 Pots inside the laboratory with 100 % duckweed mat cover  
 
The variance analysis test of turbidity removal over the retention time for the 100 %, and 0 % 
DWC in the small pots for inside laboratory conditions shows that the means of turbidity for 
100 % and 0 % DWC are 11.5 and 11.1 NTU, which is not a significant difference between 
both of the preparations.  
 
In order to compare the improvements in UV-T values in both of the pots, a variance analysis 
was conducted for the UV-T of the effluents in both of the pots that were covered with 100 % 
DWC, and the blank one. The analysis shows that there was no difference between both kinds 
of pots because they both have a mean value of 14 %. In order to affirm the comparison 
between the two cases, a display for the UV-T improvement curves is illustrated for both pots 
of 100 % and 0 % DWC in Figure 4.69. The discontinuous lines represent the UV-T variation 
curve of the blank sample. An increase slope in the UV-T can be noticed until the seventh day 
of the retention duration, after that the UV-T stays the same or decreases some times. 
 



Results and Discussion _____________________________________________________ 141 
 

 

0
5

10
15
20
25
30
35
40
45

0 2 4 6 8 10 12
Storage time (days)

U
V

-T
 (%

)
16.05.2007
24.05.2007
25.05.2007
17.04.2007
02.05.2007
16.05.2007
24.05.2007
25.05.2007
17.04.2007
02.05.2007

 
Figure 4.69 Comparison between the improvement curves of UV-T value for the effluent in the pots with 

100 % DWC and the blank pots (0 %) inside the laboratory 
 
 
The effluent in the blank pots showed, in all the conducted tests, a greater improvement rate 
in UV-T value than that in the 100 % DWC pots. An exception, however, was in the test from 
17.04.2007, while in this test it was observed that the effluent in the blank samples was 
overloaded with algae growth. This is the reason that improvement of the UV-T was 
prevented in the blank samples. The same situation occurred on 02.05.2007. Figure 4.70 
shows the blank samples at the end of the tests that were started on 02.05.2007 and 
17.04.2007, and the algal growth in three of them that prevented improvement in the UV-T 
value of the effluent. 
 

    
          Inside 02.05.  outside 02.05.      inside 17.04.     outside 17.04. 

Figure 4.70 Blank samples at the end of each tests for the experiments that were started on 02.05. and 
17.04.2007 

 
It can be stated that in both the pots located outside and inside with 100 % DWC, no change 
was noticed in the UV-T value, in comparison with the blank pots. In some cases where an 
algal growth was noticed in the blank samples and prevented. In the 100 % covered samples 
UV-T showed an increase in the DWC pots and a decrease in the non-covered pots in the later 
days of the retention periods. Due to the 100 % DWC cover, sun light was prevented from 
penetrating the DW layer to the sampled water body and algae cannot reproduce under such 
conditions. Additionally, the competition between the DW and the Algae for nutrients and 
oxygen resulted in a die off of the Algae. Whereas, in the pots without DWC the conditions 
are ideal for Algae reproduction because of the sun-light, the outer oxygen and the nutrients in 
the wastewater sample. 
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4.11.3.3 Pots outside with 50 % duckweed mat cover 
 
The mean turbidity for the 50 % mat cover of duckweed pot was 11 NTU and for the 0 % 
DWC was 12.1 NTU. A variance analysis test was conducted for the UV-T variation over the 
retention time in order to compare the application of 50 % DWC for the effluent with the 
control pot, it shows that the mean transmittance value for both 50 % and 0 % DWC is 15 %, 
which means that no improvement in the UV-T value was noticed in the 50 % DWC located 
outside.  
 
A superior observation can be made when comparing all the UV-T improvement curves in the 
different pots of all tests with 50 % DWC and the blank samples (on the Figure 4.71), where 
the discontinuous lines represent the UV-T variation curve for the blank samples.  
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Figure 4.71 Comparison between the improvement curves of UV-T value for the effluent in the pots with 

50 % DWC and the blank pots (0 %) at outside conditions 
 
In most of the cases, the pots with 50 % DWC show a greater UV-T value improvement, 
especially for the earliest storage days in the tests compared with the blank samples. Later, in 
the last days, particularly after the 6th or 7th day, the slope changes, because both the amount 
of the sample reduces, and the sampling process from the surface layer of the sample could 
not be convinced. This is because of the bottom proximity, where the dead roots of the DW 
plants and the sediment are nearby, which confused the UV transmittance value of the 
effluent. The reduction in the UV-T in the blank sample is attributed to the algal growth as 
shown in Figure 4.72. 
 

        
 

Figure 4.72 The effluent at the end of the experiment first picture is the effluent of the blank sample and 
the second one is the one with 50 % DWC on 16.05.2007 
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The outside located 50 % DWC pots show in many cases better UV-T increasing than the 
blank samples in retention duration of 5 days because of the small amount of the sample. This 
means that after this period the sample measurement of the UV-T will not be accurate because 
of the bottom reach while sampling. 
 

4.11.3.4 Pots inside the laboratory with 50 % duckweed mat cover 
 
After a variance analysis for turbidity removal in both the 50 % and 0 % duckweed mat cover, 
the turbidity means for the 50 % and 0 % duckweed mat were 10.1 NTU and 11.1 NTU 
respectively. This shows a better performance in turbidity removal than in the 50 % DWC 
pots.  
 
The mean UV-T value of both the 50 % and 0 % DWC was 14 %. In order to distinguish the 
difference between the UV-T improvements in the different conducted tests an illustration is 
shown in Figure 4.73 (discontinuous lines represent the UV-T variation curve of the blank 
sample).  
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Figure 4.73 Comparison between the improvement curves of UV-T value for the effluent in the pots with 

50 % DWC and the blank pots (0 %) inside the laboratory 
 
In three of the tests a significant and stable improvement could be observed in the 50 % 
DWC, compared with the pots without DWC. One case (the test that was started on 
16.05.2007) shows a different trend. While observing the pictures of the samples, it was clear 
that adding DW fronds in this experiment was too much, and that the DW plants in the pots 
with 50 % DWC seems to cover the surface of the pots completely which could have affected 
the result. In Figure 4.74, the pictures clarify the oversight in the 50 % DWC set of 16.05.07 
compared with the standard view of 50 % DWC pots in other tests.  
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  100 % DWC on 16.05.    50 % DWC on 16.05.        50 % DWC on 12.04.               50 % DWC on 02.04. 

Figure 4.74 50 % DWC in the case studied on 16.05. compared with the 100 % DWC and the usual 50 % 
DWC form pots (on 12.04. and 02.04.2007) 

 
 
It can be stated that the effluent in the 50 % DWC pots shows a better UV-T value 
improvement, compared to the pots without duckweed cover when placed inside the 
laboratory. This is because the cover with DW prevents the algal growth in these pots. 
Covering 50 % of the effluent surface with DW fronds allows the fronds to reproduce, and the 
new fronds are more effective than the older ones due to the intake of nutrients which could 
enhance other biological interactions, and thereby lessen the biological mass which could 
withdraw the UV-t value improvement.  

4.11.4 Other parameters affected DW treatment efficacy 
 
The DW growth rate in the pots and containers with 50 % DWC was higher than that in the 
100 % DWC, except in two cases which could be due to a measurement mistake. This could 
mean that by having a 50 % DWC the DW fronds are more able to duplicate and produce 
effective fronds.  
 
There was no significant preference between the pots outside and inside the laboratories. 
Figure 4.75 shows the growth rate graph for the DW fronds in the containers (first graph), 
where the second graph is the one for the pots. The figure shows that DW fronds can tolerate 
temperature variations because the outdoor and indoor samples show different growth rates 
that are not correlated to the position of the sample. 
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Figure 4.75 DW growth rate in the containers (above) outside and inside the laboratory in three of the 
conducted tests, and in the pots. 

 
The variance analysis of the transmittance concerning sample volume as constant, shows that 
the position has an impact upon transmittance improvement performance, as the inside pots 
often had higher transmittance values (see Table  4.4). 
 
Table  4.4 Variance analysis table of the UV-T value in the outside and inside located samples neglecting 

the volume of the sample 

Percentage of duckweed cover 
on wastewater sample surface Position of the pot Mean UV light 

transmittance [%] Std. Deviation N 

100 % 
inside 14 11.0798 42 
outside 10 10.4620 82 

50 % 
inside 14 11.4854 90 
outside 13 10.9152 96 

0 % 
inside 13 11.3211 86 
outside 12 11.4381 89 

 
Pots located indoors, containers with 100 % and 50 % DWC, and the blank samples, always 
yielded better UV-T results than those located outside the lab. This could be due to the 
temperature variation and the wind effect outside the lab, which could affect the settling 
performance or change the biological interactions and velocity in the wastewater medium.  
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To interpret this result properly, the temperature and pH of the wastewater should be 
considered because of their effect on DW plants. An illustration of temperature and pH 
variations for the DW covered samples and the control samples located outside and inside is 
shown in Figure 4.76 and Figure 4.77. 
 
Figure 4.76 shows that temperature varied widely between the outdoor and indoor samples. 
The indoor samples had 10 grades higher temperature than the outdoor samples after just 
2 days of the retention duration, whereas at the end of the retention period the difference 
decreases to about 6 grades.  
 

 
Figure 4.76 Temperature variations in the outdoor and indoor located samples that were covered with 

50 % DW mat and the control one over the retention time (sample 02.04.07) 
 
Figure 4.77 illustrates the pH variation over the retention time: pH increases gradually with 
the retention time of all samples; the increase starts to become more significant for the indoor 
samples from the 7th day of the retention duration onward. The samples without DWC show 
higher pH values than those with DWC mat, especially the sample located inside.  

 
Figure 4.77 pH variations in the outdoor and indoor located samples that were covered with 50 % DW 

mat and the control one over the retention time (sample 02.04.07) 
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The elevation in alkalinity can be attributed to increased decomposition of organic matter, 
which in turn produced excess CO2 in the water resulting in an increase of alkalinity 
concentration (Peavy et al., 1986). This effect is noticed more in the samples without any 
DWC, which can be attributed to the Algal activity in these samples that raise the pH value. 
So it can be concluded that the presence of the DW mat cover reduces the algae content in the 
sample which reduce the TSS caused by these phytoplankton and prevents the dramatic 
elevation in the pH value. Additionally, indoor samples show higher UV-T value on average 
than in the outdoor samples. 
 

4.12 Discussion of Duckweed based retention tests 
 
Turbidity showed a better improvement in the DW either 50 % or 100 % surface covered 
samples, than in non-covered (blank) in 3 Nephelometric units, see table (Table 4.2). 
Turbidity removal was about 60 - 80 % after 6 days retention duration in the samples with 
Duckweed mat cover. This agrees with the result of Awuah, et al. (2004) who found that after 
a comparative study of duckweed and algal based stabilisation ponds that low turbidity and 
low sludge accumulation characterized the machrophyte ponds (Duckweed in this case). In 
addition to Pandey (2001), Dalu and Ndamba (2002) carried out a three year investigation 
into the potential use of duckweed based wastewater stabilisation pond for wastewater at two 
small urban areas in Zimbabwe. When influent and effluent levels were compared at Gutu 
they obtained up to a 90 % reduction in TSS and 60 % turbidity removal. 
 
If the UV-T value is correlated with the TSS amount and the turbidity in the sample, this leads 
to a conclusion that a reduction in these parameters lead to an increase in the UV-T value. 
This was also true in the samples with 50 % DWC, whereas the 100 % DWC allowed a 
reduction in the turbidity but not an increase in the UV-T. This can be attributed to the fact 
that covering the sample surface completely with the DW mat allows more anoxic conditions 
in the water samples and no more space for the DW fronds to reproduce. However, the 50 % 
DWC showed a reproduction in the DW fronds and since the young fronds are more active, 
they interfere in the biological interactions at a higher rate than those old ones and have more 
ability to uptake the minerals that could worsen the UV-T value.  
 
Nevertheless, the experiments showed that the addition of DW to cover 50 % of the surface of 
the sample allowed a better increase in the UV-T value at a faster rate in the sample of about 
3 % on average. This is due to the ability of DW to eliminate the algal growth that would 
worsen the UV-T value, as algae have a negative influence on UV transmittance (Blumenthal, 
2003). However, this difference was not as great as was expected, especially if compared to 
the effect of duckweed, as mentioned in the literature, on improving the effluent quality. In 
Abou El-kheir et al. (2007) it was claimed that during an eight day retention duration of 
wastewater samples taken after primary treated stage and inoculated with duckweeds under 
local outdoor natural condition, that a reduction in the TSS, BOD, COD, nitrate, ammonia, by 
96.3 %, 90.6 %, 89 %, 100 %, 82 % and phytoplankton (algae) decrease of 94.8 % in addition 
to the heavy metals, and faecal coliform. TSS, Turbidity, algae and some metals all have 
effects on the UV disinfection performance on the sample. 
 
The highest measured UV-T values during the hydraulic retention duration were for the small 
pots (1,000 ml) in the 6 to 8 day period of the retention duration for all samples either with or 
without DW mat. The UV-T max value was between 20 % - 45 % for the DW covered 
samples and 10 % - 37 % for the blank samples and both samples types started with a UV-T 
value of lower than 5 %. Whereas the UV-T max of the 8L sample was measured almost 
between the 12 - 14 day period of the retention duration and had ranged between 20 % - 35 % 
for the DW covered samples and 20 - 25 % for the blank samples. 



148  _______________________________________________________________ Chapter 4 
 

 

Additionally, the desired method of 50 % DWC that was confirmed in this study agrees with 
the results of (Porath et al., 1979; Porath et al., 1985; Reddy and De Busk, 1985; Said et al., 
1979) who found that frequent harvesting of duckweed to maintain an optimal crop density 
should be performed. This will prevent the mat from being over crowded, which could limit 
growth and can introduce anaerobic degradation within the duckweed mat.  
 
On the other hand, in this study the elevation in pH of the samples without duckweed was 
faster than that with DW cover. In addition, increasing the retention duration to more than 
12 days allowed a decrease in the pH value in the samples with DW comparing to the one 
without DWC. This is due to the effect of the duckweed eliminating algae cells which with 
time lead to domination of the duckweed fronds on behalf of algae cells; however it could not 
be said that the pH was stable in the samples with DWC. This disagrees with the result of Van 
der Steen (2003) who mentioned that the pH in the duckweed pond reactors in his study were 
very stable 7.5 ± 0.2 during his observations.  
 
Neither position nor temperature showed significant effect on the improvement of the UV-T 
value during the retention duration. The outdoor and the indoor conditions had no effect upon 
the duckweed growth rate. The indoor samples showed a higher tendency towards algal 
growth than in the outdoor samples. Moreover, observing the pH variations and the color of 
the samples, in the different pots and containers that were covered with 100 % or 50 %, and 
the blank samples, leads to the conclusion that algal growth was reduced in both 100 % DWC 
samples and in 50 % DWC samples. This disagrees with the hypothesis of (Porath et al. 1979; 
Porath et al. 1985; Reddy and De Busk 1985; Said et al. 1979) who mentioned that the thin 
layer in the DW mat would allow the sun light to penetrate to the sample and lead to algal 
growth. On the other hand Pandey (2001) mentioned that duckweed rhizosphere complex may 
secrete organic substances, which suppress and kill algae cells. Buddhavarapu and Hancock 
(1989) stated that DW can eliminate algae and odours. To observe the prohibition of algae 
growth in the different mat cover percentage samples, additional tests should be made, either the 
chlorophyll test or another test that can detect the algal concentration in the sample. This was not 
done in this study because of a lack of time.  
Most of the literature (Abou El-kheir et al., 2007; Van der Steen 2003; Buddhavarapu and 
Hancock, 1989; Pandey, 2001) mentioned the effluent evaporation reduction over the 
retention time with DW mat cover, and the inhibition of odor and color. However in this 
study, odor and color prevention was emphasized but reduction in the evaporation was not 
observed. This could be because of limitations in the testing method. This could be because 
the sample size was not big enough to assure the result, and in addition not all the samples 
were measured accurately before and after the treatment. 
 
Total suspended solids measurement for the samples would a give clearer picture of effluent 
quality in order to get a better expectation in case of the use of UV disinfection for the 
effluent.  
 
In order to ensure the benefit of duckweed utilisation before the application of the UV 
disinfection, tests should be conducted upon the effluent with the duckweed cover after 
different retention durations ranging from several hours to several days in comparison with a 
sample retained without duckweed. Coliform analysis for the sample before and after the UV 
disinfection is necessary.  
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As a conclusion, duckweed was very effective in reducing odors and improving the influent 
quality in terms of turbidity, TSS, and UV-T when they inoculated in the influent in 50 % 
surface cover, and had enough retention duration. The cost effectiveness of the use of these 
plants in the influent that will be disinfected with a UV system needs more study.  
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5 Overall Conclusion 
 
Increased demands for domestic water supplies are promoting the development of reclaimed 
domestic wastewater reuse projects. Wastewater reuse has been practiced in various forms for 
decades; it is now a major issue in developing countries where large areas experience chronic 
water shortages. One of the primary issues in developing domestic wastewater reuse projects 
is the degree of treatment of the wastewater before its use. Most treatment processes are 
designed to modify the chemical and physical properties of the water rather than pathogen 
elimination (Blumenthal, 2000). Pathogen disinfection is of great concern, because the 
wastewater is being reused for irrigation purposes while the reduction of the nutrients has a 
lower priority, because of the requirement of these nutrients in the irrigated area. The world 
health organisation (“WHO”) has developed regulations for wastewater reuse in unrestricted 
irrigation (2006) (see section 2.2.3.2) summarized in the requirements for removing 
hazardous constituents from reclaimed wastewater. There are several methods to disinfect 
wastewater effluent. The most used disinfectants are: chlorine, ozone, membranes and UV 
light. Nevertheless, based on its relatively high cost and the associated complex technology, 
ozone and membrane treatment can’t be considered for many potential applications especially 
in non-industrialized countries. As shown in chapter 2.4.2, aspects like increasing cost of 
chlorinating agents, the potential of forming carcinogenic compounds, as well as the hazards 
involved in the transport, storage and handling of chlorine make UV irradiation a promising 
option for efficient sewage treatment for reuse purposes when being compared to the use of 
chlorine. Its relatively high safety, disinfection efficacy, limited demands regarding staff 
competence, and relative low operation costs, makes UV disinfection a compelling choice 
especially in non-industrialized countries and rural regions. 
 
The acceptance of UV disinfection at wastewater plants is proof that UV is no longer 
emerging technology, but rather an accepted technology to be used routinely by engineers to 
safeguard human health and alleviate environmental pressures. However, a review of the 
literature shows that there is still little knowledge about UV-disinfection of only partly 
purified sewage (see for example Rudolph et al., 1992; Emerick et al., 1999; Rott and Schöler, 
2001; Frank et al., 2002). In this study, the possibility of inactivating pathogens, to comply 
with the WHO recommendations for wastewater reuse in unrestricted irrigation, using a UV 
disinfection system for the partly treated wastewater was investigated.  
 
For this purpose, several treatments for the screened raw wastewater were conducted, such as 
settling for different periods, retention for longer durations, filtration and duckweed plants 
retention tests in order to improve the wastewater quality in concern with TSS, UV-T value 
and turbidity that were thought to have a great effect on the UV disinfection performance. 
So then, settling is found to produce an increase in the UV-T value of about 30 % on average 
for 4 hours settling duration, parallel to the reduction in the TSS concentration of 80 % that 
happened in the first hours of the settling duration, while at the same time a decrease in the 
turbidity can be noticed but did not exceed 5 % on average. Additionally , extending the 
retention time to several days produces a continuous increase in the UV-T value which is not 
related to the SS concentration but to the biological decomposition of the organic compounds 
that happened due to the biological process. Turbidity showed a dramatic decrease until the 
6th day of the retention. Conversely, TSS concentration did not show a significant decrease 
after the 80 % reduction that happened over the 4 hours settling duration. 
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The combination with duckweed plants in the retained screened effluent showed that 
duckweed plants can reduce the algal growth in the effluent and later on the odor, color and 
TSS amount of the effluent. This should be investigated more to verify this reduction, the 
time needed to achieve a reduction in the TSS and if it is significant in comparisons to the 
settled effluent. Likewise, it was proved that a rise in the UV-T and a decrease in the turbidity 
occurred with the 50 % effluent-surface cover with duckweed fronds but this elevation needed 
a longer retention time of more than 3 days. More research is needed to examine the UV 
disinfection performance of the effluent treated for different retention periods of the screened 
effluent with a 50 % duckweed surface cover from several hours to several days.  
 
Before the application of a UV disinfection method on the lab-scale treated effluents, another 
challenge was the suitability of this method on the pond effluent in comparison with the use 
of UV in the conventional secondary treated effluent from activated sludge plant. In brief, the 
lab results show that UV irradiation is technically possible and economically reasonable for 
disinfection of pond effluents to be reused, even without extended further purification. 
Moreover, a reduction in the pathogen count to a level corresponding to the WHO regulations 
for unrestricted wastewater reuse in irrigation (2006) could be achieved in all pond outflows 
(first pond, second pond and final effluent) with practicable UV doses. Furthermore, pond 
final effluent can be inactivated to a very low pathogen survival level (10 cfu/100 ml) with a 
very cost effective UV dose (250 J/m²). Whereas, activated sludge effluent did not reach such 
an inactivation result even with several thousands of UV doses. In addition, extending the UV 
dose to 1000 J/m² produces this reduction in every pond outflow not just in the effluent. In 
other words, pond treatment plants effluent presents less residual coliform bacteria than other 
conventional treatment plants like AS plants. They were shown to have minimal tailing effect 
in the dose response curve, and thus had low numbers of residual coliform bacteria surviving 
high UV doses. This was attributed to the nature of the suspended solids in the pond that 
allowed this dramatic removal in the pathogen count because of a small amount of particle 
associated coliforms, in contrast to the plants that are usually designed for accumulation of 
particles that affect the UV disinfection efficacy. 
 
On the other hand, the lab-scale disinfection experiments for the settled raw influent after 
screening stage of GTP showed that a settling duration of 30 minutes seems to be cost 
effective for a full scale UV disinfection system, as it was sufficient to get the required E. coli 
inactivation with a reasonable UV dose of 900 J/m². In order to achieve required E.coli 
removal meeting WHO standards for the unrestricted irrigation reuse, with a lower UV dose 
(between 400 - 600 J/m²), an increase in the settling time to 90 minutes or even 6 hours is 
essential depending on the UV dose that will be applied and the power consumption related to 
it. Extending the settling duration of the screened sewage of GTP to 6 hours produces a 
disinfection result similar to that achieved after filtration with a filter of 20 μm pore-size. 
 
In other words, in order to assure a reduction in the indicator bacteria to a level below the 
limit of the WHO guidelines for screened sewage, there must be an extension of the 
irradiation time during the disinfection process. Using a UV dose of 1,200 J/m², a settling 
duration of about 30 minutes could be sufficient, while a settling duration of about 6 hours 
reduces the power consumption and at the same time the required dose to achieve these 
regulations by 800 J/m². 
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Accordingly, the disinfection results of the lab-scale settled effluent produces a challenge to 
identify the factors which are affecting the UV disinfection performance, which would 
simplify any further research studies choosing the suitable pre-treatment beyond UV 
disinfection system. Hence, Turbidity, UV-T value and TSS were studied as factors that affect 
the UV efficacy. For the most part TSS concentration showed an effect upon the UV 
disinfection performance when it exists in higher concentrations (more than 50 mg/l), at the 
same time UV-T value had an effect upon the disinfection performance when the TSS was 
reduced, where no remarkable effect on turbidity was measured. In other words, UV-T value 
and SS concentration are important parameters to determine the quality of the effluent, but 
they are all not sufficient to underlie the UV disinfection performance of the effluent. The 
disinfection performance of different effluents using UV light is very site-specific. Additional 
research is warranted to investigate whether other measurements, like the concentration of 
particles containing coliforms or the nature of the SS, could predict the suitability of UV 
disinfection for the effluent inactivation. 
 
The results indicate that UV irradiation is feasible for disinfection of poorly purified sewage 
with acceptable levels of UV doses and resulting power consumption. Contrary to the 
mainstream opinion that disinfection of wastewater is only feasible with fully purified 
effluents of wastewater treatment plants, with secondary treatment UV irradiation has shown 
to be a technically reliable disinfection method, even without extended pre-treatment. A 
mechanical treatment step for the after screening stage raw sewage was sufficient for the UV 
system to inactivate this effluent sufficiently for the irrigation reuse purposes. In addition, 
moderate construction and operation costs in combination with limited demands regarding 
staff competence make the arrangement of ponds systems with subsequent UV irradiation to 
be an interesting option of efficient sewage treatment for reuse purposes, especially in rural 
regions and non-industrialized countries.  
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6 Recommendations 
 
Wastewater recirculation and reuse on agricultural land has recently been practiced in many 
developing regions. Although nutrients are also reused here, a much larger potential threat 
exists through direct contact for the farmers, than when purification and reuse is practiced. 
The reuse of wastewater will continue to develop, but there is a need to include options other 
than conventional wastewater treatment, to minimize the negative impacts both on health and 
the environment of untreated wastewater irrigation. UV disinfection of partly treated 
wastewater is a safe and economical alternative for the direct reuse of wastewater in irrigation 
than the use of conventional treatment plants, prior to the wastewater reuse. However, when 
using this method, several points should be taken into consideration: 
 
First, in literature protozoan Parasites requier relatively low UV doses, and their sensitivity is 
similar to that of bacterial pahogen, Helminthes parasites eggs appear to be the most 
resistance to UV radiation, A dose of 400 mJ/cm² resulted in a 2.23 log inactivation (99.4) of 
Ascaris suum eggs (Bitton, 2011)  
 
Second, it appears that dark repair plays a smaller role in cell reactivation than 
photoreactivation (Bitton, 2011), some measures to reduce or take into account 
photoreactivation are discussed below (Bitton, 2011)  
 

• A UV dose of 400 J/m² is recommended  
• Keep the irradiated sample in the dark 3 hours before exposure to sun light or 

Artificial light 
• Lower the discharge criteria for E. coli by 1 log  

 
Use Alternative microbial indicators such as enterococci, they don’t undergo 
photoreactivation 
 
Third, plants take nitrogen preferably as NO3 and not as NH4 (conversely to duckweed 
plants), however NH4 exists in higher concentrations in the raw sewage. In this case, the 
choice of the irrigation method plays an important role, such as sprinkling which allows 
contact with the air producing a rapid change of the nitrogen from the NH4 to NO3 form, 
which is preferred by the plants. Or use duckweed plants that take NH4 preferably from 
wastewater. Researches are needed to explore the time required for storing the sample with 
duckweed before UV irradiation for land application purpose.  
 
Forth, the use of duckweed in the retained raw effluent before UV disinfection lessens the 
odor, protects the water volume from evaporation and eliminates algal growth. Additionally, it 
is easy to harvest duckweed fronds and it could be used as animal feed or as fertilizer. These 
however need to be further studied in combination with UV disinfection. 
 
Fifth, additional study is needed to determine the impact of UV disinfected settled effluent 
upon the irrigated area with this effluent. 
 
Sixth, higher UV doses lead to the total inactivation of the free swimming pathogen even with 
high SS, but increasing the UV doses will not allow more disinfection in the attached or 
imbedded pathogens, this means it will depend on the natural state of the solids in the 
different treatment plants. 
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In agreement with other researchers (Oliver and Cosgrove, 1975; Qualls et al., 1983; Qualls 
and Johnson, 1985; Cairns, 1993; Emerick et al., 1999; Emerick et al., 2000), it is 
recommended that pond effluent is more suitable to be disinfected with UV light than 
activated sludge plant effluent. Because they were shown to have minimized tailing effect in 
the dose response curve, thus had low numbers of residual coliform bacteria surviving high 
UV doses.  
 
However, these results need to be emphasized by studying the nature of the particles in each 
effluent which allow the predicting of the most important factors in affecting UV disinfection 
performance. Besides, further studies are necessary to explore the effect of UV disinfection 
on the settled effluent with duckweed cover. More studies are needed to know whether the 
required flounce should be corrected for dark repair and photoreactivation.  
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10 Annex 
 

A1. Each stage outflows parameters in GTP 
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03.05.2007 

SE 

339 669 929 0.5 35.2 7.80 17.1     

08.05.2007 174 341 484 1.4 25.7 7.48 20.1     

10.05.2007 125 443 567 2.9 18.7 7.67 18.4     

26.10.2005 300 400 760   18.3     451 304 

 08.09.2005 382 700 1,041   43.4     885 473 

03.05.2007 

GC 

157 634 639 1.8 21.7 7.69 16.8     

08.05.2007 78 350 400 2 22 7.44 19.5     

10.05.2007 41 358 391 5.9 15.2 7.60 19.1     

13.09.2005 8 574 615   18.1     224 135 

15.09.2005 33 764 958   1.8     57.2 16.6 

03.05.2007 

FE 

69 579 584 39.4 2.42 7.47 17.1     

08.05.2007 165 467 622 6 1.57 7.02 20.3     

10.05.2007 1 378 380 43.4 0.934 7.33 20.2     

29.09.2005 22 403 456   2.34     25.8 13.1 

06.10.2005 18 600 669   0.733     28.5 4.75 

 
A2. UV disinfection experiments for GTP 

 
Date Sample ID  Stage  UV-T [%] UV Dose [J/m²] E. coli Enterococci 

08.09.2005 

T0 

SS  

0 80,666 26,900 
T1 1,253 147 103 
T2 2,845 97 80 
T3 4,441 40 50 
T4 6,037 25 18 
T5 7,633 35 12 
T6 9,229 29 9 
T7 10,825 44 10 

26.10.2005 

T0 

SS  

0 50,000 8,633 
T1 162 9,000 1,720 
T2 670 390 447 
T3 1,253 146 50 
T4 2,048 45 10 
T5 2,845 66 8 

03.05.2007 

T0 

SS 0.5 

0 130,500 33,267 
T1 105 32,667 4,800 
T2 210 5,167 540 
T3 420 155 80 
T4 630 49 55 
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Date Sample ID Stage UV-T [%] UV Dose [J/m²] E. coli Enterococci 

08.05.2007 

T0 

SS 1.4 

0 76,000 3,000 
T1 105 7,850 2,933 
T2 210 895 380 
T3 420 32 51 
T4 630 18 11 
T5 840 7 5 

10.05.2007 

T0 

SS 2.9 

0 63,333 2,000 
T1 105 6,900 200 
T2 210 703 220 
T3 420 26 16 
T4 630 21 4 
T5 840 11 3 

13.09.2005 

T0 

GC  

0 70,000 10,000 
T1 1,253 56 3 
T2 2,845 22 70 
T3 4,441 20 0.1 
T4 6,037 24 10 
T5 7,633 25 2 
T6 9,229 5 1 
T7 10,825 13 0 

03.05.2007 

T0 

GC 1.8 

0 48,500 4,013 
T1 105 9,300 667 
T2 210 767 119 
T3 420 54 10 
T4 630 19 5 

08.05.2007 

T0 

GC 2 

0 49,000 6,933 
T1 105 10,450 570 
T2 210 720 180 
T3 420 25 8 
T4 630 6 12 
T5 840 10 5 

10.05.2007 

T0 

GC 5.9 

0 10,467 800 
T1 105 6,500 450 
T2 210 280 20 
T3 420 9 5 
T4 630 3 4 

15.09.2005 

T0 

GC  

0 43,000 4,200 
T1 1,253 68 2 
T2 2,845 94 17 
T3 4,441 23 0 
T4 6,037 12 0 
T5 7,633 7 0 
T6 9,229 5 0 
T7 10,825 4 0 
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Date Sample ID Stage UV-T [%] UV Dose [J/m²] E. coli Enterococci 

20.09.2005 

T0 

TF  

0 100 100 
T1 1,253 2 0 
T2 2,845 1 0 
T3 4,441 0 0 
T4 6,037 0 0 
T5 7,633 0 0 
T6 9,229 0 0 
T7 10,825 0 0 

22.09.2005 

T0 

TF  

0 200 130 
T1 486 2 0 
T2 1,253 1 0 
T3 2,845 0 0 
T4 4,441 0 0 
T5 6,037 2 0 
T6 7,633 2 0 
T7 9,229 1 0 
T8 10,825 0 0 

29.09.2005 

T0 

AS  

0 270 90 
T1 486 2 0 
T2 1,253 2 0 
T3 2,845 2 0 
T4 4,441 1 0 
T5 6,037 1 0 
T6 7,633 1 0 
T7 9,229 0 0 
T8 10,825 1 0 

06.10.2005 

T0 

AS  

0 - 200 
T1 162 - 1 
T2 486 - 0 
T3 861 - 0 
T4 1,253 - 0 
T5 1,650 - 0 
T6 2,048 - 0 
T7 2,447 - 0 
T8 2,845 - 0 

03.05.2007 

T0 

AS 39.4 

0 1,363 347 
T1 105 220 24 
T2 315 5 7 
T3 420 0 0 
T4 630 0 0 

08.05.2007 

T0 

AS 6 

0 2,480 867 
T1 105 830 493 
T2 315 118 125 
T3 420 8 5 
T4 630 2 4 

10.05.2007 

T0 

AS 43.4 

0 1,197 30 
T1 105 150 10 
T2 315 10 0 
T3 420 2 0 

T4 630 2 0 
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A3. UV disinfection experiments for different pond plants in MPN/100ml 

 
Date ID Stage S No UV-T 

[%] 
D 

[J/m²] E. coli Enterococci Coliforme 

11.10.2006 OOV1 Inflow I-0 16.9 0 2.E+07   2.E+07 
11.10.2006 OOV1 Inflow I-1 16.9 100 4.E+04   2.E+05 
11.10.2006 OOV1 Inflow I-2 16.9 300 4.E+04   2.E+05 
11.10.2006 OOV1 Inflow I-3 16.9 500 3.E+04   3.E+04 
11.10.2006 OOV1 Inflow I-4 16.9 800 7.E+03   4.E+04 
07.11.2006 OAK1 Inflow I-0 10.20 0 2.E+07   2.E+07 
07.11.2006 OAK1 Inflow I-1 10.20 37 2.E+06   2.E+06 
07.11.2006 OAK1 Inflow I-2 10.20 138 2.E+04   9.E+04 
07.11.2006 OAK1 Inflow I-3 10.20 267 9.E+03   8.E+04 
07.11.2006 OAK1 Inflow I-4 10.20 433 2.E+03   2.E+03 
07.11.2006 OOV2 Inflow I-0 20.30 0 2.E+06   9.E+06 
07.11.2006 OOV2 Inflow I-1 20.30 41 4.E+05   4.E+05 
07.11.2006 OOV2 Inflow I-2 20.30 155 2.E+04   5.E+05 
07.11.2006 OOV2 Inflow I-3 20.30 301 9.E+03   9.E+04 
07.11.2006 OOV2 Inflow I-4 20.30 487 2.E+03   9.E+03 
14.12.2006 HAW1 Inflow I-0 17.99 0 3.E+05 3.E+04   
14.12.2006 HAW1 Inflow I-1 17.99 105 1.E+04 2.E+03   
14.12.2006 HAW1 Inflow I-2 17.99 197 6.E+02 1.E+02   
14.12.2006 HAW1 Inflow I-3 17.99 303 4.E+02 2.E+02   
14.12.2006 HAW1 Inflow I-4 17.99 592 5.E+01 4.E+01   
14.12.2006 HAW1 Inflow I-5 17.99 987 1.E+01 3.E+00   
15.01.2007 HAW2 Inflow I-0 34.44 0 5.E+04 5.E+03   
15.01.2007 HAW2 Inflow I-1 34.44 138 1.E+03 8.E+02   
15.01.2007 HAW2 Inflow I-2 34.44 258 3.E+02 3.E+02   
15.01.2007 HAW2 Inflow I-3 34.44 516 7.E+02 5.E+01   
15.01.2007 HAW2 Inflow I-4 34.44 774 2.E+02 1.E+02   
15.01.2007 HAW2 Inflow I-5 34.44 1,291 2.E+02 2.E+02   
18.01.2007 GSH1 Inflow I-0 19.68 0 7.E+04 8.E+03   
18.01.2007 GSH1 Inflow I-1 19.68 111 2.E+03 5.E+02   
18.01.2007 GSH1 Inflow I-2 19.68 222 4.E+02 2.E+02   
18.01.2007 GSH1 Inflow I-3 19.68 402 2.E+02 2.E+02   
18.01.2007 GSH1 Inflow I-4 19.68 596 6.E+01 1.E+02   
18.01.2007 GSH1 Inflow I-5 19.68 1,039 2.E+01 3.E+01   
23.01.2007 LHM1 Inflow I-0 1.91 0 5.E+05 3.E+04   
23.01.2007 LHM1 Inflow I-1 1.91 99 3.E+03 2.E+04   
23.01.2007 LHM1 Inflow I-2 1.91 198 2.E+02 6.E+03   
23.01.2007 LHM1 Inflow I-3 1.91 503 2.E+02 3.E+03   
23.01.2007 LHM1 Inflow I-4 1.91 999 7.E+01 2.E+03   
20.03.2007 LIK1 Inflow I-0 20.80 0 4.E+05 5.E+03   
20.03.2007 LIK1 Inflow I-1 20.80 77 9.E+04 3.E+03   
20.03.2007 LIK1 Inflow I-2 20.80 181 5.E+04 2.E+03   
20.03.2007 LIK1 Inflow I-3 20.80 606 1.E+04 8.E+02   
20.03.2007 LIK1 Inflow I-4 20.80 1,303 8.E+02 3.E+02   
16.05.2007 GSH2 Inflow I-0 24.00 0 9.E+05 2.E+04   
16.05.2007 GSH2 Inflow I-1 24.00 99 2.E+02 5.E+02   
16.05.2007 GSH2 Inflow I-2 24.00 297 8.E+01 3.E+01   
16.05.2007 GSH2 Inflow I-3 24.00 494 4.E+02 2.E+01   
16.05.2007 GSH2 Inflow I-4 24.00 805 3.E+02 2.E+01   
16.05.2007 GSH2 Inflow I-5 24.00 1,201 5.E+01 9.E+01   
21.05.2007 LIK1 Inflow I-0 3.38 0 1.E+06 6.E+03   
21.05.2007 LIK1 Inflow I-1 3.38 101 3.E+04 1.E+03   
21.05.2007 LIK1 Inflow I-2 3.38 304 1.E+03 6.E+02   
21.05.2007 LIK1 Inflow I-3 3.38 598 3.E+04 5.E+02   
21.05.2007 LIK1 Inflow I-4 3.38 902 1.E+04 1.E+03   
21.05.2007 LIK1 Inflow I-5 3.38 1,500 1.E+04 1.E+02   
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Date ID Stage S No UV-T 

[%] 
D 

[J/m²] E. coli Enterococci Coliforme 

14.12.2006 Hamm-Wambeln Settling basin II-0 19.04 0 2.E+05 5.E+04   
14.12.2006 Hamm-Wambeln Settling basin II-1 19.04 93 8.E+03 2.E+03   
14.12.2006 Hamm-Wambeln Settling basin II-2 19.04 199 2.E+02 1.E+02   
14.12.2006 Hamm-Wambeln Settling basin II-3 19.04 292 6.E+01 6.E+01   
14.12.2006 Hamm-Wambeln Settling basin II-4 19.04 597 7.E+01 2.E+01   
14.12.2006 Hamm-Wambeln Settling basin II-5 19.04 756 2.E+02 2.E+01   
15.01.2007 Hamm-Wambeln Settling basin II-0 36.75 0 2.E+04 4.E+03   
15.01.2007 Hamm-Wambeln Settling basin II-1 36.75 122 2.E+03 1.E+03   
15.01.2007 Hamm-Wambeln Settling basin II-2 36.75 261 7.E+02 5.E+02   
15.01.2007 Hamm-Wambeln Settling basin II-3 36.75 435 1.E+02 2.E+02   
15.01.2007 Hamm-Wambeln Settling basin II-4 36.75 783 6.E+01 7.E+01   
15.01.2007 Hamm-Wambeln Settling basin II-5 36.75 1,304 3.E+01 6.E+01   
11.10.2006 Olpe-Oberveischede Pond I II-0 38.40 0 7.E+04   1.E+05 
11.10.2006 Olpe-Oberveischede Pond I II-1 38.40 100 3.E+04   3.E+04 
11.10.2006 Olpe-Oberveischede Pond I II-2 38.40 300 3.E+03   3.E+03 
11.10.2006 Olpe-Oberveischede Pond I II-3 38.40 500 3.E+03   3.E+03 
11.10.2006 Olpe-Oberveischede Pond I II-4 38.40 800 3.E+03   3.E+03 
07.11.2006 Olpe-Altenkleusheim Pond I II-0 27.10 0 9.E+05   2.E+06 
07.11.2006 Olpe-Altenkleusheim Pond I II-1 27.10 44 8.E+03   2.E+04 
07.11.2006 Olpe-Altenkleusheim Pond I II-2 27.10 164 4.E+02   9.E+02 
07.11.2006 Olpe-Altenkleusheim Pond I II-3 27.10 316 4.E+02   2.E+03 
07.11.2006 Olpe-Altenkleusheim Pond I II-4 27.10 513 4.E+01   4.E+02 
07.11.2006 Olpe-Oberveischede Pond I II-0 41.00 0 9.E+03   7.E+04 
07.11.2006 Olpe-Oberveischede Pond I II-1 41.00 47 2.E+03   2.E+04 
07.11.2006 Olpe-Oberveischede Pond I II-2 41.00 176 4.E+02   4.E+03 
07.11.2006 Olpe-Oberveischede Pond I II-3 41.00 341 4.E+01   4.E+02 
07.11.2006 Olpe-Oberveischede Pond I II-4 41.00 552 7.E+01   9.E+02 
14.12.2006 Hamm-Wambeln Pond I III-0 32.11 0 1.E+04 5.E+03   
14.12.2006 Hamm-Wambeln Pond I III-1 32.11 56 6.E+03 9.E+02   
14.12.2006 Hamm-Wambeln Pond I III-2 32.11 99 1.E+03 2.E+02   
14.12.2006 Hamm-Wambeln Pond I III-3 32.11 296 6.E+01 7.E+01   
14.12.2006 Hamm-Wambeln Pond I III-4 32.11 494 9.E+01 3.E+01   
14.12.2006 Hamm-Wambeln Pond I III-5 32.11 790 8.E+01 1.E+01   
15.01.2007 Hamm-Wambeln Pond I III-0 54.83 0 8.E+03 1.E+03   
15.01.2007 Hamm-Wambeln Pond I III-1 54.83 73 4.E+02 3.E+02   
15.01.2007 Hamm-Wambeln Pond I III-2 54.83 128 1.E+02 9.E+01   
15.01.2007 Hamm-Wambeln Pond I III-3 54.83 385 3.E+01 2.E+01   
15.01.2007 Hamm-Wambeln Pond I III-4 54.83 642 2.E+01 2.E+01   
15.01.2007 Hamm-Wambeln Pond I III-5 54.83 1,028 2.E+01 4.E+00   
18.01.2007 Greven-Schmedehausen Pond I II-0 32.14 0 1.E+05 8.E+03   
18.01.2007 Greven-Schmedehausen Pond I II-1 32.14 109 2.E+03 1.E+03   
18.01.2007 Greven-Schmedehausen Pond I II-2 32.14 202 7.E+02 2.E+02   
18.01.2007 Greven-Schmedehausen Pond I II-3 32.14 403 1.E+02 2.E+02   
18.01.2007 Greven-Schmedehausen Pond I II4 32.14 605 4.E+01 9.E+01   
18.01.2007 Greven-Schmedehausen Pond I II-5 32.14 853 4.E+01 5.E+01   
23.01.2007 Lienen-Höster Mark Pond I II-0 12.91 0 6.E+04 4.E+04   
23.01.2007 Lienen-Höster Mark Pond I II-1 12.91 100 2.E+02 8.E+03   
23.01.2007 Lienen-Höster Mark Pond I II-2 12.91 254 4.E+01 5.E+02   
23.01.2007 Lienen-Höster Mark Pond I II-3 12.91 498 1.E+01 2.E+02   
23.01.2007 Lienen-Höster Mark Pond I II-4 12.91 796 1.E+01 4.E+01   
20.03.2007 Lichtenau-Kleinenberg Pond I II-0 35.73 0 8.E+03 8.E+02   
20.03.2007 Lichtenau-Kleinenberg Pond I II-1 35.73 74 4.E+02 3.E+02   
20.03.2007 Lichtenau-Kleinenberg Pond I II-2 35.73 177 2.E+02 1.E+02   
20.03.2007 Lichtenau-Kleinenberg Pond I II-3 35.73 502 1.E+02 1.E+01   
20.03.2007 Lichtenau-Kleinenberg Pond I II-4 35.73 1,003 3.E+01 2.E+00   
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[%] 
D 

[J/m²] E. coli Enterococci Coliforme 

16.05.2007 Greven-Schmedehausen Pond I II-0 27.10 0 7.E+04 3.E+03   
16.05.2007 Greven-Schmedehausen Pond I II-1 27.10 102 1.E+02 5.E+01   
16.05.2007 Greven-Schmedehausen Pond I II-2 27.10 247 4.E+01 1.E+01   
16.05.2007 Greven-Schmedehausen Pond I II-3 27.10 393 1.E+01 2.E+00   
16.05.2007 Greven-Schmedehausen Pond I II-4 27.10 684 1.E+01 1.E+02   
16.05.2007 Greven-Schmedehausen Pond I II-5 27.10 975 1.E+01 1.E+01   
21.05.2007 Lichtenau-Kleinenberg Pond I II-0 19.59 0 3.E+04 7.E+02   
21.05.2007 Lichtenau-Kleinenberg Pond I II-1 19.59 94 1.E+03 7.E+02   
21.05.2007 Lichtenau-Kleinenberg Pond I II-2 19.59 256 1.E+02 1.E+02   
21.05.2007 Lichtenau-Kleinenberg Pond I II-3 19.59 404 1.E+02 1.E+02   
21.05.2007 Lichtenau-Kleinenberg Pond I II-4 19.59 700 1.E+01 3.E+01   
21.05.2007 Lichtenau-Kleinenberg Pond I II-5 19.59 1,009 8.E+00 5.E+00   
11.10.2006 Olpe-Oberveischede Pond II III-0 46.40 0 2.E+02   2.E+03 
11.10.2006 Olpe-Oberveischede Pond II III-1 46.40 100 3.E+02   2.E+03 
11.10.2006 Olpe-Oberveischede Pond II III-2 46.40 300 3.E+02   3.E+02 
11.10.2006 Olpe-Oberveischede Pond II III-3 46.40 500 3.E+02   3.E+02 
11.10.2006 Olpe-Oberveischede Pond II III-4 46.40 800 3.E+02   3.E+02 
07.11.2006 Olpe-Altenkleusheim Pond II III-0 47.80 0 7.E+02   9.E+03 
07.11.2006 Olpe-Altenkleusheim Pond II III-1 47.80 48 2.E+02   2.E+04 
07.11.2006 Olpe-Altenkleusheim Pond II III-2 47.80 182 2.E+02   9.E+02 
07.11.2006 Olpe-Altenkleusheim Pond II III-3 47.80 351 3.E+01   4.E+02 
07.11.2006 Olpe-Altenkleusheim Pond II III-4 47.80 569 3.E+01   2.E+02 
07.11.2006 Olpe-Oberveischede Pond II III-0 55.40 0 4.E+02   9.E+02 
07.11.2006 Olpe-Oberveischede Pond II III-1 55.40 50 9.E+01   9.E+01 
07.11.2006 Olpe-Oberveischede Pond II III-2 55.40 187 3.E+01   3.E+01 
07.11.2006 Olpe-Oberveischede Pond II III3 55.40 361 3.E+01   3.E+01 
07.11.2006 Olpe-Oberveischede Pond II III-4 55.40 585 3.E+01   3.E+01 
18.01.2007 Greven-Schmedehausen Pond II III-0 34.78 0 1.E+04 3.E+03   
18.01.2007 Greven-Schmedehausen Pond II III-1 34.78 61 5.E+02 5.E+02   
18.01.2007 Greven-Schmedehausen Pond II III-2 34.78 107 4.E+02 3.E+02   
18.01.2007 Greven-Schmedehausen Pond II III-3 34.78 276 2.E+02 8.E+01   
18.01.2007 Greven-Schmedehausen Pond II III-4 34.78 522 6.E+01 3.E+01   
18.01.2007 Greven-Schmedehausen Pond II III-5 34.78 844 2.E+01 1.E+01   
23.01.2007 Lienen-Höster Mark Pond II III-0 21.63 0 8.E+03 7.E+03   
23.01.2007 Lienen-Höster Mark Pond II III-1 21.63 107 8.E+01 2.E+02   
23.01.2007 Lienen-Höster Mark Pond II III-2 21.63 274 1.E+01 7.E+01   
23.01.2007 Lienen-Höster Mark Pond II III-3 21.63 536 1.E+01 1.E+01   
23.01.2007 Lienen-Höster Mark Pond II III-4 21.63 869 2.E+01 8.E+00   
20.03.2007 Lichtenau-Kleinenberg Pond II III-0 37.07 0 3.E+03 5.E+02   
20.03.2007 Lichtenau-Kleinenberg Pond II III-1 37.07 74 7.E+02 2.E+02   
20.03.2007 Lichtenau-Kleinenberg Pond II III-2 37.07 179 1.E+02 2.E+01   
20.03.2007 Lichtenau-Kleinenberg Pond II III-3 37.07 506 1.E+01 0.E+00   
20.03.2007 Lichtenau-Kleinenberg Pond II III-4 37.07 998 1.E+00 0.E+00   
16.05.2007 Greven-Schmedehausen Pond II III-0 25.88 0 2.E+04 9.E+03   
16.05.2007 Greven-Schmedehausen Pond II III-1 25.88 101 5.E+02 8.E+02   
16.05.2007 Greven-Schmedehausen Pond II III-2 25.88 302 4.E+02 3.E+02   
16.05.2007 Greven-Schmedehausen Pond II III-3 25.88 604 1.E+02 2.E+02   
16.05.2007 Greven-Schmedehausen Pond II III-4 25.88 906 1.E+02 3.E+02   
21.05.2007 Lichtenau-Kleinenberg Pond II III-0 33.19 0 1.E+04 9.E+02   
21.05.2007 Lichtenau-Kleinenberg Pond II III-1 33.19 76 2.E+02 1.E+02   
21.05.2007 Lichtenau-Kleinenberg Pond II III-2 33.19 199 6.E+01 2.E+01   
21.05.2007 Lichtenau-Kleinenberg Pond II III-3 33.19 505 1.E+01 1.E+01   
21.05.2007 Lichtenau-Kleinenberg Pond II III-4 33.19 903 2.E+00 2.E+00   
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20.03.2007 Lichtenau-Kleinenberg Pond III IV-0 45.19 0 2.E+03 3.E+02   
20.03.2007 Lichtenau-Kleinenberg Pond III IV-1 45.19 78 1.E+02 9.E+01   
20.03.2007 Lichtenau-Kleinenberg Pond III IV-2 45.19 172 7.E+01 1.E+01   
20.03.2007 Lichtenau-Kleinenberg Pond III IV-3 45.19 455 0.E+00 0.E+00   
20.03.2007 Lichtenau-Kleinenberg Pond III IV-4 45.19 909 0.E+00 0.E+00   
21.05.2007 Lichtenau-Kleinenberg Pond III IV-0 48.42 0 1.E+03 3.E+02   
21.05.2007 Lichtenau-Kleinenberg Pond III IV-1 48.42 84 4.E+01 2.E+01   
21.05.2007 Lichtenau-Kleinenberg Pond III IV-2 48.42 202 1.E+01 5.E+00   
21.05.2007 Lichtenau-Kleinenberg Pond III IV-3 48.42 505 2.E+00 2.E+00   
21.05.2007 Lichtenau-Kleinenberg Pond III IV-4 48.42 809 2.E+00 2.E+00   
20.03.2007 Lichtenau-Kleinenberg Pond IV V-0 54.95 0 2.E+02 4.E+01   
20.03.2007 Lichtenau-Kleinenberg Pond IV V-1 54.95 83 6.E+00 3.E+01   
20.03.2007 Lichtenau-Kleinenberg Pond IV V-2 54.95 182 2.E+00 0.E+00   
20.03.2007 Lichtenau-Kleinenberg Pond IV V-3 54.95 446 0.E+00 0.E+00   
20.03.2007 Lichtenau-Kleinenberg Pond IV V-4 54.95 908 2.E+00 0.E+00   
21.05.2007 Lichtenau-Kleinenberg Pond IV V-0 39.90 0 1.E+03 4.E+01   
21.05.2007 Lichtenau-Kleinenberg Pond IV V-1 39.90 48 2.E+02 2.E+01   
21.05.2007 Lichtenau-Kleinenberg Pond IV V-2 39.90 144 4.E+01 2.E+01   
21.05.2007 Lichtenau-Kleinenberg Pond IV V-3 39.90 305 2.E+00 5.E+00   
21.05.2007 Lichtenau-Kleinenberg Pond IV V-4 39.90 497 4.E+00 5.E+00   
11.10.2006 Olpe-Oberveischede Outflow IV-0 71.50 0 2.E+04   2.E+04 
11.10.2006 Olpe-Oberveischede Outflow IV-1 71.50 100 3.E+03   3.E+03 
11.10.2006 Olpe-Oberveischede Outflow IV-2 71.50 300 3.E+02   4.E+02 
11.10.2006 Olpe-Oberveischede Outflow IV-3 71.50 500 3.E+02   3.E+02 
11.10.2006 Olpe-Oberveischede Outflow IV-4 71.50 800 3.E+02   3.E+02 
07.11.2006 Olpe-Altenkleusheim Outflow IV-0 59.90 0 9.E+02   9.E+02 
07.11.2006 Olpe-Altenkleusheim Outflow IV-1 59.90 51 4.E+01   4.E+01 
07.11.2006 Olpe-Altenkleusheim Outflow IV-2 59.90 189 3.E+01   3.E+01 
07.11.2006 Olpe-Altenkleusheim Outflow IV-3 59.90 366 3.E+01   3.E+01 
07.11.2006 Olpe-Altenkleusheim Outflow IV-4 59.90 594 3.E+01   3.E+01 
07.11.2006 Olpe-Oberveischede Outflow IV-0 76.60 0 4.E+02   9.E+02 
07.11.2006 Olpe-Oberveischede Outflow IV-1 76.60 53 9.E+01   9.E+01 
07.11.2006 Olpe-Oberveischede Outflow IV-2 76.60 199 3.E+01   3.E+01 
07.11.2006 Olpe-Oberveischede Outflow IV-3 76.60 384 3.E+01   3.E+01 
07.11.2006 Olpe-Oberveischede Outflow IV-4 76.60 622 3.E+01   3.E+01 
14.12.2006 Hamm-Wambeln Outflow IV-0 36.07 0 1.E+04 3.E+03   
14.12.2006 Hamm-Wambeln Outflow IV-1 36.07 43 3.E+03 2.E+03   
14.12.2006 Hamm-Wambeln Outflow IV-2 36.07 101 7.E+02 1.E+02   
14.12.2006 Hamm-Wambeln Outflow IV-3 36.07 202 2.E+02 1.E+01   
14.12.2006 Hamm-Wambeln Outflow IV-4 36.07 389 9.E+01 1.E+01   
14.12.2006 Hamm-Wambeln Outflow IV-5 36.07 591 3.E+01 0.E+00   
15.01.2007 Hamm-Wambeln Outflow IV-0 57.41 0 2.E+03 7.E+02   
15.01.2007 Hamm-Wambeln Outflow IV-1 57.41 56 1.E+03 4.E+02   
15.01.2007 Hamm-Wambeln Outflow IV-2 57.41 130 6.E+01 2.E+01   
15.01.2007 Hamm-Wambeln Outflow IV-3 57.41 259 1.E+02 1.E+01   
15.01.2007 Hamm-Wambeln Outflow IV-4 57.41 500 2.E+01 4.E+00   
15.01.2007 Hamm-Wambeln Outflow IV-5 57.41 759 2.E+01 4.E+00  
18.01.2007 Greven-Schmedehausen Outflow IV-0 40.64 0 2.E+03 3.E+02  
18.01.2007 Greven-Schmedehausen Outflow IV-1 40.64 48 8.E+02 3.E+02  
18.01.2007 Greven-Schmedehausen Outflow IV-2 40.64 144 8.E+01 1.E+02  
18.01.2007 Greven-Schmedehausen Outflow IV-3 40.64 272 1.E+01 3.E+01  
18.01.2007 Greven-Schmedehausen Outflow IV-4 40.64 447 1.E+01 1.E+01  
18.01.2007 Greven-Schmedehausen Outflow IV-5 40.64 719 2.E+00 5.E+00  
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23.01.2007 Lienen-Höster Mark Outflow IV-0 38.08 0 3.E+01 5.E+01  
23.01.2007 Lienen-Höster Mark Outflow IV-1 38.08 96 1.E+01 0.E+00  
23.01.2007 Lienen-Höster Mark Outflow IV-2 38.08 206 0.E+00 0.E+00  
23.01.2007 Lienen-Höster Mark Outflow IV-3 38.08 398 2.E+00 0.E+00  
23.01.2007 Lienen-Höster Mark Outflow IV-4 38.08 701 2.E+00 0.E+00  
20.03.2007 Lichtenau-Kleinenberg Outflow VI-0 60.26 0 3.E+02 1.E+01  
20.03.2007 Lichtenau-Kleinenberg Outflow VI-1 60.26 85 2.E+00 0.E+00  
20.03.2007 Lichtenau-Kleinenberg Outflow VI-2 60.26 186 0.E+00 0.E+00  
20.03.2007 Lichtenau-Kleinenberg Outflow VI-3 60.26 457 0.E+00 1.E+01  
20.03.2007 Lichtenau-Kleinenberg Outflow VI-4 60.26 930 6.E+02 1.E+01  
16.05.2007 Greven-Schmedehausen Outflow IV-0 25.78 0 8.E+03 3.E+02  
16.05.2007 Greven-Schmedehausen Outflow IV-1 25.78 43 2.E+03 4.E+01  
16.05.2007 Greven-Schmedehausen Outflow IV-2 25.78 201 4.E+00 5.E+00  
16.05.2007 Greven-Schmedehausen Outflow IV-3 25.78 503 6.E+00 2.E+00  
16.05.2007 Greven-Schmedehausen Outflow IV-4 25.78 805 4.E+00 0.E+00  
21.05.2007 Lichtenau-Kleinenberg Outflow VI-0 64.71 0 1.E+02 2.E+00  
21.05.2007 Lichtenau-Kleinenberg Outflow VI-1 64.71 55 1.E+02 2.E+00  
21.05.2007 Lichtenau-Kleinenberg Outflow VI-2 64.71 146 2.E+00 2.E+00  
21.05.2007 Lichtenau-Kleinenberg Outflow VI-3 64.71 309 2.E+00 2.E+00  
21.05.2007 Lichtenau-Kleinenberg Outflow VI-4 64.71 509 2.E+00 2.E+00  

 
 

A4. Physical and chemical parameters of the samples of DG pond plant 
 

date of 
sampling 

cleaning 
steps 

TSS 
[mg/l] 

TDS 
[mg/l] 

TS 
[mg/l] 

UV-T 
[%] 

Turbidity 
[NTU] pH T [°C] COD 

[mg/l] 
BOD5 
[mg/l] 

16.11.2005 
Influent 

after 
screening 

stage 

72 700 813   39.3     428 265 

14.05.2007 291 635 933 0.3 39 8.01 15.3     
22.05.2007 240 689 1,055 0 53.7 7.87 22.2     
21.11.2005 237 685 924   27.4     565 400 

28.11.2005 103 722 962   19.8     378 175 

16.11.2005 
Outflow 

of the 
first 
pond  

6 597 598   20.2     115 36.3 

14.05.2007 43 551 592 5.2 21.5 7.79 16.3     
22.05.2007 40 598 644 4.7 19.7 7.80 22.4     
05.12.2005 9 418 443   10.2     94.6 49.3 

07.12.2005  8 455 465   8.63     87.9 40.9 

16.11.2005 
Outflow 

of the 
second 
pond 

3 502 510   9     68.7 30 

14.05.2007 1 527 531 10.7 15.5 7.84 16.6     
22.05.2007 8 525 539 13.5 13.1 7.80 21.7     
12.12.2005 9 428 436   7.43     57.9 23.7 

14.12.2005 1 542 545   7.18     62.2 22 

16.11.2005 

Effluent 

28 492 494   8.9     54.8 21.6 

14.05.2007 0 506 506 13.6 13.8 7.91 16.2     
22.05.2007 6 530 536 15.2 11.5 7.89 20.8     
19.12.2005 4 460 472   8.89     65.7 41 

21.12.2005 10 522 535   8.46     63.7 36.7 
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A5. UV Disinfection tests for DG pond plant in CFU/ml 
 

Sample number Treatment 
stage  UV Dose [J/m²] E. coli E. coli N/N0 Enterococci Enterococci N/N0 

T0 

Influent 
22.05.2007 

0 1.03E+05 0.00E+00 9.60E+03 0.00E+00 
T1 105 3.67E+04 -4.50E-01 3.68E+03 -4.16E-01 
T2 210 5.47E+03 -1.28E+00 3.60E+02 -1.43E+00 
T3 420 4.53E+02 -2.36E+00 2.40E+02 -1.60E+00 
T4 630 2.30E+02 -2.65E+00 1.80E+02 -1.73E+00 
T0 

Outflow first 
pond 

22.05.2007 

0 2.23E+03 0.00E+00 2.87E+02 0.00E+00 
T1 105 1.10E+02 -1.31E+00 4.00E+01 -8.55E-01 
T2 210 1.30E+01 -2.24E+00 6.00E+00 -1.68E+00 
T3 420 1.50E+00 -3.17E+00 3.00E+00 -1.98E+00 
T4 630 1.00E-01 -4.35E+00 1.00E+00 -2.46E+00 
T0 

Outflow 
second pond 
22.05.2007  

0 3.53E+02 0.00E+00 1.00E+01 0.00E+00 
T1 105 5.50E+01 -8.08E-01 2.00E+00 -6.99E-01 
T2 210 4.00E+00 -1.95E+00 1.00E-01 -2.00E+00 
T3 420 1.00E-01 -3.55E+00 1.00E-01 -2.00E+00 
T4 630 1.00E-01 -3.55E+00 1.00E-01 -2.00E+00 
T0 

Effluent 
22.05.2007 

0 2.73E+02 0.00E+00 1.00E+01 0.00E+00 
T1 105 4.30E+01 -8.03E-01 2.00E+00 -6.99E-01 
T2 210 5.67E+00 -1.68E+00 1.00E-01 -2.00E+00 
T3 420 1.00E-01 -3.44E+00 1.00E-01 -2.00E+00 
T4 630 1.00E-01 -3.44E+00 1.00E-01 -2.00E+00 
T0 

Influent 
14.05.2007 

0 9.55E+04 0.00E+00 1.53E+03 0.00E+00 
T1 105 1.33E+04 -8.55E-01 1.20E+03 -1.06E-01 
T2 210 1.18E+03 -1.91E+00 3.27E+02 -6.72E-01 
T3 420 9.13E+01 -3.02E+00 7.53E+01 -1.31E+00 
T4 630 2.97E+01 -3.51E+00 3.40E+01 -1.65E+00 
T0 

Outflow first 
pond 

14.05.2007  

0 4.33E+03 0.00E+00 2.00E+02 0.00E+00 
T1 105 6.10E+02 -8.51E-01 6.00E+01 -5.23E-01 
T2 210 2.67E+00 -3.21E+00 1.00E+01 -1.30E+00 
T3 420 2.00E+00 -3.34E+00 2.00E+00 -2.00E+00 
T4 630 1.50E+00 -3.46E+00 2.00E+00 -2.00E+00 
T0 

Outflow 
second pond 
14.05.2007 

0 7.40E+02 0.00E+00 1.20E+02 0.00E+00 
T1 105 7.83E+01 -9.75E-01 1.10E+01 -1.04E+00 
T2 210 1.67E+00 -2.65E+00 2.00E+00 -1.78E+00 
T3 420 1.00E-01 -3.87E+00 2.00E+00 -1.78E+00 
T4 630 1.00E-01 -3.87E+00 2.00E+00 -1.78E+00 
T0 

Effluent on 
14.05.07 

0 4.80E+02 0.00E+00 1.00E+01 0.00E+00 
T1 105 1.40E+01 -1.54E+00 2.00E+00 -6.99E-01 
T2 210 1.00E-01 -3.68E+00 1.00E-01 -2.00E+00 
T3 420 1.00E-01 -3.68E+00 1.00E-01 -2.00E+00 
T4 630 1.00E-01 -3.68E+00 1.00E-01 -2.00E+00 
T0 

Influent 
21.11.05 

0 2.80E+04 0.00E+00 2.30E+04 0.00E+00 
T1 48 2.70E+04 -1.58E-02 9.00E+03 -4.07E-01 
T2 162 5.00E+03 -7.48E-01 1.50E+03 -1.19E+00 
T3 486 2.60E+02 -2.03E+00 3.90E+02 -1.77E+00 
T4 861 1.11E+02 -2.40E+00 1.11E+02 -2.32E+00 
T5 1,253 1.35E+02 -2.32E+00 4.00E+01 -2.76E+00 
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Sample number Treatment 

stage UV Dose [J/m²] E. coli E. coli N/N0 Enterococci Enterococci N/N0 

T0 

Influent 
28.11.05 

0 6.80E+04 0.00E+00 4.10E+04 0.00E+00 
T2 162 4.03E+03 -1.23E+00 1.53E+04 -4.29E-01 
T3 314 5.00E+02 -2.13E+00 3.17E+02 -2.11E+00 
T4 486 9.50E+01 -2.85E+00 1.39E+02 -2.47E+00 
T5 861 5.20E+01 -3.12E+00 2.00E+01 -3.31E+00 
T6 1,253 6.90E+01 -2.99E+00 2.70E+01 -3.18E+00 
T7 1,650 3.20E+01 -3.33E+00 1.40E+01 -3.47E+00 
T0 

Outflow of the 
first pond 

05.12.2006 

0 2.55E+03 0.00E+00 3.70E+02 0.00E+00 
T1 48 5.00E+02 -7.08E-01 1.70E+02 -3.38E-01 
T2 162 6.50E+01 -1.59E+00 2.00E+01 -1.27E+00 
T3 314 5.00E+00 -2.71E+00 4.00E+00 -1.97E+00 
T4 486 2.00E+00 -3.11E+00 3.00E+00 -2.09E+00 
T5 861 1.00E-01 -4.41E+00 1.00E-01 -3.57E+00 
T6 1,253 1.00E-01 -4.41E+00 1.00E-01 -3.57E+00 
T7 1,650 1.00E-01 -4.41E+00 1.00E-01 -3.57E+00 
T0 

Outflow of the 
first pond 

07.12.2006 

0 2.30E+02 0.00E+00 7.60E+01 0.00E+00 
T1 48 4.00E+01 -7.60E-01 2.10E+01 -5.59E-01 
T2 162 5.00E+00 -1.66E+00 7.00E+00 -1.04E+00 
T3 314 4.00E+00 -1.76E+00 4.00E+00 -1.28E+00 
T4 486 2.00E+00 -2.06E+00 1.00E-01 -2.88E+00 
T5 670 2.00E+00 -2.06E+00 1.00E-01 -2.88E+00 
T6 861 1.00E-01 -3.36E+00 1.00E-01 -2.88E+00 
T7 1,056 1.00E-01 -3.36E+00 1.00E-01 -2.88E+00 
T0 

Outflow of the 
second pond 
12.12.2006  

0 4.50E+01 0.00E+00 1.30E+01 0.00E+00 
T1 48 1.00E+01 -6.53E-01 7.00E+00 -2.69E-01 
T2 162 2.00E+00 -1.35E+00 3.00E+00 -6.37E-01 
T3 314 1.00E-01 -2.65E+00 3.00E+00 -6.37E-01 
T4 486 1.00E-01 -2.65E+00 1.00E-01 -2.11E+00 
T5 670 1.00E-01 -2.65E+00 1.00E-01 -2.11E+00 
T0 

Outflow of the 
second pond 
14.12.2006 

0 1.60E+01 0.00E+00 4.00E+00 0.00E+00 
T1 48 4.00E+00 -6.02E-01 5.00E+00 9.69E-02 
T2 162 1.00E-01 -2.20E+00 1.00E-01 -1.60E+00 
T3 314 1.00E-01 -2.20E+00 1.00E-01 -1.60E+00 
T4 486 1.00E-01 -2.20E+00 1.00E-01 -1.60E+00 
T0 

Effluent 
19.12.2005 

0 2.00E+01 0.00E+00 1.80E+01 0.00E+00 
T1 38 5.00E+00 -6.02E-01 1.30E+01 -1.41E-01 
T2 133 1.00E-01 -2.30E+00 2.00E+00 -9.54E-01 
T3 264 1.00E-01 -2.30E+00 1.00E-01 -2.26E+00 
T4 417 1.00E-01 -2.30E+00 1.00E-01 -2.26E+00 
T0 

Effluent 
21.12.2005 

0 2.10E+01 0.00E+00 5.00E+00 0.00E+00 
T1 38 9.00E+00 -3.68E-01 4.00E+00 -9.69E-02 
T2 133 1.00E-01 -2.32E+00 1.00E-01 -1.70E+00 
T3 264 1.00E-01 -2.32E+00 1.00E-01 -1.70E+00 
T4 417 1.00E-01 -2.32E+00 1.00E-01 -1.70E+00 
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A6. All irradiated filtered after screening stage effluent 
 
 

Date Test ID Time[sec] 
UV 

intensity 
[W/m²] 

UV Dose 
[J/m²] T [°c] E. coli 

[cfu/ml] 

total 
coliform 
[cfu/ml] 

Entero[cfu/
ml] 

20.02.06 T0 0 0 0 18 8,450 29,667 3,400 

20.02.06 T1 15 23 35   2,233 9,500 1,093 

20.02.06 T2 45 49 250   40 90 11 

20.02.06 T3 75 61 568   13 48 1 

20.02.06 T4 120 67.2 1,120 19.3 7 30 0 

n 20.02.06 T0 0 0 0 19 7,833 23,000 633 

n 20.02.06 T1 15 23 35   1,047 3,867 607 

n 20.02.06 T2 45 49 250   10 45 0 

n 20.02.06 T3 75 61 568   2 7 0 

n 20.02.06 T4 120 67.2 1,120 20.1 1 3 0 

01.03.06 T0 0 0 0 16.4 23,600 123,333 10,467 

01.03.06 T1 15 23 35   6,333 33,000 2,300 

01.03.06 T2 45 49 250   133 675 50 

01.03.06 T3 75 61 568   19 113 6 

01.03.06 T4 105 66 930 17.8 11 60 11 

n 01.03.06 T0 0 0 0 17.3 17,333 44,333 1,300 

n 01.03.06 T1 15 23 35   2,467 21,000 853 

n 01.03.06 T2 45 49 250   14 147 14 

n 01.03.06 T3 75 61 568   10 49 0 

n 01.03.06 T4 105 66 930 19 3 15 0 

 
 

A7. UV disinfection data for settled and/or filtered effluent 
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27.03.2007 0 P0 0 13.3 0 3.E+04 3.E+06 2.E+03 3.5 16.1 7.82 20.0 785   140 

27.03.2007 0 P1 30 13.3 399 1.E+03 1.E+05 2.E+02               

27.03.2007 0 P2 60 13.3 798 2.E+01 2.E+03 1.E+01               

27.03.2007 0 P3 90 13.3 1,197 5.E+00 5.E+02 7.E+00               

27.03.2007 0 P4 120 13.3 1,596 7.E+00 7.E+02 1.E+01               

27.03.2007 30 min S0 0 13.3 0 3.E+04 3.E+06 1.E+04 4.3 15.2 7.85 20.8 845   54 

27.03.2007 30 min S1 30 13.3 399 1.E+02 1.E+04 1.E+02               

27.03.2007 30 min S2 60 13.3 798 4.E+01 4.E+03 1.E+00               

27.03.2007 30 min S3 90 13.3 1,197 7.E+00 7.E+02 1.E+00               

27.03.2007 30 min S4 120 13.3 1,596 3.E+00 3.E+02 1.E+00               

27.03.2007 30 min + fil SF0 0 13.3 0 5.E+04 5.E+06 5.E+03 6.2 15.0 8.07 20.8 800   14 

27.03.2007 30 min + fil SF1 30 13.3 399 1.E+02 1.E+04 1.E+02               

27.03.2007 30 min + fil SF2 60 13.3 798 2.E+01 2.E+03 1.E+00               

27.03.2007 30 min + fil SF3 90 13.3 1,197 1.E+01 1.E+03 1.E+00               

27.03.2007 30 min + fil SF4 120 13.3 1,596 1.E+00 1.E+02 1.E+00               

27.03.2007 24 h  24S0 0 13.3 0 1.E+04 1.E+06 2.E+03 11.3 10.6 7.84 21.3 793   13 

27.03.2007 24 h  24S1 15 13.3 1,99.5 3.E+03 3.E+05 1.E+02               

27.03.2007 24 h  24S2 45 13.3 5,98.5 7.E+01 7.E+03 2.E+01               

27.03.2007 24 h  24S3 75 13.3 9,97.5 3.E+01 3.E+03 2.E+01               
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27.03.2007 24 h  24S4 90 13.3 1,197 8.E+01 8.E+03 4.E+00               

27.03.2007 24 h +fil 24SF0 0 13.3 0 2.E+04 2.E+06 6.E+02 12.2 10.3 7.90 21.3 817   7 

27.03.2007 24 h +fil 24SF1 30 13.3 399 1.E+03 1.E+05 3.E+01               

27.03.2007 24 h +fil 24SF2 60 13.3 798 7.E+01 7.E+03 4.E+00               

27.03.2007 24 h +fil 24SF3 75 13.3 997.5 2.E+01 2.E+03 4.E+00               

27.03.2007 24 h +fil 24SF4 90 13.3 1,197 2.E+01 2.E+03 1.E+00               

02.04.2007 0 P0 0 13.3 0 5.E+04 5.E+06 7.E+03 2.4 15.5 7.68 19.6 913   151 

02.04.2007 0 P1 15 13.3 199.5 4.E+03 4.E+05 1.E+03               

02.04.2007 0 P2 30 13.3 399 1.E+03 1.E+05 3.E+02               

02.04.2007 0 P3 45 13.3 598.5 2.E+01 2.E+03 2.E+02               

02.04.2007 0 P4 75 13.3 997.5 8.E+00 8.E+02 2.E+02               

02.04.2007 0 P5 90 13.3 1197 3.E+01 3.E+03 4.E+01               

02.04.2007 30 min S0 0 13.3 0 6.E+04 6.E+06 2.E+04 3.3 14.8 7.62 19.6 912   37 

02.04.2007 30 min S1 15 13.3 199.5 2.E+03 2.E+05 2.E+03               

02.04.2007 30 min S2 45 13.3 598.5 1.E+01 1.E+03 6.E+01               

02.04.2007 30 min S3 60 13.3 798 3.E+00 3.E+02 3.E+01               

02.04.2007 30 min S4 90 13.3 1,197 3.E+00 3.E+02 3.E+00               

02.04.2007 30 min + fil SF0 0 13.3 0 3.E+04 3.E+06 2.E+03 7.0 12.3 7.86 19.6 904   0 

02.04.2007 30 min + fil SF1 15 13.3 199.5 2.E+03 2.E+05 7.E+02               

02.04.2007 30 min + fil SF2 30 13.3 399 2.E+02 2.E+04 1.E+02               

02.04.2007 30 min + fil SF3 75 13.3 997.5 4.E+00 4.E+02 3.E+01               

02.04.2007 30 min + fil SF4 90 13.3 1,197 1.E+01 1.E+03 2.E+01               

02.04.2007 6h S0 0 13.3 0 2.E+04 2.E+06 4.E+03 5.9 12.2 7.74 19.6 909   6 

02.04.2007 6h S1 15 13.3 199.5 4.E+03 4.E+05 7.E+02               

02.04.2007 6h S2 30 13.3 399 3.E+02 3.E+04 2.E+02               

02.04.2007 6h S3 60 13.3 798 2.E+00 2.E+02 5.E+01               

02.04.2007 6h S4 90 13.3 1,197 1.E+00 1.E+02 4.E+01               

02.04.2007 6 h + fil F0 0 13.3 0 2.E+04 2.E+06 6.E+03 7.9 12.2 7.90 19.6 906   1 

02.04.2007 6 h + fil F1 15 13.3 199.5 1.E+02 1.E+04 4.E+01               

02.04.2007 6 h + fil F2 30 13.3 399 1.E+01 1.E+03 5.E+01               

02.04.2007 6 h + fil F3 60 13.3 798 7.E+00 7.E+02 1.E+01               

02.04.2007 6 h + fil F4 90 13.3 1,197 4.E+00 4.E+02 6.E+00               

02.04.2007 24h S0 0 13.3 0 1.E+04 1.E+06 1.E+04 7.4 13.1 7.75 20.80 929   0 

02.04.2007 24h S1 15 13.3 199.5 4.E+03 4.E+05 8.E+03               

02.04.2007 24h S2 30 13.3 399 2.E+02 2.E+04 8.E+02               

02.04.2007 24h S3 60 13.3 798 3.E+01 3.E+03 2.E+03               

02.04.2007 24h S4 90 13.3 1,197 1.E+01 1.E+03 6.E+02               

02.04.2007 24 h + fil F0 0 13.3 0 1.E+04 1.E+06 8.E+03 7.9 12.8 7.86 21.60 908   0 

02.04.2007 24 h + fil F1 15 13.3 199.5 3.E+03 3.E+05 2.E+03               

02.04.2007 24 h + fil F2 30 13.3 399 2.E+02 2.E+04 3.E+02               

02.04.2007 24 h + fil F3 60 13.3 798 5.E+00 5.E+02 1.E+02               

02.04.2007 24 h + fil F4 90 13.3 1,197 7.E+00 7.E+02 1.E+02               

10.04.2007 0 P0 0 13.3 0 6.E+04 6.E+06 3.E+04 1.2 18.2 8.01   985   162 

10.04.2007 0 P1 15 13.3 199.5 1.E+04 1.E+06 7.E+03               

10.04.2007 0 P2 30 13.3 399 2.E+03 2.E+05 6.E+03               
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10.04.2007 0 P3 60 13.3 798 1.E+02 1.E+04 3.E+02               

10.04.2007 0 P4 90 13.3 1,197 1.E+01 1.E+03 7.E+01               

10.04.2007 30 min S0 0 13.3 0 4.E+04 4.E+06 5.E+04 2.1 16.8 8.02   992   51 

10.04.2007 30 min S1 15 13.3 199.5 7.E+03 7.E+05 3.E+04               

10.04.2007 30 min S2 30 13.3 399 1.E+03 1.E+05 5.E+03               

10.04.2007 30 min S3 60 13.3 798 3.E+01 3.E+03 1.E+02               

10.04.2007 30 min S4 90 13.3 1,197 2.E+00 2.E+02 4.E+01               

10.04.2007 30 min + fil SF0 0 13.3 0 4.E+04 4.E+06 1.E+04 4.4 14.4 7.94   968   27 

10.04.2007 30 min + fil SF1 15 13.3 199.5 7.E+03 7.E+05 5.E+03               

10.04.2007 30 min + fil SF2 30 13.3 399 5.E+02 5.E+04 5.E+02               

10.04.2007 30 min + fil SF3 60 13.3 798 2.E+01 2.E+03 4.E+00               

10.04.2007 30 min + fil SF4 90 13.3 1,197 1.E+01 1.E+03 1.E+00               

10.04.2007 6 h S0 0 13.3 0 2.E+04 2.E+06 6.E+03 3.1 15.9 7.90   978   17 

10.04.2007 6 h S1 15 13.3 199.5 1.E+03 1.E+05 2.E+03               

10.04.2007 6 h S2 30 13.3 399 4.E+02 4.E+04 9.E+02               

10.04.2007 6 h S3 60 13.3 798 4.E+00 4.E+02 1.E+01               

10.04.2007 6 h S4 90 13.3 1,197 2.E+00 2.E+02 1.E+00               

10.04.2007 6 h + fil F0 0 13.3 0 1.E+04 1.E+06 3.E+03 4.6 14.8 8.10   974   17 

10.04.2007 6 h + fil F1 15 13.3 199.5 3.E+03 3.E+05 2.E+03               

10.04.2007 6 h + fil F2 30 13.3 399 2.E+02 2.E+04 8.E+02               

10.04.2007 6 h + fil F3 60 13.3 798 5.E+00 5.E+02 1.E+00               

10.04.2007 6 h + fil F4 90 13.3 1,197 5.E+00 5.E+02 1.E+00               

10.04.2007 24 h S0 0 13.3 0 2.E+04 2.E+06 2.E+03 5.4 15.9 7.82   982   0 

10.04.2007 24 h S1 15 13.3 199.5 5.E+03 5.E+05 2.E+03               

10.04.2007 24 h S2 30 13.3 399 2.E+02 2.E+04 2.E+02               

10.04.2007 24 h S3 60 13.3 798 6.E+00 6.E+02 2.E+01               

10.04.2007 24 h S4 90 13.3 1,197 2.E+00 2.E+02 3.E+01               

10.04.2007 24 h + fil F0 0 13.3 0 2.E+04 2.E+06 2.E+03 5.6 15.2 7.93   968   0 

10.04.2007 24 h + fil F1 15 13.3 199.5 4.E+03 4.E+05 3.E+02               

10.04.2007 24 h + fil F2 30 13.3 399 4.E+02 4.E+04 2.E+02               

10.04.2007 24 h + fil F3 60 13.3 798 5.E+00 5.E+02 8.E+00               

10.04.2007 24 h + fil F4 90 13.3 1,197 3.E+00 3.E+02 2.E+00               

18.04.2007 0 P0 0 13.3 0 3.E+03 3.E+05 5.E+03               

18.04.2007 0 P1 15 13.3 199.5 1.E+03 1.E+05 1.E+03               

18.04.2007 0 P2 30 13.3 399 5.E+01 5.E+03 6.E+02               

18.04.2007 0 P3 60 13.3 798 5.E+00 5.E+02 5.E+01               

18.04.2007 0 P4 90 13.3 1,197 5.E+00 5.E+02 6.E+01               

18.04.2007 30 min S0 0 13.3 0 2.E+04 2.E+06 4.E+03               

18.04.2007 30 min S1 15 13.3 199.5 2.E+03 2.E+05 4.E+02               

18.04.2007 30 min S2 30 13.3 399 4.E+02 4.E+04 1.E+02               

18.04.2007 30 min S3 60 13.3 798 1.E+00 1.E+02 2.E+00               

18.04.2007 30 min S4 90 13.3 1,197 3.E+00 3.E+02 3.E+00               

18.04.2007 30 min + fil SF0 0 13.3 0 2.E+03 2.E+05 3.E+03               

18.04.2007 30 min + fil SF1 15 13.3 199.5 1.E+03 1.E+05 4.E+02               

18.04.2007 30 min + fil SF2 30 13.3 399 7.E+01 7.E+03 2.E+01               

18.04.2007 30 min + fil SF3 60 13.3 798 1.E+00 1.E+02 2.E+00               
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18.04.2007 30 min + fil SF4 90 13.3 1,197 1.E+00 1.E+02 3.E+00               

18.04.2007 6 h S0 0 13.3 0 8.E+03 8.E+05 1.E+03               

18.04.2007 6 h S1 15 13.3 199.5 1.E+03 1.E+05 3.E+02               

18.04.2007 6 h S2 30 13.3 399 1.E+02 1.E+04 1.E+02               

18.04.2007 6 h S3 60 13.3 798 4.E+00 4.E+02 4.E+00               

18.04.2007 6 h S4 90 13.3 1,197 1.E+00 1.E+02 6.E+00               

18.04.2007 6 h + fil F0 0 13.3 0 2.E+04 2.E+06 4.E+03               

18.04.2007 6 h + fil F1 15 13.3 199.5 2.E+03 2.E+05 2.E+02               

18.04.2007 6 h + fil F2 30 13.3 399 7.E+01 7.E+03 9.E+01               

18.04.2007 6 h + fil F3 60 13.3 798 2.E+00 2.E+02 6.E+00               

18.04.2007 6 h + fil F4 90 13.3 1,197 1.E+00 1.E+02 1.E+00               

18.04.2007 24 h S0 0 13.3 0 3.E+04 3.E+06 1.E+03               

18.04.2007 24 h S1 15 13.3 199.5 1.E+04 1.E+06 1.E+02               

18.04.2007 24 h S2 30 13.3 399 1.E+03 1.E+05 7.E+01               

18.04.2007 24 h S3 60 13.3 798 3.E+01 3.E+03 1.E+00               

18.04.2007 24 h S4 90 13.3 1,197 7.E+00 7.E+02 3.E+00               

18.04.2007 24 h + fil F0 0 13.3 0 3.E+04 3.E+06 2.E+03               

18.04.2007 24 h + fil F1 15 13.3 199.5 3.E+03 3.E+05 2.E+02               

18.04.2007 24 h + fil F2 30 13.3 399 3.E+02 3.E+04 5.E+01               

18.04.2007 24 h + fil F3 60 13.3 798 8.E+00 8.E+02 1.E+00               

18.04.2007 24 h + fil F4 90 13.3 1,197 3.E+00 3.E+02 1.E+00               
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21.11.06 
(1) 

1 P0 0 19.9 7.38 524 278 85 13.4 1.398 6.5 32 3.E+04 3.E+03 
30 min 0.5 20.2 7.4 523 172 0 13.2 1.44     6.E+04 1.E+04 
90 min 1.5 19.9 7.46 523 160 0 13.1 3.4     5.E+04 1.E+04 

6 h 6 19.2 7.33 527 135 0 14 4.7     4.E+04 2.E+03 
24 h 24 21.4 7.31 530 122 44 10.5 10 4.5 22.8 4.E+04 1.E+03 
48 h 48 20.6 7.17 536 119 8 8.92 13.2 4.57 27.9 2.E+04 2.E+03 
6 d 144 21.9 7.17 551 104 0 12.3 35.7 4.75 17.9 6.E+02 2.E+01 
8 d 192 20.7 7.62 554 93.6 1 6 37.3   25.9 4.E+01 0.E+00 
13 d 312 19.8 7.51 561 85.5 20 3.32 38.1 5.09 21.8 1.E+00 0.E+00 

15 d 360 20.9 7.89 590 76.5 0 2.65 41.5 4.74 20.7 5.E+00 0.E+00 
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21.11.06 
(2) 

P0 0 19.5 7.39 531 263 42 14.2 1.419 5.53 32 6.E+04 3.E+03 
30 min 0.5 19.4 7.55 530 173 0 14.5 3.8     4.E+04 2.E+03 
90 min 1.5 19.5 7.5 530 138 0 14.2 3.8     4.E+04 2.E+03 

6 h 6 19.7 7.34 534 140 0 13.5 4.1     3.E+04 2.E+03 
24 h 24 21.2 7.32 534 187 52 10.8 10.4 4.63 23.8 3.E+04 7.E+02 
48 h 48 20.5 7.17 464 142 12 7.69 15 4.04 19.1 2.E+04 7.E+02 
6 d 144 21.4 6.89 475 116 2 14.3 28.2 3.35 18.6 1.E+03 4.E+01 
8 d 192 20.8 7.16 478 146 2 6.89 34.7 3.46 25.7 4.E+02 2.E+01 
13 d 312 19.6 7.56 489 80 3 2.28 48.1 3.5 20 2.E+01 3.E+00 

15 d 360 20.8 7.66 494 76.8 0 2.17 47.7 3.6 17.5 1.E+02 2.E+00 

27.11.06 
(1) 

1 P0 0 19.2 7.57 925 536 159 27.9 0.4 8.75 47.7 6.E+04 1.E+04 
30 min 0.5 18.7 7.65 922 334 29 27.2 1.2     8.E+04 4.E+03 

4 h 4 18.2 7.97 926 272 0 27.2 1.6     5.E+04 3.E+03 
24 h 24 20.4 7.35 939 240 0 22.5 2.6 6.74 51.4 7.E+04 5.E+03 
48 h 48 21 7.29 947 204 14 18 5.5 6.75 37.1 3.E+04 1.E+03 
6 d 144 19.8 7.16 960 173 7 21.6 5.1 7.45 48 2.E+02 2.E+02 
8 d 192 20.8 7.54 959 139 19 17 10.3 8.25 50.7 1.E+02 4.E+01 
13 d 312 19.3 6.79 913 360 43 43 0.4 6.95 44.7 1.E+01 0.E+00 

21 d 504 20 5.75 752 741 31 45 0.6 8.65 25.3 1.E+01 3.E-01 

27.11.06 
(2) 

2 P0 0 18.8 7.58 927 502 341 33.1 0.7 8.62 49.8 8.E+04 9.E+03 
30 min 0.5 18.8 7.66 924 330 48 30.5 1.3     7.E+04 2.E+03 

4 h 4 18.2 7.35 930 276 0 28.8 1.3     7.E+04 1.E+03 

24 h 24 20.5 7.4 942 230 2 24.7 2.4 6.65 48.8 6.E+04 2.E+03 
2 d 48 20.8 7.29 952 211 2 20.5 4.7 6.55 40.6 3.E+04 1.E+03 
6 d 144 19.6 7.16 959 174 2 36.6 5.8 6.6 46 3.E+02 1.E+02 
8 d 192 20.9 7.56 960 124 0 39.1 7.2 6.05 45.9 9.E+01 1.E+01 
13 d 312 19.5 7.23 935 234 42 48 0.2 6.2 38.6 9.E+00 0.E+00 
21 d 504 19.9 5.48 799 865 19 38.2 0.6 8.4 27.4 5.E+01 1.E+00 

16.01.07 
(1) 

 
 

1 P0 0 16.9 7.72 897 677 516 24.2 0.3 17.2 65.8 6.E+04 8.E+03 

30 min 0.5 16.3 7.81 894 263 54 26.2 2.1     4.E+04 4.E+03 
3 h 3 16.3 7.94 909 280 55 27.3 2.2     3.E+04 1.E+03 
24 h 24 19.1 7.93 912 156 29 19.6 4.7 6.65 40.6 2.E+04 2.E+03 
48 h 48 19.8 5.92 883 359 38 20.7 1 7.8 34.6 5.E+04 3.E+03 
6 d 144 20.9 4.89 816 1,158 9 32 0.9 8.8 23.5 2.E+04 9.E+02 
8 d 192 19.5 4.74 799 358 1 25.6 1.7 7.5 18.4 1.E+04 5.E+02 
15 d 360 19.4 5.2 789 1,086 31 14.9   9.05 10.9 2.E+03 2.E+03 
23 d 552 19.8 5.87 895 981 0 26.2 0.3 11.5 20.1 2.E+01 2.E+01 

16.01.07 
(2) 

2 P0 0 16.9 7.76 922 618 492 23.2 0.5 15.05 63.3 8.E+04 7.E+03 

30 min 0.5 16.5 7.83 899 241 63 26 2.3     2.E+04 2.E+03 
3 h 3 16.5 7.94 893 220 24 25.2 2.5     3.E+04 2.E+03 
24 h 24 19 7.97 929 127 38 18.2 4.4 6.8 36.4 2.E+04 1.E+03 
48 h 48 19.6 6.41 900 330 0 16.6 2.2 10.65 34 2.E+04 2.E+03 
6 d 144 20.7 5.5 862 790 1 14.8 7.1 9.8 27.5 6.E+03 2.E+02 
8 d 192 18.7 5.47 877 359 10 22.5 5.1 8.11 22.8 8.E+03 2.E+01 
15 d 360 19 6.3 860 742 0 20.4   10.5 24.2 1.E+03 5.E+00 
23 d 552 21.1 7.15 871 416 2 28.3 1.4 10.65 20.5 1.E+01 0.E+00 



188 _______________________________________________________________  Chapter 10 
 

 

A9. All settling and filtration tests 
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23.01.2007 
(1) 

1P0 no treatment 4.8  19.1 7.29 764 47 17 369 4.275 29.9 3.E+04 1.E+03 
1S3 settled for 3 h 6.4 33 18.9 7.28 759 0 18.3 204 3.965 31.3 3.E+04 2.E+03 

1SF 3 h settling + 
filteration 7.7 60 17.4 7.38 758 0 19.7 185 3.66 27 1.E+04 7.E+02 

1S24 settled for 24 h 7.3 52 12.5 6.94 760 13 19.9 142 3.15 23.2 2.E+04 5.E+03 

1SF24 24 h settling + 
filteration 8.1 69 12.5 7.07 760 8 20.1 120 3.12 22.5 2.E+04 2.E+03 

23.01.2007 
(2) 

2P0 no treatment 6.8  16.6 7.34 742 27 17 282 5.85 28.8 4.E+04 2.E+03 
2S3 settled for 3 h 8.6 26 15.3 7.31 748 1 18.3 132 3.5 29.2 2.E+04 3.E+03 

2SF 3 h settling + 
filteration 9.9 46 15.8 7.43 746 0 19.8 119 3.45 26.2 1.E+04 8.E+02 

2S24 settled for 24 h 11.6 71 10.7 7.19 751 8 19.6 89.4 3.08 21.7 2.E+04 2.E+03 

2SF24 24 h settling + 
filteration 12.8 88 10.3 7.38 748 4 20.1 71 2.97 21.9 1.E+04 1.E+03 

13.02.2007 
(1) 

1P0 no treatment 4.0 0 12.5 7.65 608 13 18.6 175 3.115 29.7 2.E+04 2.E+03 
1S30 settled for 30 min 4.5 14 13.6 7.7 608 0 18.1 132 3.135 21.1 8.E+03 1.E+03 

1SF 30 min settling + 
filteration 5.6 41 12.6 7.83 606 0 19.3  2.7 19.2 6.E+03 1.E+03 

1S24 settled for 24 h 9.1 129 6.27 7.66 616 0 20.1 53.4 2.72 24 9.E+03 4.E+02 

1SF24 24 h settling + 
filteration 9.4 138 5.82 7.71 616 18 21.1 49.6 2.16 25 1.E+04 5.E+02 

13.02.2007 
(2) 

2P0 no treatment 4.0  12.5 7.62 610 41 18.2 178 3.25 23.6 1.E+04 2.E+03 
2S30 settled for 30 min 4.3 9 12.9 7.69 608 0 17.9 140 3.335 20.8 1.E+04 7.E+02 

2SF 30 min settling 
+filteration 5.5 39 12.5 7.86 608 0 19.3 103 2.655 18.9 6.E+03 4.E+02 

2S24 settled for 24 h 8.7 120 5.97 7.6 618 18 20.2 53.1 2.22 25 1.E+04 5.E+02 

2SF24 24 h settling + 
filteration 9.1 129 5.84 7.67 616 21 21.1  2.22 25 1.E+04 2.E+02 

21.02.2007 
(1) 

1P0 no treatment 0.9 0 15.7 7.69 814 196 19.9 392 6.20 39.7 4.E+04 3.E+03 
1S30 settled for 30 min 1.4 56 15.2 7.77 814 43 19.5 235 4.79 35.3 4.E+04 4.E+03 

1SF30 30 min settling + 
filteration 3.4 278 12.4 8 812 0 19.9 153 4.13 31.6 2.E+04 7.E+02 

1S24 settled for 24 h 7.1 689 11.7 7.81 828 16 20.5 107 3.70 24.9 3.E+04 8.E+02 

1SF24 24 h settling + 
filteration 7.8 767 10.8 7.85 812 9 20.8 102 3.56 24.3 3.E+04 2.E+02 

21.02.2007 
(2) 

2P0 no treatment 0.9  16.2 7.7 829 193 19.9 426 6.00 29.6 4.E+04 4.E+03 
2S30 settled for 30 min 1.4 56 14.7 7.75 822 9 19.2 218 4.93 35.1 4.E+04 2.E+03 

2SF30 30 min settling + 
filteration 2.9 222 13.1 7.94 819 0 19.8 158 4.18 32.3 3.E+04 7.E+02 

2S24 settled for 24 h 6.5 622 11.8 7.8 820 16 20.6 90.7 3.83 26.1 3.E+04 6.E+02 

2SF24 24 h settling + 
filteration 7.3 711 11.1 7.84 820 4 20.7 79 3.70 25.5 2.E+04 3.E+02 

27.03.2007 

P0 sampled after 
screening stage 3.5  16.1 7.82 785 140 20.0      

S30 30 min sedimentation 
time of the sample 4.3 23 15.2 7.85 845 54 20.8      

SF30 
30 min sedimentation 
time of the sample & 

filteration 
6.2 77 15.0 8.07 800 14 20.8      

S24 24 h sedimentation 
time of the sample 11.3 223 10.6 7.84 793 13 21.3      

SF24 
24 h sedimentation 

time of the sample & 
filteration 

12.2 249 10.3 7.90 817 7 21.3      
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02.04.2007 
 

P0 Sampled after 
screening stage 2.4  15.5 7.68 913 151 19.6      

S30 30 min sedimentation 
time of the sample 3.3 38 14.8 7.62 912 37 19.6      

SF30 
30 min sedimentation 
time of the sample & 

filteration 
7.0 192 12.3 7.86 904 0 19.6      

S6 6 h sedimentation 
time of the sample 5.9 146 12.2 7.74 909 6 19.6      

SF6 
6 h sedimentation 

time of the sample & 
Filteration 

7.9 229 12.2 7.90 906 1 19.6      

S24 24 h sedimentation 
time of the sample 7.4 208 13.1 7.75 929 0 20.8

0      

SF24 
24 h sedimentation 

time of the sample & 
filteration 

7.9 229 12.8 7.86 908 0 21.6
0      

10.04.2007 

P0 Sampled after 
screening stage 1.2  18.2 8.01 985 162       

S30 30 min sedimentation 
time of the sample 2.1 75 16.8 8.02 992 51       

SF30 
30 min sedimentation 
time of the sample & 

filteration 
4.4 267 14.4 7.94 968 27       

S6 6 h sedimentation 
time of the sample 3.1 158 15.9 7.90 978 17       

SF6 
6 h sedimentation 

time of the sample & 
Filteration 

4.6 283 14.8 8.10 974 17       

S24 24 h sedimentation 
time of the sample 5.4 350 15.9 7.82 982 0       

SF24 
24 h sedimentation 

time of the sample & 
filteration 

5.6 367 15.2 7.93 968 0       

18.04.2007 

P0 Sampled after 
screening stage 2.2  17.7 7.72 969 175       

S30 30 min sedimentation 
time of the sample 3.4 55 17.9 7.72 947 54       

SF30 
30 min sedimentation 
time of the sample & 

filteration 
5.4 145 16.2 7.80 944 27       

S6 6 h sedimentation 
time of the sample 4.5 105 15.7 7.71 943 31       

SF6 
6 h sedimentation 

time of the sample & 
Filteration 

6.8 209 14.6 7.71 939 23       

S24 24 h sedimentation 
time of the sample 4.5 105 19.1 7.66 952 22       

SF24 
24 h sedimentation 

time of the sample & 
filteration 

6.0 173 18.0 8.08 931 22       
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A10. Duckweed data 
 

Size DW % Position ID Storing 
days Date ID Growth Rate Average 

per day % UV-T 

Big 

0 % 

Outside 

Ob 8,000 

0 29.03.2007 Ob 8,000 

0 

0.4 
1 30.03.2007 

11 days 

1.1 
4 02.04.2007 2.7 
5 03.04.2007 3.7 
6 04.04.2007 5.2 

11 09.04.2007 11.90 

Ob 6,000 

0 12.04.2007 Ob 6,000 

0 

1.40 
1 13.04.2007 

5 days 

7.80 
4 16.04.2007 23.90 

5 17.04.2007 29.20 

Ob 5,000 

0 17.04.2007 Ob 5,000 

0 

0.3 
1 18.04.2007 

15 days 

1.3 
2 19.04.2007 1.5 
3 20.04.2007 1.8 
6 23.04.2007 5.1 
7 24.04.2007 3.3 
8 25.04.2007 3.7 
9 26.04.2007 10.1 
10 27.04.2007 14.4 
13 30.04.2007 23.2 

15 02.05.2007 19.9 

Ob 7,000 

0 02.05.2007 Ob 7,000 

0 

0.3 
1 03.05.2007 

22days 

0.7 
2 04.05.2007 1 
5 07.05.2007 1.8 
6 08.05.2007 1.1 
7 09.05.2007 2.9 
8 10.05.2007 2.7 
9 11.05.2007 4 
12 14.05.2007 5.6 
13 15.05.2007 6.7 
14 16.05.2007 15.9 
16 18.05.2007 22.2 
19 21.05.2007 21.3 
21 23.05.2007 19.9 

22 24.05.2007 23.2 

50 % 

OW 8,000 

0 29.03.2007 OW 8,000 

24.1 

0.4 
1 30.03.2007 

11 days 

0.6 
4 02.04.2007 3.1 
5 03.04.2007 6.5 
6 04.04.2007 10.7 
11 09.04.2007 14.9 

OW 6,000 

0 12.04.2007 OW 6,000 

5.8 

1.4 
1 13.04.2007 

5 days 
7.2 

4 16.04.2007 27.8 
5 17.04.2007 34 

OW 5,000 

0 17.04.2007 OW 5,000 

4 

0.3 
1 18.04.2007 

15 days 
1.3 

2 19.04.2007 2.1 
3 20.04.2007 4.9 
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Size DW % Position ID Storing 

days Date ID Growth Rate Average 
per day % UV-T 

Big 

50 % Outside 

OW 5,000 

6 23.04.2007 

  

5.9 
7 24.04.2007 6.2 
8 25.04.2007 10.33 
9 26.04.2007 21 
10 27.04.2007 23.9 
13 30.04.2007 21.5 
15 02.05.2007 19.9 

OW 7,000 

0 02.05.2007 OW 7,000 

9 

0.3 
1 03.05.2007 

22 days 

1.2 
2 04.05.2007 1.8 
5 07.05.2007 3.6 
6 08.05.2007 2.8 
7 09.05.2007 4.3 
8 10.05.2007 5.4 
9 11.05.2007 6.4 
12 14.05.2007 14.7 
13 15.05.2007 19.1 
14 16.05.2007 31.7 
16 18.05.2007 27 
19 21.05.2007 22 
21 23.05.2007 19.2 

22 24.05.2007 22.2 

0 % Inside 

Ib 8,000 

0 29.03.2007 Ib 8,000 

0 

0.4 
1 30.03.2007 

11 days  

1.4 
4 02.04.2007 8.5 
5 03.04.2007 6.2 
6 04.04.2007 4.6 

11 09.04.2007 21.7 

Ib 6,000 

0 12.04.2007 Ib 6,000 

0 

1.4 
1 13.04.2007 

5 days  

7.4 
4 16.04.2007 26.1 

5 17.04.2007 35.5 

Ib 5,000 

0 17.04.2007 Ib 5,000 

0 

0.3 
1 18.04.2007 

15 days 

1.1 
2 19.04.2007 3.4 
3 20.04.2007 1.7 
6 23.04.2007 6.8 
7 24.04.2007 11.8 
8 25.04.2007 18.6 
9 26.04.2007 19.8 
10 27.04.2007 24.7 
13 30.04.2007 20 

15 02.05.2007 24.8 

Ib 7,000 

0 02.05.2007 Ib 7,000 

0 

0.3 
1 03.05.2007 

22 days 

0.9 
2 04.05.2007 1.2 
5 07.05.2007 0.9 
6 08.05.2007 0.8 
7 09.05.2007 2.7 
8 10.05.2007 4.8 
9 11.05.2007 12.6 
12 14.05.2007 22.8 
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Size DW % Position ID Storing 

days Date ID Growth Rate Average 
per day % UV-T 

Big 

0 %  Ib 7,000 

14 16.05.2007 

 0 

24.8 
16 18.05.2007 23.4 
19 21.05.2007 20.4 
21 23.05.2007 13.5 

22 24.05.2007 11.1 

50 % Inside 

IW 8,000 

0 29.03.2007 IW 8,000 

3.1 

0.4 
1 30.03.2007 

11 days  

1 
4 02.04.2007 10.3 
5 03.04.2007 6.7 
6 04.04.2007 4.2 
11 09.04.2007 16.6 

IW 6,000 

0 12.04.2007 IW 6,000 

-0.7 

1.4 
1 13.04.2007 

5 days  
7.9 

4 16.04.2007 31.1 
5 17.04.2007 43.8 

IW 5,000 

0 17.04.2007 IW 5,000 

5.1 

0.3 
1 18.04.2007 

 15 days 

1 
2 19.04.2007 3.4 
3 20.04.2007 3.6 
6 23.04.2007 24.2 
7 24.04.2007 26.5 
8 25.04.2007 27.5 
9 26.04.2007 27.8 
10 27.04.2007 27.8 
13 30.04.2007 27.5 
15 02.05.2007 27.1 

IW 70,000 

0 02.05.2007 IW 70,000 

12.2 

0.3 
1 03.05.2007 

22 days 

1.2 
2 04.05.2007 1.4 
5 07.05.2007 1.5 
6 08.05.2007 2.5 
7 09.05.2007 7 
8 10.05.2007 16.9 
9 11.05.2007 25.3 
12 14.05.2007 18.9 
13 15.05.2007 20.7 
14 16.05.2007 29.7 
16 18.05.2007 34 
19 21.05.2007 30.1 
21 23.05.2007 28.6 
22 24.05.2007 20.7 

<= 1,000 ml 

Small 0 % Outside 

Ob 8,000 

0 29.03.2007 Ob 8,000 

0 

0.4 
1 30.03.2007 

11 days  

1.1 
4 02.04.2007 2.7 
5 03.04.2007 3.7 
6 04.04.2007 5.2 

11 09.04.2007 11.90 

Ob 800 

0 02.04.2007 Ob 800 

0 

2.4 
1 03.04.2007 

14 days 
9.5 

2 04.04.2007 15.6 
7 09.04.2007 33.8 
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Size DW % Position ID Storing 

days Date ID Growth Rate Average 
per day % UV-T 

Small 

0 % 

Outside 

 
11 13.04.2007 

  
28.8 

14 16.04.2007 22.2 

Ob 1,000 

0 16.05.2007 Ob 1,000 

0 

0.9 
2 18.05.2007 

9 days 

0.9 
5 21.05.2007 5.4 
7 23.05.2007 14.1 
8 24.05.2007 28.3 

9 25.05.2007 26.7 

Ob 1,000 

0 24.05.2007 Ob 1,000 

0 

0.4 
1 25.05.2007 

11 days 

5.6 
5 29.05.2007 23.9 
6 30.05.2007 22.9 
7 31.05.2007 24.8 
8 01.06.2007 31.7 

11 04.06.2007 39.3 

Ob 1,000 

0 25.05.2007 Ob 1,000 

0 

0.3 
4 29.05.2007 

10 days 

3.8 
6 31.05.2007 15.5 
7 01.06.2007 24.6 

10 04.06.2007 30.8 

Ob 800 

0 12.04.2007 Ob 800 

0 

1.4 
1 13.04.2007 

4 

8.8 
4 16.04.2007 34.1 

5 17.04.2007 29 

Ob 800  

0 17.04.2007 Ob 800  

0 

0.3 
1 18.04.2007 

15 days 

1.4 
2 19.04.2007 1.5 
3 20.04.2007 3.2 
6 23.04.2007 12.5 
7 24.04.2007 11.6 
8 25.04.2007 13.8 
9 26.04.2007 12.9 
10 27.04.2007 13.1 
13 30.04.2007 9.2 

15 02.05.2007 3 

Ob 1,000 

0 02.05.2007 Ob 1,000 

0 

0.3 
1 03.05.2007 

14 days 

1 
2 04.05.2007 1 
5 07.05.2007 3.2 
6 08.05.2007 7.3 
7 09.05.2007 9.1 
8 10.05.2007 11.9 
9 11.05.2007 13.6 
12 14.05.2007 16.9 
13 15.05.2007 16.9 

14 16.05.2007 18.9 

50% OW 500 

0 29.03.2007 OW 500 

15.6 

0.4 
1 30.03.2007 

11 days 

2.3 
4 02.04.2007 18.9 
5 03.04.2007 18.2 
6 04.04.2007 15 
11 09.04.2007 10 
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Size DW % Position ID Storing 

days Date ID Growth Rate Average 
per day % UV-T 

Small 50 % 
Outside 

 

1 03.04.2007 

13 days  

10.5 
2 04.04.2007 18.5 
7 09.04.2007 43.1 
9 11.04.2007 32 
11 13.04.2007 39.5 
14 16.04.2007 33.5 

OW 1,000 

0 16.05.2007 OW 1,000 

11.7 

0.9 
2 18.05.2007 

9 days 

3.8 
5 21.05.2007 7.8 
7 23.05.2007 10.8 
8 24.05.2007 6.6 
9 25.05.2007 33 

OW 1,000 

0 24.05.2007 OW 1,000 

22.8 

0.4 
1 25.05.2007 

11 days 

7.2 
5 29.05.2007 23 
6 30.05.2007 28.8 
7 31.05.2007 31.3 
8 01.06.2007 26 
11 04.06.2007 16.7 

OW 1,000 

0 25.05.2007 OW 1,000 

14.9 

0.3 
4 29.05.2007 

10 days 

3.7 
6 31.05.2007 11.6 
7 01.06.2007 18.7 
10 04.06.2007 17.6 

OW 800 

0 12.04.2007 OW 800 

8.6 

1.4 
1 13.04.2007 

4 days 
8 

4 16.04.2007 30.2 
5 17.04.2007 15.9 

OW 800 

0 17.04.2007 OW 800 

5.1 

0.3 
1 18.04.2007 

15 days 

1.7 
2 19.04.2007 2.6 
3 20.04.2007 5 
6 23.04.2007 11 
7 24.04.2007 14.5 
8 25.04.2007 23.3 
9 26.04.2007 21.8 
10 27.04.2007 17.1 
13 30.04.2007 17.2 
15 02.05.2007 8.3 

OW 1,000 

0 02.05.2007 OW 1,000 

7.6 

0.3 
1 03.05.2007 

14 days 

1 
2 04.05.2007 1.2 
5 07.05.2007 4.3 
6 08.05.2007 7 
7 09.05.2007 13.2 
8 10.05.2007 19.7 
9 11.05.2007 23.6 
12 14.05.2007 17.1 
13 15.05.2007 15.4 

14 16.05.2007 13.5 

Inside Ib 8,000 
0 29.03.2007 Ib 8,000 

0 
0.4 

1 30.03.2007 11 days  1.4 
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Size DW % Position ID Storing 

days Date ID Growth Rate Average 
per day % UV-T (%) 

Small 50 % Inside 

Ib 8,000 

4 02.04.2007 

11 days 0 

8.5 
5 03.04.2007 6.2 
6 04.04.2007 4.6 

11 09.04.2007 21.7 

Ib 800 

0 02.04.2007 Ib 800 

0.0 

2.4 
1 03.04.2007 

13 days 

9.2 
2 04.04.2007 16.3 
7 09.04.2007 36.2 
9 11.04.2007 19.1 
11 13.04.2007 13.6 

14 16.04.2007 4.2 

Ib 1,000 

0 16.05.2007 Ib 1,000 

0 

0.9 
2 18.05.2007 

9 days 

3.4 
5 21.05.2007 22.6 
7 23.05.2007 29.3 
8 24.05.2007 25.5 

9 25.05.2007 9.5 

Ib 1,000 

0 24.05.2007 Ib 1,000 

0 

0.4 
1 25.05.2007 

11 days 

7.7 
5 29.05.2007 31 
6 30.05.2007 36 
7 31.05.2007 41.4 
8 01.06.2007 41.3 

11 04.06.2007 32.7 

Ib 1,000 

0 25.05.2007 Ib 1,000 

0 

0.3 
4 29.05.2007 

10 days 

9.1 
6 31.05.2007 20.8 
7 01.06.2007 22.4 

10 04.06.2007 22.7 

Ib 800 

0 12.04.2007 Ib 800 

0 

1.4 
1 13.04.2007 

4 days 

6.4 
4 16.04.2007 15 

5 17.04.2007 11.9 

Ib 800 

0 17.04.2007 Ib 800 

0 

0.3 
1 18.04.2007 

9 days 

0.7 
2 19.04.2007 1.9 
3 20.04.2007 3.2 
6 23.04.2007 10.4 
7 24.04.2007 12.6 
8 25.04.2007 13.4 

9 26.04.2007 10.8 

Ib 1,000 

0 02.05.2007 Ib 1,000 

0 

0.3 
1 03.05.2007 

14 days 

0.7 
2 04.05.2007 0.3 
5 07.05.2007 8.5 
6 08.05.2007 11 
7 09.05.2007 15.5 
8 10.05.2007 14.9 
9 11.05.2007 14.7 
12 14.05.2007 10.6 
13 15.05.2007 10.4 
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Size DW % position ID Storing 

days Date ID Growth Rate Average 
per day % UV-T (%) 

    14 16.05.2007   12.9 

Small 50 % Inside 

IW 500 

0 29.03.2007 IW 500 

29.5 

0.4 
1 30.03.2007 

6 days 

0.6 
4 02.04.2007 22.2 
5 03.04.2007 24.9 
6 04.04.2007 20.9 

IW 800 

0 02.04.2007 IW 800 

19.8 

2.4 
1 03.04.2007 

13 days 

10.9 
2 04.04.2007 34.2 
7 09.04.2007 35.2 
9 11.04.2007 35.5 
11 13.04.2007 29 
14 16.04.2007 1.7 

IW 1,000 

0 16.05.2007 IW 1,000 

16.4 

0.9 
2 18.05.2007 

9 days 

6.3 
5 21.05.2007 12.4 
7 23.05.2007 26.1 
8 24.05.2007 26.9 
9 25.05.2007 32.3 

IW 1,000 

0 24.05.2007 IW 1,000 

11.1 

0.4 
1 25.05.2007 

11 days 

10.4 
5 29.05.2007 29 
6 30.05.2007 21.5 
7 31.05.2007 18.6 
8 01.06.2007 18.1 
11 04.06.2007 36.2 

IW 1,000 

0 25.05.2007 I W 1,000 

7.4 

0.3 
4 29.05.2007 

10 days 

4.1 
6 31.05.2007 18 
7 01.06.2007 15.6 
10 04.06.2007 18.3 

IW 800 

0 12.04.2007 IW 800 

11.2 

1.4 
1 13.04.2007 

4 days 
7.3 

4 16.04.2007 18.6 
5 17.04.2007 30.9 

IW 800 

0 17.04.2007 IW 800 

24.1 

0.3 
1 18.04.2007 

9 days 

1.2 
2 19.04.2007 4.3 
3 20.04.2007 4.2 
6 23.04.2007 17.7 
7 24.04.2007 20 
8 25.04.2007 20 
9 26.04.2007 17.2 

IW 1,000 

0 02.05.2007 IW 1,000 

1.5 

0.3 
1 03.05.2007 

14 days 

0.8 
2 04.05.2007 2.9 
5 07.05.2007 13.2 
6 08.05.2007 23.4 
7 09.05.2007 24.3 
8 10.05.2007 18.9 

9 11.05.2007 18.3 

12 14.05.2007 18 



Annex __________________________________________________________________ 197 
 

 

Size DW % Position ID Storing 
days Date ID Growth Rate Average 

per day % UV-T (%) 

Small 

   
13 15.05.2007 

  
19.7 

14 16.05.2007 4.3 

100 % 

Outside 

O 1,000 

0 16.05.2007 O 1,000 

6.3 

0.9 
2 18.05.2007 

  

4 
5 21.05.2007 3.8 
7 23.05.2007 1.8 
8 24.05.2007 4.1 
9 25.05.2007 5.6 

O 1,000 

0 24.05.2007 O 1,000 

14.6 

0.4 
1 25.05.2007 

11 days 

6.2 
5 29.05.2007 13.8 
6 30.05.2007 25.1 
7 31.05.2007 35.9 
8 01.06.2007 34.3 
11 04.06.2007 24.1 

O 1,000 

0 25.05.2007 O 1,000 

9.7 

0.3 
4 29.05.2007 

10 days 

2.9 
6 31.05.2007 11.1 
7 01.06.2007 19.1 
10 04.06.2007 17.4 

O 800 

0 12.04.2007 O 800 

-10.7 

1.4 
1 13.04.2007 

4 days 
7.3 

4 16.04.2007 25.7 
5 17.04.2007 31.1 

O 800 

0 17.04.2007 O 800 

2.6 

0.3 
1 18.04.2007 

13 days 

1.7 
2 19.04.2007 2.8 
3 20.04.2007 11.1 
6 23.04.2007 21.5 
7 24.04.2007 21.9 
8 25.04.2007 23 
9 26.04.2007 23.9 
10 27.04.2007 21.4 
13 30.04.2007 15.8 

O 1,000 

0 02.05.2007 O 1,000 

8.5 

0.3 
1 03.05.2007 

14 days 

0.5 
2 04.05.2007 1.4 
5 07.05.2007 2.6 
6 08.05.2007 5 
7 09.05.2007 7.8 
8 10.05.2007 17.9 
9 11.05.2007 16.4 
12 14.05.2007 16.1 
13 15.05.2007 13.3 
14 16.05.2007 11 

Inside I 1,000 

0 16.05.2007 I 1,000 

10.7 

0.9 
2 18.05.2007 

9 days 
6.4 

5 21.05.2007 18.3 
7 23.05.2007 17.9 
8 24.05.2007 

  
25 

9 25.05.2007 31.3 
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Size DW % Position ID Storing 

days Date ID Growth Rate Average 
per day % UV-T (%) 

 

 

 

I 1,000 

0 24.05.2007 I 1,000 

9.5 

0.4 
1 25.05.2007 

11 days 

7.5 
5 29.05.2007 14.2 
6 30.05.2007 35.6 
7 31.05.2007 37.3 
8 01.06.2007 27.5 
11 04.06.2007 40.6 

I 1,000 

0 25.05.2007 I 1,000 

6.4 

0.3 
4 29.05.2007 

10 days 

2.6 
6 31.05.2007 22.1 
7 01.06.2007 19.1 
10 04.06.2007 23.1 

I 800 

0 12.04.2007 I 800 

4.9 

1.4 
1 13.04.2007 

4 days 
7 

4 16.04.2007 6 
5 17.04.2007 12.1 

I 800 

0 17.04.2007 I 800 

12.4 

0.3 
1 18.04.2007 

9 days 

1.2 
2 19.04.2007 2.6 
3 20.04.2007 4.2 
6 23.04.2007 19.8 
7 24.04.2007 17 
8 25.04.2007 17 
9 26.04.2007 13.5 

I 1,000 

0 02.05.2007 I 1,000 

1.2 

0.3 
1 03.05.2007 

14 days 

1.2 
2 04.05.2007 3.1 
5 07.05.2007 16 
6 08.05.2007 21.1 
7 09.05.2007 24.3 
8 10.05.2007 20 
9 11.05.2007 21 
12 14.05.2007 19.5 
13 15.05.2007 19.4 
14 16.05.2007 19.7 

Big Outside 

O 8,000 

0 29.03.2007 O 8,000  

7.8 

0.4 
1 30.03.2007 

11 days 

0.3 
4 02.04.2007 1.9 
5 03.04.2007 3.9 
6 04.04.2007 5.6 
11 09.04.2007 4.3 

O 6,000 

0 12.04.2007 O 6,000 

6.2 

1.40 
1 13.04.2007 

5 days  
7.10 

4 16.04.2007 12.20 
5 17.04.2007 9.80 
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Size DW % Position ID Storing 

days Date ID Growth Rate Average 
per day % UV-T (%) 

Big 100 % Outside 

O 5,000 

0 17.04.2007 O 5,000 

2.6 

0.3 
1 18.04.2007 

15 days 

0.8 
2 19.04.2007 1.9 
3 20.04.2007 2.9 
6 23.04.2007 3.2 
7 24.04.2007 2.4 
8 25.04.2007 2.7 
9 26.04.2007 3.5 
10 27.04.2007 3.5 
13 30.04.2007 8.6 
15 02.05.2007 10.4 

O 7,000  

0 02.05.2007 O 7,000 

3.7 

0.3 
1 03.05.2007 

22 days 

0.6 
2 04.05.2007 1.2 
5 07.05.2007 2.4 
6 08.05.2007 1.8 
7 09.05.2007 2.3 
8 10.05.2007 1.8 
9 11.05.2007 2.4 
12 14.05.2007 4.2 
13 15.05.2007 4.6 
14 16.05.2007 11.8 
16 18.05.2007 28.6 
19 21.05.2007 16.9 
21 23.05.2007 25.5 

22 24.05.2007 25.2 
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