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Abstract 
Onsite wastewater treatment systems (OWTS) serve approximately 25 % of all homes in 
the United States. Conventional OWTS often require a lot of space to work properly and 
there are concerns over OWTS treatment efficiency for nutrients and pathogens. This is 
causing a problem in today’s society where there is a high demand for land. These 
concerns about OWTS has led to an increased use of pretreatment units that are less land 
demanding and produce effluent of a higher quality than of a septic tank in order to 
protect drinking water sources and human health. One option for pretreatment units is 
membrane bioreactors (MBR). MBRs are suspended growth activated sludge treatment 
systems that relay upon membrane equipment for solid separation, in one single unit. 
MBR systems are especially useful for water reuse applications and for sensitive 
receiving recipients. 
 
This master thesis was a part of a research program at Colorado School of Mines. The 
objectives of this master thesis are threefold. Initially, the purposes were to increase the 
state of the knowledge using MBR in wastewater treatment and evaluate a pilot-scale 
MBR during start-up and steady state conditions, in respect of nutrient and organic 
compounds removal and overall system performance. A second objective was to evaluate 
the performance of the MBR during different stress conditions (power failure, high 
loading and high flux) in respect of nutrient and organic compounds removal and overall 
system performance. A third objective was to investigate permeate quality with respect of 
nutrients and organic compounds after infiltration through soil columns. The purpose was 
to assess if the effluent quality was suitable for direct discharge to the underlying 
groundwater or to surface water. 
 
The result showed that the MBR was able of more than 90 % removal of COD, 
independent of the COD in the influent. Nitrification was over 99 % after the start up 
period. The denitrification was limited by carbon and due to this the Swedish 
requirements of 10 mg/l nitrogen for discharge of treated wastewater to surface water was 
not fulfilled. The Swedish requirement of 0.3-0.5 mg/l phosphorous for discharge of 
treated wastewater to surface water was not fulfilled for the MBR. Phosphorous removal 
was not expected, since the MBR not was designed for it. 
 
Denitrification was occurring in the soil columns. The soil columns with the lower (8 
cm/d) loading rate fulfilled the MCL of 10 mg/l nitrate for ground water discharge 
systems. To enable a better evaluation of the soil columns performance, the soil columns 
should had been running for a longer time in order to reach steady state.  
 
From a water quality stand point the MBR is a viable pretreatment process to OWTS, 
since it removes COD, ammonia and fecal coliforms good and also nitrate to some extent. 
When enough carbon for high denitrification efficiency was available in the incoming 
wastewater the effluent quality was suitable for direct discharge to surface water. Total-P 
is not removed by the MBR, but was easily removed in the soil as the soil column 
experiment depicted and also the research performed at Mines Park test site showed. 



  

  
 



  

  
 

Sammanfattning 
Markbäddar och infiltrationssystem renar totalt ca 25 % av avloppsvattnet från hushåll i 
USA. Konventionella markbäddar och infiltrationssystem kräver ofta ett stort utrymme 
för att fungera tillfredställande vilket orsakar problem i dagens samhälle där tillgången på 
mark är en bristvara. En annan aspekt som är bekymmersam är om de ur reningssynpunkt 
tar bort tillräckligt av näringsämnen och patogener. Dessa aspekter har lett till en ökad 
användning av olika förbehandlingsmetoder som är mindre utrymmeskrävande samt ger 
en högre utgående vattenkvalité än en slamavskiljare. Detta görs främst för att skydda 
dricksvattentäkter och människors hälsa. En av dessa förbehandlingsmetoder är 
membranbioreaktorer (MBR). En MBR fungerar i stort sett som en aktivslam process fast 
ett membran används för att separera bort partiklarna och allt detta sker i samma enhet. 
Membranbioreaktorer är speciellt användbara vid återanvändning av vatten samt för 
utsläpp till föroreningskänsliga recipienter. 
 
Detta examensarbete var en del av ett forskningsprojekt vid Colorado School of Mines. 
Rapporten har tre syften. Det första syftet var att öka kunskapen om MBR samt utvärdera 
en MBR i pilotskala under uppstarten samt under stationära förhållanden. Det andra 
syftet var att utvärdera membranbioreaktorns förmåga att reducera näringsämnen och 
organiska föreningar under olika stresscenarion. Ett tredje syfte var att undersöka 
permeatets kvalité efter infiltration genom jordkolonner med avseende på näringsämnen 
och organiska föreningar. Detta gjordes för att kunna bedöma om utgående vatten hade 
tillräckligt hög kvalité för att släppas direkt till yt- eller grundvatten. 
 
Resultaten visade att MBR:en reducerade mer än 90 % av COD, oberoende av COD-
halten i ingående avloppsvatten. Nitrifikation var efter upp starten över 99 %. För en 
fullständig denitrifikation var kol en begränsande faktor och på grund av detta klarades 
inte det svenska utsläppskravet på 10 mg/l kväve till ytvatten. Det svenska utsläppskravet 
för fosfor på 0.3- 0.5 mg/l uppfylldes heller inte. Ingen fosfor reduktion förväntades 
dock, då MBR:en inte var speciellt utformad för detta. 
 
Denitrifikation observerades i jordkolonnerna. Jordkolonnerna med låg infiltrations- 
hastighet (8 cm/d) klarade det amerikanska utsläppskravet på 10 mg/l nitrat. För att 
möjliggöra en bättre utvärdering av jordkolonnernas krävs det att de får studeras under ett 
längre tidsperspektiv samt under stationära förhållanden. 
 
Ur ett vattenkvalitetsperspektiv är membranbioreaktorer en bra förbehandlingsmetod till 
infiltrationssystem och markbäddar, eftersom halterna av COD, ammonium samt fekala 
koliformer och även nitrat minskas avsevärt. Det svenska utsläppskravet till ytvattnet 
uppfylldes dock endast då avloppsvattnet innehöll tillräckligt med kol så att en hög 
denitrifikation var möjlig. Dock avskiljs inte fosfor i MBR:en, men reduceras bra i 
jordkolonnerna vilket även fullskaleförsök vid försöksanläggningen i Mines Park visade. 
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1 Introduction 

1.1 Background 
Onsite wastewater treatment systems (OWTS) serve approximately 23 % of all homes in 
the United States. Conventional OWTS often consist of three primary components septic 
tank, subsurface wastewater infiltration system and soil aquifer treatment prior to 
groundwater recharge (EPA, 2002). All these components require space to work properly. 
Not all soils are suitable for traditional OWTS because they are limited by the properties 
of the soil1 and sufficient depth2 to the groundwater. This is causing a problem in today’s 
society with limited availability for land (Wren, 2003). 
 
Concerns about traditionally OWTS has led to an increased use of pretreatment units that 
are less land demanding and produce effluent of a higher quality as compared to septic 
tank in order to protect drinking water sources and human health (Wren, 2003). One 
option for pretreatment is the emerging technique of membrane bioreactors (MBR). 
MBRs are suspended growth activated sludge treatment systems that relay upon 
membrane equipment for solid separation, in one single unit. MBR systems are especially 
useful for water reuse applications and for sensitive receiving recipients (Crawford et al., 
2000). Membrane bioreactor systems are a wastewater treatment technology that has been 
successfully applied at a variety of relatively small plants (Crawford, 2000). High capital 
and operational costs as well as inadequate knowledge on membrane application in 
wastewater treatment were predominant factors in limiting the domain of this technology. 
However, with the advent of less expensive and more effective membrane modules and 
the implementation of tighter water discharge standards, membrane systems have 
regained interest (Cicek, 2003). 
 
Other reasons for using MBR as pretreatment are that there often are concerns associated 
with OWTS that the treatment efficiency for nutrients (nitrogen and phosphorous) and 
pathogens is not sufficient (Tackett et al, 2003). Nitrogen is a pollutant of concern for a 
number of reasons. When released to the environment in the ammonia form it is toxic to 
certain aquatic organisms. It is rapidly oxidized to nitrate which is creating an oxygen 
demand that results in low dissolved oxygen (DO) in the surface water. It can also cause 
eutrophication as it contributes to high productivity of algae, resulting in short oxygen 
supply. As a consequence this can lead to death of aquatic organisms (EPA, 2002). While 
release of nitrogen to surface waters can occur with OWTS, the more common nitrogen 
threat is groundwater contamination. Contamination of groundwater supplies is a critical 
concern as groundwater is relied on for drinking water. Ingestion of nitrate can lead to 
health effects. High concentration of nitrate can also harm infants below the age of six 
months who drink water exceeding the maximum contaminant level (MCL) of 10 mg/l 
nitrate. They could become seriously ill and if untreated, they might die (EPA, 2003).  
 

                                                 
1 The guideline for percolation in soils in Colorado is 1 inch/60 min (0.025 m/60 min) – 1 inch/ 5min 
(0.025 m/ 5min) except for “sands” (Guidelines for individual Sewage Disposal Systems, 2000))  
2The guideline for depth to groundwater in Colorado is 4 feet (1.2 m) (Guidelines for individual sewage 
disposal systems, 2000)) 
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The major concern of phosphorus is its threat to aquatic ecosystems, as no phosphorous 
species are harmful to humans. Phosphorus is a key plant nutrient as nitrogen and also 
contributes to eutrophication and DO reduction in surface waters (EPA, 2002). Organic 
matter can cause problems if a huge amount is discharged to the surface water it will 
consume a lot of oxygen during respiration, which in local streams can cause low oxygen 
levels (JTI, 2002).  
 
Pathogenic organisms are commonly present in septic tank effluent (STE) and can 
include a variety of infectious organisms at high concentrations1 (Tackett et al., 2003). 
These pathogens can cause various symptoms and may pose a special health risk for 
young children and people with severely compromised immune systems (EPA, 2003).  

This master thesis was part of a research program at the Colorado School of Mines, 
which was initiated in fall 2002. The purpose of this project is to perform a controlled 
field evaluation of engineered pretreatment units (septic tank, textile filter and membrane 
bioreactor) and their effects on biozone formation in soils and overall onsite system 
purification efficiency.  

1.2 Objectives 
The objectives of this master thesis are threefold: 

• Initially, the purposes were to increase the state of the knowledge using MBR in 
wastewater treatment and evaluate a pilot-scale MBR during start-up and steady 
state conditions, in respect of nutrient and organic compounds removal and 
overall system performance.  

 
• A second objective was to evaluate the performance of the MBR during different 

stress conditions (power failure, high loading and high flux) in respect of nutrient 
and organic compounds removal and overall system performance.  

 
• A third objective was to investigate permeate quality with respect of nutrients 

and organic compounds after infiltration through soil columns. The purpose was 
to assess if the effluent quality was suitable for direct discharge to the underlying 
groundwater or to surface water. 

1.3 Organization of thesis 
This thesis is divided into 5 primary chapters. Chapter 2 presents a literature review on 
the MBR and information about OWTS and regulations in the United States and Sweden. 
Chapter 3 materials and methods, includes a description of the pilot scale MBR and its 
operation conditions as well as an explanation of the experimental design and operational 
conditions for the soil columns. The results and discussion of the MBR and of the soil 
column experiments are presented in chapter 4 together with sources of error. 
Conclusions can be found in Chapter 5. 

                                                 
1 Domestic STE can contain bacteria’s e.g. Clostridium perfringens, salmonella and Shigella in 
concentrations of 106-108 fecal coliform organisms per 100 ml (EPA, 2002) 
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2 Literature review 

2.1 Membrane bioreactors (MBRs) 
Research on membrane bioreactors started 30 years ago. The technology first entered the 
Japanese market through a license agreement between Dorr-Oliver and Sanki 
Engineering CO. Ltd, and today they are commonly used in Japan (Stephensen et al., 
2000). Most MBR installations are less then 10 years old, therefore are the design criteria 
for this technology still evolving (Wallis-Lage, 2003). Today over 500 membrane 
bioreactors are being used in processes for treating and reuse of domestic wastewater and 
industrial wastewater mostly from food and beverage industries (Stephensen et al., 2000). 
 
Biomass separation MBRs, which can be both aerobic and anaerobic, are the most 
common and they have been widely applied in full-scale. There are also membrane 
aeration bioreactors (MABR), which are MBRs using high purity oxygen instead of 
conventional air and extractive membrane bioreactors (EMBR), which are used to extract 
pollutants. These two have only been tested in pilot scale. Full scale aerobic MBRs were 
first installed in North America in the late 1970s and in the early 1980s in Japan. The 
aerobic MBR did not appear in Europe until the middle of 1990s (Stephensen et al., 
2000). 
 
Most of the early membrane bioreactor projects for municipal wastewater were 
applications for small flows, ski resorts, trailer parks or office complexes, where it was 
important to handle load variations and that operation were easy. The equipment used for 
these MBRs were originally external cross-flow ultra filtration (UF) membrane systems, 
with very long sludge retention time (SRT), 50 days or more, and high mixed liquid 
suspended solids (MLSS) in the order of 15,000 mg/l up to 25, 000 mg/l (Crawford et al, 
2000) compared to a MLSS of 1000-4000 mg/l that are used for activated sludge 
processes (Metcalf & Eddy, 2003). These applications were very biological robust, due to 
long SRT and complete nitrification (Crawford et al., 2000). 
 
Next the MBRs were developed to remove total nitrogen. This was achieved by 
recirculating the nitrified mixed liquor into an anoxic zone where the nitrate could be 
reduced to nitrogen gas (Crawford et al., 2000). Traditionally, phosphorous removal has 
been achieved by chemical addition and currently implementation of biological 
phosphorous removal is tested on pilot scale (Wallis-Lage, 2003). Right now the efforts 
are to increase the membrane flux and to minimize the systems SRT and MLSS, and to 
optimize the total cost of membrane bioreactors. This will result in rapid increased size 
and scale of the MBR system and there will be an amplified need for larger-plant-design 
experiences to understand the MBR systems. The challenge will be to develop larger 
plants, and still maintaining the same effluent quality (Crawford et al., 2000). 
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2.1.1 Process description 
There are two different basic configurations of MBRs, the external systems that are 
located outside the bioreactor, and the immersed fiber systems that are designed within 
the bioreactor (Crawford et al., 2000). The main difference between the configurations is 
in there operation (see Figure 2.1). In the case of an external system the membrane is 
independent of the bioreactor. Feed enters the bioreactor where it comes in contact with 
biomass. The mixture is then pumped around in a recirculation loop containing a 
membrane unit where permeate is discharged and retentate is returned to the tank. The 
transmembrane pressure (TMP) and the cross flow velocity defining the operation of the 
membrane are both generated from a pump. The immersed system differs in that there is 
no recirculation loop since the separation occurs within the bioreactor itself. Under these 
circumstances the TMP is derived from the hydraulic head of the water above the 
membrane and a vacuum pump (Jefersson et al., 2000). 
 

 
Figure 2.1: Configurations of MBRs: external (left) and submerged (right) (Metcalf & 
Eddy, 2003). 
 
Membranes when coupled to a biological process are most often used as a replacement 
for sedimentation. They can also be used as mass control of gases and for controlled 
transfer of nutrients into the bioreactor. The membrane works as a barrier and let some 
matters pass through and some not (see Figure 2.2). Permeation through a membrane 
demands a force, usually a pressure gradient. The two most important transport 
mechanisms are convection (movement of bulk fluid) and diffusion (transport of 
individual ions, atoms or molecules by thermal motion (Ficks law)) (Stephensen et al., 
2000). 
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Figure 2.2: Cross-section of membrane filtration (Coughlin et al., 2001). 

2.1.2 The membrane 
Early membrane systems employed the use of pressure filtration techniques to process 
water streams utilizing the inside-out flow paths, typically at high pressures. These 
system required frequent backwashing and chemical cleaning, to prevent fouling and 
were energy intensive. Today membranes operate by gravity or at low vacuum pressure 
employing the outside - inflow method. These membranes are more easily cleaned and 
competitively priced. This method increases the membrane surface and creates a more 
readily backwashed membrane. These membranes operate as ultra filtration (UF) or 
micro filtration (MF) generally in the range 0.01 to 0.02 µm range (Coughlin, 2001).  
 
Membrane materials used for wastewater treatment are typically made of polypropene, 
cellulose acetate, aromatic polyamides or thin-film composite (Metcalf & Eddy, 2003). 
The pore size of a membrane is usually in the range from 0.02-0.05 µm size range i.e. 
from mid range UF to MF (Stephensen et al., 2000). Several types of configurations of 
membranes have been used for MBR applications. These include tubular, plate and 
frame, rotary disk and hollow fiber (Cicek, 2003), See examples of hollow fiber 
membranes as modules or cassettes and a plate membrane in Figure 2.3. 

Permeate 

Permeate 

Hollow 
membrane 

fiber 
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 (a)    (b)   (c) 
Figure 2.3: Examples of hollow fiber membranes as a module (a), as a cassette (b) and a 
plate membrane (c) (Zenon, 2003), (Enviroquip Inc, 2004).  
 
Removal or rejection characterizes of a membrane are usually rated on the basis of a 
nominal pore size or molecular weight cut-off of the membrane. Pressure driven 
membranes are often categorized by the pore size of the contaminant (see Figure 2.4), 
which the membrane will effectively remove. MF membranes can be rated by pore size 
and the capability of removing micrometer sized materials from water. NF membranes 
remove materials that are in the order of a nanometer in size or larger. UF and MF 
membranes are more commonly rated based on the smallest molecular weight of 
substance that has been removed by the membrane. This is only an approximate 
indication of the membranes ability to remove substances, since molecular shape and 
polarity also affect the rejection. Reverse osmoses (RO) and nano filtration (NF) 
membranes are capable of removing ion sized materials such as sodium, chloride, and 
calcium as well as small organic molecules (Fakhru’l-Razi, 1994).  

 
Figure 2.4: Comparison of the size of the constituents found in wastewater and the 

operating size ranges for different membrane sizes (Metcalf & Eddy, 2003) 
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2.1.2.1 Flux and fouling  
The membrane flux rate is an important design and operation parameter and is defined as 
the quantity of material passing through a unit area of membrane per unit time. The exact 
flux a system operates at is dependent upon a number of parameters including TMP, 
cross flow, pore size and biomass (Stephensen et al., 2000). The flux is also determined 
by both the driving force and the total resistance offered by the membrane and the 
interfacial region bordering to it. The resistance of the membrane is fixed, unless it 
becomes clogged by components of the feed. The interfacial regions resistance is a 
function of both the feed water composition and the permeate flux while for a 
conventional pressure driven process the materials rejected by the membrane tend to 
accumulate within the interfacial region at a rate dependent on the flux. These may lead 
to fouling of the membrane (Stephensen et al., 2000). 
 
Fouling is the general term that describes the process when species, present in the water, 
adsorbs or deposits onto the membrane surface, which leads to increased membrane 
resistance (Stephensen et al., 2000). The TMP is a very important parameter, because if 
constant flux operation is applied, TMP increases as the membrane fouls. The trend is to 
operate at as low TMP as possible, which gives the beneficial of low energy cost, high 
membrane life and low fouling rates (Drewes, 2004). Fouling leads to permeated flux 
decline, frequent membrane replacement and cleaning. This altogether is increasing 
maintenance and operational costs (Chang et al., 2001). Membrane fouling has the 
greatest impact on the operation and process economics of membrane filtration plants. 
Extensive research on fouling has been published, however, the fouling mechanism is 
still not completely understood. This is because fouling is a very complicated 
phenomenon which involves multiple factors (Liu, 2003). Some of them mentioned 
below. 
 
Concentration polarization is intensifying the fouling, because of the solutes tendency to 
accumulate at the membrane, solution interface within a concentration boundary layer. 
Fouling can occur through physiochemical and biological mechanisms and by individual 
components which tend to be specific to the membrane material and application. Two 
components in the feed that are increasing the risk of physiochemical fouling are protein 
and colloidal particles (Stephensen et al., 2000). Also small particle size causes increased 
fouling (Baek et al, 2003). Floc structure of the activated sludge, particle distribution and 
the extracellular polymeric substances (EPS) contents of activated sludge are well known 
factors controlling membrane fouling. The cake layer deposited on the membrane plays 
an important role in the solute rejection, due to the sieving and adsorption onto the cakes 
(Chang et al., 2001).  
 
To hinder fouling of the membrane pretreatment of the feed or back flushing of the 
membrane with water/air and chemical cleaning is used (Metcalf & Eddy, 2003). Another 
way to hinder fouling is to encourage turbulence to limit the thickness of the 
hydrodynamic boundary layer. Other options are to lower the flux, which is employed in 
the submerged MBR (Stephensen et al., 2000) or to allow the membrane to have a 
relaxing time (Drewes, 2004). 
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2.1.3 Advantages and disadvantages with MBR 
The MBR has many advantages, but also some drawbacks. Some of them are mentioned 
in Table 2.1, and are explained further below.  
 
Table 2.1: Advantages and disadvantages of MBR (Stephensen et al., 2000), (Metcalf & 
Eddy, 2003), (Crawford et al.,2000). 
Advantages                                                             Disadvantages        
Small footprint                                                        Membrane costs 
Complete solids removal                                         High capital cost 
High loading rate capability                                    Membrane complexity 
Combined COD, solids and nutrients                      Membrane fouling 
Removal in a single unit                                          Operation and maintenance 
Low/zero sludge production                                    Energy costs  
Rapid start up                                                          Aeration limitations 
Sludge bulking not a problem 
Effluent disinfection, barrier against Pathogens,  
such as the chlorine-resistant organisms,  
Cryptosporidium and Giardia. 
 
The advantage with low sludge production can be explained by the ability to operate the 
MBR at high SRT. This creates a condition of substrate limitations and results in low 
food to microorganism ratio (F:M) (Stephensen et al., 2000). Because the membrane 
replaces the clarification process, the cost and the settling problems associated with 
secondary clarifiers are eliminated. It also allows operation at high SRT without requiring 
larger aeration volumes, because the MLSS in the system is high. Due to this the MBR 
creates a small footprint, less space then conventional treatment facilities (McInnes et al., 
2001).  
 
MBR produces a high quality effluent (see Table 2.2), typical suspended solids are less 
than 1 mg/l. Also nitrification, denitrification and chemical phosphorous removal have 
been accomplished successfully with MBR (McInnes et al., 2001). The retention of all 
suspended matter and most soluble compounds within the bioreactor leads to excellent 
effluent quality. The membrane not only retains all biomass, but also prevents the escape 
of extracellular enzymes and soluble oxidants creating a more active biological mixture 
capable of degrading a wider range of carbon sources. Since suspended solids are not lost 
in the clarification step, total separation and control of the SRT and HRT are possible 
enabling optimum control of the microbial population and flexibility in operation (Cicek, 
2003). Because the membranes retain all biomass in the system, long SRT and high 
MLSS concentration can be achieved. This benefits the bacteria with low growth rate, as 
nitrifying bacteria. Long SRT and membranes prevent nitrifying bacteria from being 
washed out from the bioreactor, improving the nitrifying capability. Complete 
nitrification has been observed with a HRT as low as 2 hours (Fan, 1996).  
 
The MBR is also capable to remove high numbers of bacteria and viruses. Since a thin 
biofilm is formed on the membrane surface the pore size is decreased, and organisms 
with greater diameter than the pore size will be removed (Stephensen et al., 2000).  
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The possibility of retaining a high number of bacteria and viruses results in a sterile 
effluent, eliminating extensive disinfection and corresponding hazards related to 
disinfection by-products (Cicek, 2003). 
 
The most significant disadvantage with MBR is the cost, is caused mainly by the MBR 
itself and high energy costs due to the need for a pressure gradient and aeration (Cicek, 
2003). However, the MBR also have some operational problems like fouling, which 
limits the flux and leads to required cleaning which stops operation. Aeration problems 
can arise, because of the high biomass concentration (Stephensen et al., 2000). 
Additionally, when operated at high SRTs inorganic compounds accumulating in the 
bioreactor can reach concentration levels that can be harmful to the microbial population 
or membrane structure (Cicek, 2003). 

2.1.4 Common water quality, operation and design criteria’s for MBRs 
Right now there are four major manufactures of MBR process equipment: Zenon 
Environmental, Inc. (Canada), Mitsubishi Rayon Cooperation (Japan), Kubota 
Corporation (Japan), and U.S Filter (US) (McInnes et al., 2001) (see Table 2.2 for water 
quality and Table 2.3 for design considerations for different MBR manufactures). Zenon 
is the leading manufacturer and developer; e.g. they found that membrane flux was 
improved at lower MLSS and that the flux was not sensitive to shorter SRT (Crawford et 
al., 2000). 
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Table 2.2: Average values of effluent quality from different MBRs. 

Parameter 

US filter with 
a pore size of 

0.08 µm 
(Davis et 
al.,2003) 

Mitsubishi-
rayon 

Sterapore, 
with a pore 

size of 0.4 µm 
(Woolard et 

al.,2003) 

Zenon Inc, 
Zeeweed with 
a pore size of 

0.04 µm 
(McInnes, 

2003)  

Ceramic ultra 
filtration 
(0.02 µm) 

membrane 
module 1.4 

m2 membrane 
area (Fan et 

al,.1996) 

Zenon Inc  
fed with gray 

and black 
water 

(Stephenson 
et al.,2000) 

CODb  
Removal (%) 
Influ-efflu (mg/l)b 

  
95  

1130-57 

 
55  

404-58 

 
95 

350-17 

 

BODb 

Removal (%) 
Influ-efflu (mg/l)b 

 
98  

 

  
98 

141-2 

 
 

 
 

<2 mg/l 

NH3-N
b  

Removal (%) 
Influ-efflu (mg/l)b 

 
85  

 

 
44  

34-19 

 
100 

14-0.04 

 
98 
0.7 

 
 

<0.1 mg/l 

TSSb  
Removal (%) 
Influ-efflu (mg/l)b 

 
99  

 

 
100  

453-nda 

 
 

 
99 

130-nda 

 
 

<1 mg/l 

NO3-N
b  

Influ-efflu (mg/l)b 
  

1.4-13 
  

0.3-146 
 

Tot-Nb 

Removal (%) 
Influ-efflu (mg/l) 

     
 

<10 mg/l 

Tot-Pb 

Removal (%) 

Influ-efflu (mg/l) 

   
75 

4->1 

  

Total 
coliformb 

Efflu (cfu/100ml) 

   
nda 

  
100 cfu/100 

ml 

Fecal coliformb 

Efflu (cfu/100ml) 
     

20 cfu/100 ml 
a nd=non detectable. 
b Average values. 
 
Table 2.2 shows that most of the MBRs achieve over 95 % removal of chemical oxygen 
demand (COD) and biological oxygen demand (BOD) and also accomplish a good 
removal of total coliforms. Nitrification is achieved to different extends but it is harder to 
reach denitrification. To accomplish phosphorous removal the system needs to be 
designed for this specifically. When specifically designed for phosphorous removal a 
SAM (sequencing anoxic/anaerobic membrane bioreactor) achieved 93 % phosphorous 
removal when treating household wastewater including toilet flushing water (Ahn et al., 
2003). The difficulty in stabilizing the denitrification is a problem that has been 
encountered in many MBR plants, including the Lone Tree creek WWTP, Colorado and 
Key Colony Beach WWTP, Florida (Alexander et al,. 2001). 
 
The removal of nutrients and COD depend on how the MBRs are operated in respect of 
DO concentration and temperature. The effluent quality is also dependent on the influent 
quality. (see Table 2.3 for designed considerations for different manufactures). 



Literature review 
 

 23 
 

Table 2.3: Design consideration for various manufactures (Wallis-Lage, 2003) 
 Zenon Kubota Mitsubishi US Filter 
Membrane 
Type 
Configuration 
Pore size 
Module size 
Location 

 
Hollow fiber 

Vertical 
0.04 µm 
31.6 m2 

Cell compartment 

 
Plate 

Vertical 
0.4 µm 
0.8 m2 

Throughout basin 

 
Hollow fiber 
Horizontal 
0.04 µm 
105 m2 

Throughout basin 

 
Hollow fiber 

Vertical 
0.04 µm 
9.3 m2 

Cell compartment 

Screening size ≤ 2 mm ≤ 3 mm ≤ 2 mm ≤ 2 mm 

Flux 
management 
m2/m3h 
Aeration cycle 

 
 

0.37 
10 sec on 10 sec 

off 

 
 

0.53 
Constant 

 
 

0.73 
Constant 

 
 

0.18 
Constant 

Flux rate 
Average,  
l/m2, h 
Peak hour (≤ 6 hrs) 
l/m2h 

 
17-25 

 
<42 

 
17-25 

 
<59 

 
8.5-12 

 
equalize 

 
17-25 

 
<51 

Maintenance 
Clean 
Type 
 
Frequency 

 
 

Backpulse and 
relax 

hourly 

 
 

Backpulse 
 

1 min/15min 

 
 

Relax 
 

2 min/12 min 

 
 

Backpulse or relax 
1 min/15min 

Recovery clean 
Type 
 
Location 
Frequency 

 
Chem. Soak 

 
Drained cell 
≥ 3 months 

 
Chlorine 

Backwash 
In situ 

≥ 6 months 

 
Chlorine 

Backwash 
In situ 

≥ 3 months 

 
Chem. Soak 

 
Drained cell 
≥ 3 months 

Biological 
Parameters 
SRT, days 
MLSS, mg/l 

 
 

10-15 
≤ 10 000 

 
 

15 
≤ 10 000 

 
 

20 
≤ 10 000 

 
 

10-15 
≤ 10 000 

 
Pretreatment as screening and grit removal is critical to protect the membranes. Before 3 
mm screening were used, however, hair and fiber could still pass trough the screens and 
wrapped themselves around the hollow fiber membranes. As a result many manufactures 
are now using 2 mm screening or a second screening of 1 mm screens. 
 
Most manufactures have a recommended MLSS concentration between 8,000-12,000 
mg/l in order to optimize aeration, flux rates and cleaning frequency. SRT is usually 10- 
20 days depending on the design conditions. With high MLSS concentrations 
surrounding the membranes, it is critical to provide a system which limits the cake layer 
of solids onto the membranes and allows the design flux to be maintained.  
 
All of the manufactures utilize some aeration located directly under the membranes to 
scour solids from the membrane surface. In addition to the air scour, solids from the 
membrane are recycled back to the aeration tank at a rate of at least four times the 
influent flow to prevent a solids buildup in the membrane area (Wallis-Lage, 2003).  
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Specific flux rates vary depending on temperature, solids concentration and solids 
retention time, however most MBRs operate at an average flux between 17 and 25 l/m2h. 
For facilities with high peaking factors which cannot be effectively or economically 
handled with the membranes, equalization is required (Wallis-Lage, 2003).  

2.1.5 Anaerobic MBR vs. Aerobic MBR 
Anaerobic MBR are suitable for treatment of wastewater mainly containing soluble and 
readily biodegradable organics (Harada et al., 1994). Relatively to aerobic MBRs, there 
has been little research of the use of membranes for biomass retention in anaerobic 
systems. Anaerobic systems may present unique problems due to the fact that they can 
excrete extracellular polymers, and depend more heavily on microbial aggregation to 
function effectively (Fakhru’l-Razi, 1994). To-date several anaerobic MBR technology 
issues have been identified. The biggest issue is due to organic and/or inorganic fouling 
in the anaerobic MBR. Its configuration whiteout the air scour increases the fouling and 
this affects the effectiveness and the economic attractiveness of this technology (Berube 
et al., 2004). 
 
Aerobic MBRs is the combination of membrane filtration and aerobic bioreactor. Most of 
the aerobic MBRs in municipal wastewater treatment are employed as submerged 
systems. The aeration is very important for the aerobic MBRs, however the operating 
costs are high due to the aeration. The anaerobic MBR has the advantages of energy 
savings, possible biogas recovery and lower sludge production which results in lower 
operational costs. However, the bacterial growth rate of anaerobic bacteria is lower than 
that of aerobic bacteria and requires a longer retention time to treat the wastewater 
effectively. Most of the anaerobic MBRs have external (side streams) membranes which 
require high recirculation rate. Most of the studies regarding anaerobic MBR have 
focused on the high strength organic industrial wastewater, such as alcoholic-distillery 
and brewery wastewater (Baek et al., 2003). 
 
Anaerobic MBRs could have potential application in municipal wastewater treatment to 
remove organic carbon or BOD removal from wastewater. For example in plants which 
employ two different sludge treatments for carbonaceous oxidation and nitrification could 
benefit from using an anaerobic MBR for the carbonaceous stage instead of an aerobic 
activated sludge process. When anaerobic MBRs are used drawbacks experienced in 
anaerobic process like difficulties with BOD removal in municipal wastewater due to 
inability to settle anaerobic sludge in gravity settlers and the potential for odors could be 
circumvented. In the case of anaerobic MBR, the bioreactor is a closed unit and the solid 
liquid separation is also closed unit (Baek et al., 2003). 
 
A research performed by Baek and Pagilla showed that anaerobic MBR are feasible and 
an economical option for municipal wastewater treatment plants seeking COD removal 
by biological process followed by separate nitrification and denitrification. It also showed 
that an anaerobic MBR nearly equals an aerobic MBR in terms of soluble COD removal 
at the same operating HRT (Baek et al., 2003). 
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2.1.6 Biological processes 
Biological processes are primarily designed for the removal of dissolved and suspended 
organic matter from wastewater. Biological processes relay upon many types of 
microorganisms are present in the same reactor. Bacteria have key roles, which includes 
conversion of soluble and particulate organic compounds into biomass and gases, waste 
products, conversion of ammonia to nitrate (nitrification) and nitrate to nitrogen gas 
(denitrification) (Stephensen et al., 2000). In this chapter the activated sludge process 
which is the most common biological process are described together with the important 
conditions for nitrification and denitrification. 

2.1.6.1 Activated-sludge process 
The membrane bioreactor is operated in the same way as an activated sludge process (see 
Figure 2.5), but instead of a clarifier a low pressure membrane is used either MF or UF 
(Merlo et al., 2000). The activated-sludge process is the most common suspended growth 
process which means that the microorganisms are responsible for the treatment. The 
process was developed as early as 1913 by Clark and Gage at the Lawrence Experiment 
Station in Massachusetts and by Ardern and Lockett (1914) at the Manchester Sewage 
Works in Manchester, England. For treatment of municipal and industrial wastewaters 
the activated-sludge process is nowadays used commonly for biological treatment 
(Metcalf & Eddy, 2003).  
 
The basic process consists of three central components: (1) an aerobic reactor were the 
microorganisms responsible for the treatment are kept in suspension (2) liquid-solids 
separation which usually is a sedimentation tank and (3) a recycling system for returning 
the solids removed from the liquid-solids separation back to the aerobic reactor to 
continue biodegradation of the influent organic material (see Figure 2.5). A number of 
different configurations have evolved from the basic process and can today include 
nitrification, biological nitrogen removal, and/or phosphorus removal (Metcalf & Eddy, 
2003). 

 
Figure 2.5: The basic process of activated sludge process (Dohse, 1999). 
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In most cases the activated sludge process is used in combination with chemical and 
physical processes for wastewater treatment. One important aspect of the process is the 
formation of flocculent settable solids that easily can be removed by settling in 
sedimentations tanks leaving a clear liquid as the treated effluent (Metcalf & Eddy, 
2003). The restriction of the activated sludge process is the limitation the sedimentation 
process places on the biomass concentration that can be maintained. Membranes have 
many advantages over conventional methods as activated sludge processes. The most 
obvious is the effluent quality (see Table 2.4 below) where a comparison of effluent 
quality from an MBR and an activated sludge system which were fed the same synthetic 
wastewater has been performed. In a study by Cieck and research partners, in 1999, a 
more complete degradation by the MBR system was observed compared to the 
degradation in an activated sludge process. Another advantage with MBR is that the HRT 
and the sludge age are completely independent of each other, which removes some of the 
limitation that the activated sludge processes have. With an MBR the problems with 
filamentous growth and degassing are nullified, enabling optimal control of the reactor in 
terms of the residence time of the microorganisms (Stephensen et al., 2000).  
 
Table 2.4: Activated sludge and MBR effluent qualities (Stephenson et al., 2000). 
Parameter Activated sludge MBR 
COD removal, % 94.5 99 
DOC removal, % 92.7 96.9 
TSS removal, % 60.9 99.9 
NH3-N removal, % 98.9 99.2 
Total-P removal, % 88.5 96.6 

2.1.6.2 Nitrification 
The nitrification occurs in an aerobic environment such as a aerobic tank and is a two 
step biological process in which ammonia (NH4-N) is oxidized to nitrite (NO2-N) and 
then further to nitrate (NO3-N) with the help of autotrophic bacteria such as nitroso-
bacteria and nitro-bacter. The bacteria obtain energy from the oxidation of reduced 
inorganic compounds, such as ammonia and nitrate (Metcalf & Eddy, 2003).  
 
The complete formula for the nitrification process: 

OHHNOONH 2224 24232 ++→+ +−+          (nitroso-bacteria)             
−− →+ 322 22 NOONO     (nitro-bacter species) 

OHHNOONH 2324 22 ++→+ +−+  
 
The need for nitrification in wastewater treatment arises from water quality concerns over 
the affect ammonia has on the recipient with respect to that ammonium oxidation reduces 
DO concentration and is toxic to fish. Other reasons are to control eutrophication 
(SBV012, 2002) and water reuse application such as groundwater recharge (Metcalf & 
Eddy, 2003). 
 
Nitrification is pH-sensitive and declines significantly at pH values below 6.8. At pH 5.8-
6 the nitrification rate may be as low as 10-20% of the rate at pH 7. Optimal nitrification 
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rate is at pH 7.5-8.0 (Metcalf & Eddy, 2003), but reasonable nitrification rates occur 
around pH 7-9 (SBV012, 2002). Temperature also influences the nitrification especially 
the NH3/NH4

+ balance. Higher temperature results in higher NH3 values at the same pH 
and lowers the pH optimum for the process (ENVICARE, 2004). If the temperature drops 
below 100C the nitrification rate decreases (Stephenson et al., 2003). Nitrification rates 
are also affected by DO and increase up to DO concentrations of 3-4 mg/l and are greatly 
inhibited below 0.5 mg/l. The nitro-bacter is affected more than the nitroso-bacteria. As 
a result incomplete nitrification can occur, which leads to higher NO2-N concentrations in 
the effluent. This can be a problem for plants using chlorine for disinfection as nitrite is 
readily oxidized by chlorine, requiring 4 g chlorine/g NO2-N (Metcalf & Eddy, 2003). 
 
The ability to have a long SRT in a membrane system increases the ammonia removal, 
the nitrification activity is doubled compared to an active sludge process. Moreover the 
complete retention of microorganisms by the membrane encourages the growth of 
specialized nitrifiers, which increase the nitrification efficiency (Stephensen et al., 2000). 

2.1.6.3 Denitrification 
Although it is important to transform the nitrogen in wastewater from ammonia to nitrate, 
excessive amounts of nitrate is also harmful. At high concentration they threaten the 
health of babies, but in most places levels do not exceed tolerable concentrations limits. 
However, lower concentrations still have effect on the ecosystem by causing 
eutrophication (RPI, 2004). In order to avoid this denitrification is needed. 
 
Denitrification occurs in the anoxic tank and removes nitrates from wastewater by the 
same bacteria that during aerobic conditions remove BOD but under anoxic conditions 

convert nitrates to nitrogen gas ( 2223 NONNONONO →→→→ −− ). To achieve this, 
a separate anoxic tank or intermitted aeration is needed (Stephenson et al., 2000). 
Denitrification is a biological reduction process where electrons are accepted where 
nitrate and nitrite are used as electron acceptors instead of oxygen. A wide range of 
bacteria has been shown capable of denitrification, both heterotrophic and autotrophic, 
the heterotrophic organisms are the most common. They are depended on organic 
compounds for energy (Metcalf & Eddy, 2003).  
 
The complete formula for the denitrification process: 

OHCONOOHCHNO 2223 22626 3 ++→+ −−  
−− +++→+ OHOHCONOHCHNO 633336 2222 3  

−− +++→+ OHOHCONOHCHNO 675356 2223 3  

 
In biological nitrogen removal process, the electron donor is typically the COD in the 
influent wastewater or the COD produced during endogenous decay. Thus the amount of 
COD or BOD needed to provide sufficient amount of electron donor for nitrate removal 
is an important design criteria (Metcalf & Eddy, 2003). Denitrification occurs rapidly in 
the presence of an organic growth substrate (BOD, methanol etc), denitrification occurs 
slowly when organisms growth is limited during endogenous decay (low F:M). In 
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general, modest levels of nitrogen removal (total nitrogen ≤12 mg/l) can be achieved by 
using BOD in wastewater as a carbon source. However, in order to achieve very low 
nitrate concentrations, a special strategy is required. This will often require addition of 
e.g. methanol to enhance denitrification (raise F:M) in the activated sludge process 
(McInnes, 2003). 
 
When the nitrification process is consuming alkalinity (7.1 g of alkalinity as CaCO3 for 
each g of ammonia removed) the denitrification process recovers alkalinity at a rate of 
3.5 mg/l per mg/l nitrate reduced (McInnis, 2003). This leads to a rise in the pH. pH has 
no considerable effect on the denitrification rate at pH 7-8, but if pH decrease from 7 to 6 
a decrease in the denitrification rate has been shown in batch unacclimated tests (Metcalf 
& Eddy, 2003). Optimal pH take place around 7-9 and the DO concentration should be 
lower than 0.5 mg/l (SBV012, 2002). For a MBR, denitrification is inhibited by the 
excessive oxygen from the membrane zone, which is recycled to the anoxic zone. A 
solution to this problem is to provide separate recycle lines or to deoxygenate the recycle 
line prior to discharge into the anoxic zone (Wallis-Lage, 2003). 

2.2 Onsite wastewater treatment 
Onsite wastewater systems (OWS) serve nearly 25 % of the U.S population and are 
increasingly viewed as a necessary, permanent component of a sustainable 
water/wastewater infrastructure in the U.S. OWS are reliable option to consider when 
centralized treatment facilities are not available. Decentralized system can be used to 
treat wastewater if they are properly designed, installed and managed (Siegrist et al., 
2003).  
 
Conventional onsite wastewater treatment systems (OWTS) consist of three primary 
components septic tank, subsurface wastewater infiltration system and a soil aquifer 
treatment prior to groundwater recharge. The septic tank is anaerobic and can provide 
partially digestion and store settled and floating organic solids in sludge and scum layer. 
It can reduce the sludge and the scum volume as much as 40% and can also achieve a 
removal of 60-80% of oil, greases and floating debris. The septic tank are used as the first 
or only pretreatment step in nearly all onsite systems regardless of daily wastewater flow 
rate or strength. Even systems using advanced treatment methods depend on the septic 
tank for solid separation, primary digestion of raw wastewater and for equalize the flow 
in a gravity flow system due to the tank surface area and the outlet design (EPA, 2002). 

2.2.1 Soil aquifer treatment of wastewater 
Wastewater treatment using the soil profile for soil aquifer treatment has been practiced 
for over 100 years and has evolved from avoiding stream pollution to a technology of 
water reuse and aquifer protection (Crites et al., 2000). Subsurface wastewater infiltration 
systems (SWISs) are the most commonly used systems for the treatment and dispersal of 
onsite wastewater. Infiltrative surfaces are located in permeable, unsaturated natural soil 
or imported fill material so wastewater can infiltrate and percolate through the underlying 
soil layers until it reaches the ground water. As the wastewater pass through the soil it is 
treated due to a variety of physical, chemical and biochemical processes and reactions 
(EPA, 2002). 
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SWIS provide both treatment and dispersal of the wastewater applied. The pretreated 
wastewater enters the SWIS at the surface of the infiltration zone and is then transported 
through three zones, infiltration zone, vadoze zone (unsaturated) and the saturated zone 
(EPA, 2002). The most biologically active zone is the infiltration zone, which only are a 
few centimeters thick. This zone should be unsaturated if it is properly designed and 
operated. This zone is often referred to as the biomat. Carbonaceous material is quickly 
degraded in this zone and nitrification occurs directly below this zone if oxygen is 
present. The amount of oxygen has to be high enough to meet the oxygen demand 
generated by the microorganisms. If sufficient oxygen is not present the metabolic 
process of the microorganisms can be reduced or halted and both the treatment and 
infiltration of the wastewater will be negatively affected (EPA, 2002). Without 
nitrification, the downward migration of ammonia is retarded due to positive charge and 
the subsequent interactions with negatively charged soil surfaces. The negatively charged 
surface is frequently found on clay particles (Tackett, 2003).  
 
During wastewater effluent to subsurface soils or similar porous media, there is normally 
an accumulation of pore filling agents at and immediately below the infiltrative surface 
through which the wastewater effluent enters the soil pore system. The reduction in pore 
size yields a loss in permeability, which in turn affects the hydraulics of the infiltrative 
surface and the underlying soil profile. The accumulation of pore filling and the 
developing of a clogging zone can be very important from a purification perspective. 
Because of the reduced infiltration rate and thereby contribution to unsaturated flow in 
the underlying soil profile, it can be more biogeochemical reactive than the natural soil 
(Siegrist et al., 2003).  
 
The vadoze zone offers a pathway for a diffusion to reaerate the infiltration zone, 
supplying the microbes, which grows on the surface of the soil particles, with oxygen. 
Most of the sorption reactions take place in this zone because of the negative moisture 
potential forces the percolating water to flow into the finer pores of the soil and over the 
surface of the soil particles, which is increasing the retention time, absorption, filtration 
and biological treatment of the wastewater. Finally, much of the phosphorous and 
pathogen removal occurs in this zone (Crites et al, 2000). The removal of phosphorous in 
the vadoze zone appears to be a two step process involving rapid sorption of PO4

3- 
followed by the slower precipitation of adsorbed PO4

3-. The sorption of PO4
3- in the 

unsaturated zone is often presence of metal oxides and their anion adsorbing capacity as a 
result of positive surface charges at normal pH ranges (Tackett, 2003). From the vadoze 
zone, the water passes through the capillary border directly above the ground water and 
enters the saturated zone (EPA, 2002). Performance of the improvement in water quality 
is dependent on different parameters such as soil type, hydraulic and constituents loading 
rate, degree of pretreatment and travel distance through the soil, vadoze zone and aquifer 
(Crites et al, 2000). 
 
The capacity of the soil to retain phosphorus is finite. With continued loading, 
phosphorus movement deeper into the soil profile can be expected. The ultimate retention 
capacity of the soil depends on several factors, including its mineralogy, particle size 
distribution, oxidation reduction potential, and pH. Fine-textured soils theoretically 
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provide more sorption sites for phosphorus. As noted above, iron, aluminum, and calcium 
minerals in the soil allow phosphorus precipitation reactions to occur, a process that can 
lead to additional phosphorus retention (EPA, 2002). 
 
A study performed at the Colorado school of Mines at the Mines Park test site, Golden, 
Colorado observed an almost 100 % phosphorus removal. Near complete nitrogen 
removal was observed initially, but this declined as there was an increase in NO3

- 
concentrations due to nitrification in the shallow vadoze zone. Lower nitrification rates 
have been observed in cells with a loading rate of 8 cm/d due to the increased saturation 
of the vadoze zone. In this study septic tank effluent from a family housing unit were 
loaded to 24 test cells with loading rates of 4 cm/d and 8 cm/d, applied as a trickle into 
the center of the test cells to simulate gravity distribution 16 hr each day. Based on a 
typical loading of 2 cm/day as used in practice for this Ascalon sandy loam soil this 
loading simulates one and two years of operation in only six months of test cell loading 
(Siegrist et al., 2003). 

2.3 Laws and regulations 

2.3.1 United States 
The current codes regulating OWTSs are not clearly defining water quality-based 
performance requirements for ground water discharge systems. Primary drinking water 
standards (see Table 2.5) are typically required at a point of use (e.g., drinking water 
well) but are addressed in the codes only by requirements that the infiltration system be 
located a specific vertical distance from the seasonal high water table (the guideline for 
depth to groundwater in Colorado is 4 feet (1.2 m) (Guidelines for individual sewage 
disposal systems, 2000)) and a horizontal distance from the wellhead. Nitrate- nitrogen, 
which is a drinking water pollutant of concern, is consistently found in ground water 
below conventional SWISs (EPA, 2002).  
 
Table 2.5: Table of contaminants and their MCLs (EPA, 2003). 
Contaminate MCLa 

Nitrate (measured as nitrogen) 10 mg/l 
Total coliformsb (including fecal coliform 
and E.Coli) 

5.0 %c 

aMaximum contamination level 
bNot a health threat in itself; it is used to indicate whatever other potentially harmful bacteria may be 
present. Total coliforms indicate if the water may be contaminated with human or animal waste. 
cNo More than 5.0 % of the samples of total coliform can be positive in a month. (For water systems that 
collect fewer than 40 routine samples per month, no more than one sample can be positive per month.) 
Every sample that has total coliform must be analyzed for either fecal coliforms or E.coli if two 
consecutive TC-positive samples, and one is also positive for E.coli fecal coliforms, system has an acute 
MCL violation.  
 
Direct discharge to surface water in US requires a NPDES permit (National Pollutant 
Discharge Elimination System) the Clean Water Act. The NPDES controls water 
pollution by regulating point sources that discharge pollutants into the water in the US. 
They define discharge requirements in the form of numerical criteria for specific 
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pollutants such as fecal coliforms and nutrients and narrative criteria for parameters like 
color and odor. Before the treated effluent is discharge it should meet water quality 
criteria, which may include limits for a variety of pollutants. The limits specified vary 
based on the designated use of the water resource (e.g., potable water reuse, swimming, 
aquatic habitat), state water classification schemes (Class I, II, III etc.), water quality 
criteria associated with designated uses, or the sensitivity of aquatic ecosystems such as 
lakes and costal areas. Surface water discharge is often discouraged for individual onsite 
wastewater systems (EPA, 2002). 
 
Efforts have been made in the US to establish conditions and regulations to protect public 
health and allow for safe use of reclaimed water for a variety of water reuse applications 
(see Table 2.6). This water is not to be considered risk-free. There is always a possibility 
of infection due to the exposure to reclaimed water. However, the practice of water reuse 
and reclamation cannot be considered unsafe compared to other sources of available 
water such as polluted rivers and irrigation water (Metcalf & Eddy, 2003). 
 
Table 2.6: Summary of EPA suggested guidelines for water reuse a (Metcalf & Eddy, 
2003). 
Level of treatment Type of reuse Reclaimed water quality 
Disinfected tertiaryb Urban reusec pH = 6-9 
 Food crop irrigation BOD5 ≤ 10 mg/l 
 Recreational impoundments E. coli = none 
Disinfected secondary Restricted access area 

irrigation 
pH = 6-9 
BOD5 = 30 mg/l 

 Food crop irrigation TSS = 30 mg/l 
E. coli = 200/100 ml 

aFrom US EPA (1992a) 
bFiltration of secondary effluent 
cIncludes landscape irrigation, vehicle washing, toilet flushing, fire protection and commercial air 
conditioners 

2.3.2 Sweden 
It is the proprietor that is responsible for getting a permit from the municipality if 
rebuilding or installing a new treatment system for sewage water. The municipalities 
have different demands for getting the permit. This can include suggestion of type of 
sewage treatment and position of the construction. Further requirements on analyzes of 
the soil and discharge expectations from the treatment system can also be necessary. The 
municipality environmental department often provides advice on this matter but it is still 
the landowners’ responsibility. It is the environmental committee in the community that 
reviews the application and authorizes the treatment system (JTI, 2002). 
 
The environmental committee supports their decision on the Swedish environmental law 
(miljöbalken) and possible some other applicable laws. During 1999 the Swedish 
government adopted 15 environmental quality objectives. Several of these are of interest 
for onsite wastewater systems like “no eutrophication”, “high quality groundwater”, “a 
good urban environment” and “ a non toxic environment” (Naturvårdsverket, 2004). 
These goals together with direction from the Swedish environmental protection agency 
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(Naturvårdsverket) serve as the starting point for some basic criteria for wastewater 
treatment systems: minimize the risk of spreading infections, minimize the disturbance in 
the environment and economize the nature’s resources. All of these have to be considered 
when authorizing the different sewage treatment systems (see Table 2.7). 
 
If the wastewater is treated by SWISs, requirements that the infiltration system should be 
located a specific distance from a water source applies. These distances vary from 
different communities e.g. in Luleå the distance between the infiltration surface and the 
highest groundwater surface must always be one meter (Luleå kommun, 2000). If 
released to the surface water, the wastewater has to have bathing water quality when 
people and animals can come in contact with the water (Naturvårdsverket, 2002). 
 
Future demands on individual sewage solutions will probably correspond to those now 
applicable to sewage treatment works, which is that the treatment systems should 
separate 90 % of phosphorous and oxygen demand substances and preferably 50 % of the 
nitrogen (Naturvårdsverket, 2002).  
 
Table 2.7: Requirements for discharge of treated sewage water from three different 
wastewater treatment plants in Sweden (Halmstad kommun, 2004, Luleå kommun, 2003 
and Magnusson, 2003).  

 
 
 
 
 
 

 

 

 

Compounds Halmstad 
(Västra stranden) 

Luleå 
(Uddebo) 

Stockholm 
 

Nitrogen < 10 mg/l  < 10 mg/l 
Phosphorous < 0.4 mg/l < 0.5 mg/l < 0.3 mg/l 

BOD7 < 10 mg/l < 15 mg/l  
COD  < 70 mg/l  
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3. Materials and methods 
This chapter provides a description of the configuration of the pilot scale MBR and its 
operational conditions during start-up, baseline and high load operation, membrane 
cleaning, sampling methods and sampling frequency. This chapter also describes the 
preparation, operation and sampling frequency of the soil columns. Furthermore, 
analytical methods are described in this chapter. 

3.1 Site location of the MBR 
The MBR is currently located at the Mines Park test site. The site was established in fall 
2002 and a MBR unit preceded by a septic tank was installed at the test site (Figures 3.1 
and 3.2). The site is adjacent to the CSM Mines Park student-housing complex, which is 
located near the corner of Highway 6 and 19th Street in Golden, Colorado. Wastewater 
into the septic tank, which is preceding the engineered pretreatment unit, is generated 
from an 8-unit multifamily apartment complex. Septic tank effluent (STE) and membrane 
bioreactor unit effluent (MBR) is applied to 24 pilot-scale test cells installed in sandy 
loam soil. The test cells are loaded at daily hydraulic loading rates of 2 or 8 cm/day (Van 
Cuyk, 2004). 
 

  
Figure 3.1: Overview of Mines Park test site and the building where the MBR is located. 
 

 
Figure 3.2: CSM Mines Park student-housing complex where the septic tank effluent is 
derived. 
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3.2 MBR configuration and operation 
The MBR was operational on the 12th of January, however sampling and operational data 
included in this Master thesis consider the time period from the 26th of January to the 20th 
of May. The MBR is a side stream home MBR (Figures 3.1 and 3.2) equipped with a 
0.04 µm hollow fiber membrane with an area of 9.3 m2. It has a capacity to treat 1200 l/d 
of wastewater. However, from the beginning it has been operated at half system capacity 
(600 l/d) due to the limited availability of wastewater. The septic tank preceding the 
MBR serve as an equalization basin for the system. Feed from the septic tank into the 
system is regulated by floats in the anoxic tank and is pumped by a TEEL 2P087 sump 
pump (is also referred to as the feed pump in this report) to the top of the anoxic tank. 
The wastewater is continually held at a level of 1.38 m in the tank. The anoxic tank 
contains a baffle that ends 0.5 m from the bottom of the tank. This baffle is needed in 
order to prevent short-circuiting of the wastewater. The anoxic tank is aerated every three 
minutes for a few seconds in order to mix the wastewater and prevent sludge build-up in 
the system. Then wastewater flows over to the aerobic tank, through a connecting pipe at 
1 m from the bottom of the tank, here aeration is applied every 10 seconds for 3 seconds, 
to create aerobic conditions.  
 
Next, wastewater flows through a pipe at the bottom of the aerobic tank to the membrane 
unit, due to gravity forces caused by aeration in the aerobic tank. When aeration kicks in, 
the level in the aerobic tank rises, and when aeration is off it forces wastewater over to 
the membrane unit. In the membrane unit wastewater can take two paths, through the 
hollow fiber membrane or it is recycled back to the anoxic tank. Permeate is sucked 
through 0.04 µm hollow fiber membranes by a peristaltic Masterflex pump 07549-SL 
with a I/P pump head of 77601-00 model and a 06485-73 norprene tubing with an inside 
diameter of 9.5 mm, due to the small vacuum the peristaltic pump creates. The permeate 
pump is also regulated by floats in the anoxic tank, but is operated at a constant flow. The 
membrane consists of spaghetti sized fiber strands fixed at the top and bottom. 
Recirculation is driven by the force from the airflow that is introduced at the bottom of 
the completely sealed membrane unit to create turbulence to scour the external surface of 
the hollow fibers. This is done to keep the membrane clean and to prevent fouling. This 
means that no pumps are required to recycle the wastewater in the system.  
 
No sludge is wasted from the system, instead the wastewater is continuously recycled to 
prevent sludge to build up in the membrane unit. The only sludge removed was when 
sampling of the anoxic and aerobic tank occurred (totally 50 l during the entire period of 
operation). 
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Figure 3.3 Schematic sketch of the MBR in Mines Park and sampling points (1-4). 
 

       
Figure 3.4: Picture of the MBR in Mines Park and the hollow fiber membrane unit. 
 

  
Figure 3.5: Inside the anoxic tank (left) and the aerobic tank (right). 
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3.2.1 Start-up and pump failure 
The start-up period is defined as the time period from the 26th of January to the 5th of 
March. At the beginning of this period electrical problems caused a failure to the feed 
pump, which deliver wastewater from the septic tank to the MBR. This pump failure 
occurred at the 30th of January and lasted for ten days. The only wastewater entering the 
system during this period was the amount coming in to the system when the sump pump 
was turned on in order to sample the influent. Even though no feed was entering the 
system wastewater was still recycled, due to the aeration in the aerobic tank and the 
membrane unit, which forces the wastewater to recycle. 
 
In order to establish a population of microorganisms more rapidly, 80 l of activated 
sludge from Golden wastewater plant was added to the system on the 4th of February. 
Half of it was added to the anoxic tank and half of it to the aerobic tank. Unfortunately 
this was done during the pump failure. As a result the microorganisms starved because no 
feed was entering the system and same amount of activated sludge had to be added once 
more on the 16th of February. 
 
At the end of February the aeration was regulated to 3 mg/l in the aerobic tank and close 
to 0 mg/l in the anoxic tank to achieve good conditions for nitrification (DO 
concentrations > 0.5 mg/l and preferable 3-4 mg/l (Metcalf & Eddy, 2003)) and good 
conditions for denitrification (DO concentration should be < 0.5 mg/l (SBV012, 2002)). 
To achieve this, two of the recirculation valves were closed to hinder recirculation of 
oxygenated retentate back to the anoxic tank. This start-up period lasted 6 weeks, due to 
the pump failure. From the 16th of February, when the final load of activated sludge was 
added, it took 3 weeks until the HRT, MLSS had reached steady state and the nitrification 
was over 95%. Sampling occurred 6 days a week during this period. 

3.2.2 Baseline operation 
The purpose of the baseline operation was to investigate how the MBR was performing 
during baseline operation in respect of overall performance and removal of nutrients and 
organic compounds. Baseline operation was defined by constant HRT, MLSS and 
nitrification efficiency over 95%. This period lasted 9 weeks from the 7th of March until 
the 3rd of May. During this period 4 electrical pump failures and high load operation 
occurred, but these are excluded from baseline operational data (Table 3.1).  



Materials and methods 
 

 37 
 

Table 3.1: Operational conditions during baseline operation. 
Baseline Average values Range STDEV η

a 
Flows 
Inflow (l/d) 
Flux (l/m2/h) 
Recirculation 
(l/d) 
HRT (h) 
Peak hour (≤ 6 
hrs) (l/m2/h) 

 
615 
2.7 

5441 
 

33 
Equalized 

 
532-678 
2.34-3.04 

4355-6239 
 

31-39 

 
±38 

±0.16 
±537 

 
±2.3 

 
23 
23 
21 

 
23 

Maintenance 
Cleaning 
Type 

 
 

N/A 

 
 
 

  

Biological 
Parameters 
SRT (days) 
MLSS (mg/l) 
CODinflow 
(mg/l) 

 
 

Eternal 
1700 
310 

 
 
 

1500-1900 
245-409 

 
 
 

±157 
±49 

 
 
 

11 
15 

aNumber of samples 

3.2.3 High load operation 
The purpose was to investigate how the permeate quality changes in respect of overall 
performance and removal of nutrients and organic compounds at a higher COD load than 
baseline operation. To achieve the higher COD concentration, artificial wastewater 
consisting of tap water, pre-dissolved dog food and milk powder for calves was added to 
the anoxic tank together with feed from the septic tank. High load was planned for 
duration of five days, with a total COD of 900 mg/l, but was only applied for two days 
the 13th and 14th of March due to electrical problems with the feed pump in the septic 
tank.  
 
The thought of using dog food and milk powder as an additional carbon source appeared 
as The University of Colorado (CU) had adopted this protocol for their MBR at the 
Mountain Research Station in Boulder, Colorado. Their system is over designed and 
therefore an additional carbon source (they use the proportions of 60% of dog food and 
40% of milk powder) is needed to support their micro-biology in the reactor (O'Keefe, 
2004).  
 
Different mixes of dog food and milk powder were tested to achieve a total COD 
concentration of 900 mg/l (Appendix 1 for results and calculations). Results from the 
calculations showed that a mix of 1200 ml dog food and 800 ml milk powder should 
result in the desired COD concentration of 900 mg/l. The dog food was soaked for one 
day and were then mashed and added to a drum with 200 l of tap water together with milk 
powder. A total amount of 192 liters of the mix were added to the anoxic tank, 24 liters 
the first day and 168 liters the following day. The plan was to add the high load mix at 
the same time as the septic tank pump was adding wastewater to the system, but due to 
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the electrical problems with the feed pump the mix was added all at the same time the 
second day (see Appendix 2 for dog food and milk powder ingredients and constituents 
of the artificial wastewater). Due to the sump pump failure the experiment had to be 
terminated. 
 
As the high load experiment failed the experiment was repeated during five days from the 
18th of April 2004 until the 22nd of April with the same mix of tap water, dog food and 
milk powder as in the first experiment (see Appendix 2 for constituents for the high load). 
The artificial wastewater was prepared in the same way as in the former high load 
experiment and was added at the same time as the feed pump was adding wastewater. 
This was accomplished by plugging in the Flotec submersible sump pump (FPOs1800 A-
08), to the same outlet as the sump pump in the septic tank. A 200 l drum was used as 
storage for the artificial wastewater, before adding it to the system. Sampling occurred 
every day throughout this period. Unfortunately, a pump failure occurred at the 22nd of 
April and the data from this day have been excluded (except the MLSS, which was not 
affected by the pump failure) from the operational conditions in Table 3.2. 
 
Table 3.2: Operational parameters during high load. 
High load 
 Average values Range STDEV η

a 
Flows 
Inflow (l/d) 
Flux (l/m2/h) 
Recirculation 
(l/d) 
HRT (h) 
Peak hour (≤ 6 
hrs) (l/m2/h) 

 
546 
2.57 
5900 

 
37 

Equalized 

 
526-557 
2.54-2.59 

5600-6100 
 

36-38.5 

 
±13 

±0.02 
±220 

 
±1 

 
4 
4 
4 
 

4 

Maintenance 
Cleaning 
Type 

 
 

N/a 

 
 
 

  

Biological 
Parameters 
SRT (days) 
MLSS (mg/l) 
CODinflow 
(mg/l) 

 
 

Eternal 
2700 
1100 

 
 
 

2023-3247 
500-1900 

 
 
 

±450 
±570 

 
 
 

5 
4 

aNumber of samples 

3.2.4 Modeling of process performance 
A simulation of the process was performed to investigate if adding extra carbon was the 
only way to achieve a better denitrification. For this a simulation for a single sludge 
processes for carbon oxidation, nitrification and denitrification (SSSP) was used. This 
program can be downloaded from the internet for free (Clemson University, 2004). Four 
different scenarios were modeled. Baseline 600 l/d, 1200 l/d, 600 l/d with half the HRT 
and high load 600 l/d. Limitations of fitting the model included that SRT had to be 
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specified. SRT was specified in a way that the MLSS was close to the measured MLSS in 
the aerobic tank (see Table 3.2), because wasting of biomass in the system was very 
small. Another limitation with the model was that DO in the anoxic tank had to be 
specified to 0 mg/l, otherwise the model kept adding oxygen to keep the specified value. 
The aerobic tank and the membrane unit were considered as one tank, since nitrification 
occurred in both units. Removal of nitrate was calculated, by assuming that all incoming 
ammonia was converted to nitrate. 

3.2.5 Membrane cleaning 
On the 3rd of May an attempt to operate the MBR at the system capacity of 1200 l/day, 
was made. However, the attempt was unsuccessful due to the inability to turn up the 
peristaltic pump to get the desired outflow/inflow. With the purpose to see if this could 
depend on a fouled membrane and if membrane cleaning was needed a vacuum pressure 
gauge was installed between the membrane cassette and the peristaltic pump. The gauge 
assessed the TMP, which is the pressure difference between the inside and the outside of 
the membrane. 

Due to the inability to turn up the peristaltic pump and the TMP readings a membrane 
cleaning was performed. The cleaning procedure started with a sodium hypochlorite 
(NaOCl) cleaning followed by a citric acid cleaning. The membrane cleaning took place 
from 17th until the 19th of May (for more detailed information about the membrane 
cleaning see Appendix 3). The purpose of doing both a base and an acid cleaning was to 
achieve a complete cleaning. NaOCl removes organic and any microorganisms attached 
onto the membrane surface while citric acid is able to remove inorganic deposits 
(Drewes, 2004). A sample was taken before the membrane cleaning and after in order to 
compare the water quality before and after cleaning. Also the TMP was documented. 

3.2.6 Sample collection and analytical methods 
In order to investigate the performance of the MBR, grab samples were taken with 
different frequency (as described during start up, baseline, high load and membrane 
cleaning), on the influent from the septic tank (1), in the anoxic tank 1 m from the bottom 
(2), in the aerobic tank at the bottom of the tank (3) and on the permeate (4) from the 26th 
of February until the 20th of May (see Figure 3.3 for sampling points). All samples were 
collected in 500 ml glass bottles and sealed to ensure integrity of the analyses and 
avoidance of artifacts due to extraneous. These samples were analyzed on several 
different parameters, see Table 3.3, for analytic methods used see Chapter 3.4. All sample 
bottles were dish washed in an acid solution followed by a base solution as described in 
Appendix 4. 



Materials and methods 
 

 40 
 

Table 3.3: Analyzed parameters on the samples collected from the MBR. 
Parameter Method Septic 

tank 
effluent 

Anoxic 
tank 

Aerobic 
tank 

Permeate 

Dissolved 
Oxygen (mg/l) 

Electrode  X X  

Temperature 
(C◦) 

Electrode with 
Thermometer 

 X X  

pH 
 

Flow through cell, 
Electrode 

X X X X 

Alkalinity 
(mg/l) 

Titration X X X X 

COD 
 (mg/l) 

Method 8000, HACH 
Reactor digestion 
method 

X X X X 

Total Nitrogen 
(mg/l) 

Method 10071, HACH 
Persulfate digestion 
method 

Xa   Xa 

Ammonia N 
(mg/l) 

Method 10031,HACH 
Salicylate method 

X X X X 

Nitrate N 
(mg/l) 

Method 10020,HACH 
Chromotropic acid 
method 

X X X X 

Total 
Phosphorous 
(mg/l) 

Method 8190, HACH 
Persulfate digestion 
method 

Xb   Xb 

UV (254nm) 
(1/m) 

Spectrophotometer X   X 

Color (436nm) 
(1/m) 

Spectrophotometer X   X 

Total suspended 
 solids (mg/l) 

Gravimetric   X  

aSamples taken during baseline, high load and membrane cleaning (19th of April- 20th of May). 
bSamples taken weekly (5th of April- 20th of May). 

3.3 Column experiment 
This experiment was performed from the 7th of March until the 7th of May to investigate 
the permeate quality with respect of nutrients and organic compounds before and after 
flow through infiltration through 6 unsaturated soil columns. This was accomplished by 
comparing two different loading rates 8 cm/day and 24 cm/day in sand media. In 
addition, a loading rate of 8 cm/day was applied in a different type of porous media, a 
mixture of sand and Mines Park soil (MPS), (see Table 3.5 for experimental set up).  
 
The sand used in the columns was sand type 30 with grain size of d50=0.49 mm (Tissa et 
al,. 1995). The soil from Mines Park is described as Ascalon sandy loam (fine –loamy, 
mixed Mesic Aridic Argiustolls). The parent materials are generally derived from igneous 
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and metamorphic rocks of the mountains and sedimentary rocks at the foothills. Grain 
size analysis revealed that 9 % to 52 % (average 24 %) of the soil was very coarse sand 
with fine gravel (>2 mm), 46 to 85 % (average 73 %) was medium to fine sand (2 mm to 
0.0075 mm), and 1.3 to 9 % (average 3%) was silt and clay (<0.0075 mm) (Tackett et al,. 
2003). General soil statistics for Mines Park were initially assessed from the U.S 
Department of Agriculture Soil Conservation Survey (SCS) report (USDA 1983). In 
addition a morphologic inspection of the natural soil profiles was conducted in 2002. For 
a summary of the soil properties see Table 3.4. The MPS was mixed with 25 % of sand, 
because earlier soil column experiments showed clogging problems when only using the 
MPS in the columns (Diaz, 2004). 
 
Table 3.4: Summary of soil properties in Mines Park (Lowe & Siegrist, 2002). 

Statistic pH 
Org. 
Mat. 

(wt.%) 

TN 
(mg/l) 

NH4-N 
(mg/l) 

NO3-N 
(mg/l) 

Avail. P 
(mg/l) 

Avail. K 
(mg/l) 

CEC 
(meq/ 
100 g) 

Maximum 9.1 1.4 585 32.2 1.5 26.0 322.0 22.1 
Minimum 5.2 0.1 6.8 1.9 0.5 1.0 50.0 2.5 
Average 7.3 0.5 124 5.2 0.7 4.4 117.3 8.2 
Median 7.4 0.5 77 3.7 0.6 2.5 109.0 6.8 
Std. dev. 1.01 0.33 138 4.93 0.19 4.80 46.62 4.67 
CV 0.14 0.64 1.12 0.94 0.28 1.10 0.40 0.57 

3.3.1 Column configuration and preparation 
The 8 columns for the experiment were prepared as follows (see Figure 3.6): 
 

1. The Mines Park soil was sieved through a 2 mm screen at the test site up in Mines 
Park.  

2. The columns consisted of clear acrylic pipe, 5 cm in diameter and 40 cm in 
height. A 0.5 cm screen with a mesh screen on the top was placed in the bottom of 
each column.  

3. A 5 cm deep layer of washed gravel that was collected at Mines Park test site was 
placed in the bottom of the columns on top of the mesh screen. This was done to 
prevent the soil and sand from being flushed out. The gravel was flushed with DI-
water after placement to promote settling and compaction. 

4. A mixture of moist sieved MPS (75%) and sand (25%) (7.5 % water by weight) 
was packed randomly in three columns. This was performed in 5 cm lift to a total 
height of 30 cm. Each column had a total weight of 648 g and followed the same 
packing procedure to ensure uniformity within and between columns. The sand in 
the columns was packed to a density of 1.1 g/cm3.  

5. Moist sand (5 % water by weight) was packed randomly in five columns in 5 cm 
lift to a total height of 30 cm. Each column had a total weight of 728 g and the 
same packing procedure was followed to ensure uniformity within and between 
columns. The sand in the columns was packed to a density of 1.24 g/cm3. 

6. A layer of washed gravel was placed on the top of each column to provide a more 
evenly distribution of the flow. 
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7. Before permeate or DI water was dosed to the columns, they were saturated from 
the bottom of the column with the same water they were later dosed with. After 
the saturation the soil level sank down approximately 9 cm for the columns with 
the mixed Mines park soil and sand and approximately 4 cm for the sand 
columns. 

              
Figure 3.6: Sketch of soil column and pictures of the experimental set up of the soil 
columns in the laboratory.  

3.3.2 Tracer test 
A tracer test was preformed on the 28th of February 2004 to estimate the hydraulic 
retention time in the columns. KBr was used as a tracer. Since it is conservative, it does 
not react with or adsorbs on the particles in the wastewater. Furthermore, it does not 
affect the flow rate. The tracer test was performed on one column with sand and on one 
column with the mixture of Mines Park soil and sand prior to wastewater loading. A flow 
rate of 3 ml/min was used (Rauch, 2004). 
 
First the pore volumes for the two columns were determined, by measuring the amount of 
water volume in the columns. In theory 20% of the pore volume is the volume of tracer 
that has to be added (Rauch, 2004). The volume of tracer needed was calculated by 
Equation 3.1.  
 

ptracer VV •= 20.0      Equation 3.1 

 
Vtracer= volume of tracer (l) 
Vp       = pore volume (l) 

30 cm of sand/soil 

5 cm of gravel 

Permeate 

Container  

 



Materials and methods 
 

 43 
 

 
Then the T50 (the time when half of the tracer has passed the soil columns) was calculated 
by Equation 3.2 (Rauch, 2004). 
 

Q

V
T P=50       Equation 3.2 

Q=flow rate (ml/min) 
 
The tracer concentration was 300 mg/l and the conductivity was 1000 µS/cm. During the 
tracer test 30 samples were collected. 
 
Theoretically the hydraulic retention time (HRT) was calculated by Equation 3.3. 
 

Q

V
HRT P=       Equation 3.3 

Q=flow rate (cm3/d) 

3.3.3 Column start up and operation 
A Cole Palmer Masterflex pump model 7553-70 with pump head 7016-20 and a norprene 
tubing 06402-16 with an inside diameter of 3.1 mm was used to dose the columns. The 8 
columns were dosed once an hour for 16 hours per day and rested the remaining 8 hours. 
This set up was chosen in order to resemble the same loading rate (8 cm/day) applied for 
test cells at Mines Park. The higher rate on two of the sand columns (24 cm/day) was 
selected to assess if the removal efficiency of nutrients and organic compounds is 
affected by loading rate (see experimental set up in Table 3.5). A Chronetrol timer was 
used to control the dosing. The permeate from the MBR in Mines Park was stored in 
carboys and exchanged every two weeks (see Figure 3.6). 
 
Duplicate columns (a, b) were used to achieve more reliable data. In addition two control 
columns were used, one with sand and one with the mixture of sand and Mines Park soil. 
These were used to evaluate if the external environment in the lab affected the columns. 
The control columns were dosed with DI water spiked with 0.15 M NaCl and 1mM 
MgCl2 to get the same ionic strange as the dosed permeate.  
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Table 3.5: Column experimental set-up (MPS=Mines Park Soil). 
Columns 1a 1b 2a 2b 5a 5b 6a 6b 
Feed Permeate Permeate Permeate Permeate Permeate Permeate DI DI 

Soil type Sand Sand MPS MPS Sand Sand Sand MPS 

Infiltration 
rate 
(cm/day) 

8 8 8 8 24 24 8 8 

ml/day 157 157 157 157 471 471 157 157 

One dose 
ml 
/16h day 

10 10 10 10 30 30 10 10 

3.3.4 Sample collection and analytic methods 
In order to investigate the performance of the soil columns, analyzes was performed 
twice a week. At each event the glass containers (see Figure 3.6) collecting the effluent 
from the columns were exchanged. Analyzes was made on a composite effluent from 3-4 
days since the containers was changed twice a week. The samples were analyzed on the 
following parameters (see Table 3.6), for analytic methods used see Chapter 3.4. All 
sample bottles were dish washed in an acid solution followed by a base solution as 
described in Appendix 4. 
 
Table 3.6: Analyzed parameters on the influent and effluent from the soil columns. 
Parameters Method Once a week Twice a week 
Conductivity 
(mS/cm) 

Electrode X X 

UV (254nm) (1/m) Spectrophotometer X X 
Color (436nm) (1/m) Spectrophotometer X X 
Ammonia (mg/l) Method 

10031,HACH 
Salicylate method 

X  

Nitrate (mg/l) Method 
10020,HACH 
Chromotropic acid 
method 

X  

Total Phosphorous 
(mg/l) 

Method 8190, 
HACH Persulfate 
digestion method 

X  

COD (mg/l) Method 8000, 
HACH Reactor 
digestion method 

X  
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3.4 Analytical Methods 

3.4.1 Dissolved Oxygen (DO) 
Dissolved oxygen was measured directly in the anoxic and aerobic tank at the test site 
with an YSI Model 55 Handheld Dissolved Oxygen System with an attached YSI 
dissolved oxygen probe. The YSI Model 55 is designed for field use and is splash 
resistant. The DO-probe was calibrated due to the salinity of the wastewater and the 
altitude of the Mines Park test site and recalibrated each time before taking 
measurements. 

3.4.2 Temperature  
Temperature was measured at the same time as dissolved oxygen in the anoxic and 
aerobic tank using the YSI Model 55 Handheld Dissolved Oxygen System with an 
attached YSI dissolved oxygen probe. 

3.4.3 pH 
pH was measured directly at the test site with a BECKMAN (ΦTM 200 Series) pH-Meter. 
The septic tank effluent, permeate, anoxic and aerobic fluid was collected in bottles and 
the pH was measured during mixing. The pH-Meter was calibrated with the buffer 
solutions of pH 4, pH 7 and pH 10. 

3.4.4 Alkalinity 
First the pH probe was calibrated with buffer solutions of pH 7 and pH 4. Next 50 ml 
sample was mixed while pH was measured. The sample was titrated with a digital 
titration cartridge from HACH containing sulfuric acid of 1.6000 ± 0.008 N until pH 4.8 
was reached. The amount of titrate gives the alkalinity in CaCO3/ 100 ml. 

3.4.5 Conductivity 
The electrical conductivity (EC) of water is a measure of the ability of a solution to 
conduct an electrical current. Because the electrical current is transported by ions in 
solution, the conductivity increases as the concentration of ions increases (Metcalf & 
Eddy, 2003). Conductivity was measured on the samples from the soil columns, with an 
EC meter (1481-61 Cole Parmer). 

3.4.6 Oxygen demand, Chemical (COD)  
The concentration of COD was measured with a reactor digestion method performed on a 
HACH DR4000 Spectrophotometer at a wavelength of 620 nm (method 8000 for COD 
20-1500 mg/l) for the septic tank effluent. For anoxic and aerobic fluid COD was 
measured at low range (method 8000 for COD 3-150 mg/l). The anoxic and the aerobic 
samples were filtrated through glass fiber filter (Pall Corporation). For permeate and 
effluents from soil columns COD was measured at ultra low range (method 8000 for 
COD 0.7-40 mg/l). These methods are USEPA approved for wastewater analysis. The 
mg/l COD results are defined as the mg O2 consumed per liter of sample under conditions 
of this procedure. In this procedure, the sample is heated for 2 hours with strong 
oxidizing agent potassium dichromate. Oxidizable organic compounds react, reducing the 
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dichromate ion (Cr2O7
2-) to green chromic ion (Cr3+). The amount of Cr3+ that is produced 

is determined with the colorimetric method. The silver in the COD reagent is used as a 
catalyst and the mercury is used to complex chloride interference. For more accurate 
result a blank was also measured (HACH, 2002). 

3.4.7 Total Nitrogen (Tot-N) 
The concentration of total nitrogen was measured with a persulfate digestion method 
performed on a HACH DR4000 Spectrophotometer at a wavelength of 410 nm (method 
10071 for N 0.5 to 25.0 mg/l). An alkaline persulfate digestion converts all form of 
nitrogen to nitrate. The digestion is performed at 103-105◦ C during exactly 30 minutes. 
Sodium metabisulfite is added after the digestion to eliminate halogen oxide 
interferences. Nitrate then reacts with chromotropic acid under strongly acidic conditions 
to form a yellow complex (HACH, 2002). 

3.4.8 Ammonia Nitrogen (NH3-N)  
The concentration of dissolved ammonia (NH3-N) was measured with a salicylate method 
performed on a HACH DR4000 Spectrophotometer at a wavelength of 655 nm (method 
10031 for NH3-N 0.4 to 50 mg/l) for the MBR and (method 10023 for NH3-N 0.02 to 
2.50 mg/l) was also used for the soil columns. Ammonia compounds combine with 
chlorine to form monochloramine. Monochloramine reacts with salicylate to form 5-
aminosalicylate.  The 5-aminosalicylate is oxidized in the presence of a sodium 
nitroprusside catalyst to form a blue colored compound. The blue color is masked by the 
yellow color from the excess reagent present to give a green-colored solution. The test 
results were measured at 655 nm. For more accurate results standards with the 
concentration of 1.6, 16 and 40 mg/l were used and also a blank was measured together 
with the samples (HACH, 2002). 

3.4.9 Nitrate Nitrogen (NO3-N)  
The concentration of dissolved nitrate (NO3-N) was measured with a chromotropic acid 
method performed on a HACH DR4000 Spectrophotometer at a wavelength of 410 nm 
(method 10020 for NO3-N 0.2 to 30 mg/l). Nitrate in the sample reacts with 
choromotropic acid under strongly acidic conditions to yield a yellow product with a 
maximum absorbance at 410 nm. For more accurate result a blank was also measured 
together with the samples (HACH, 2002). 

3.4.10 Total Phosphorus (Tot-P)  
The concentration of dissolved total phosphorus was measured with an acid persulfate 
digestion method performed on a HACH DR4000 Spectrophotometer (method 8190 for 
total phosphorus (0.06 to 3.5 mg/l)). Phosphates present in organic and condensed 
inorganic forms must be converted to reactive orthophosphate before analysis. 
Pretreatment of the sample with acid and heat provides the conditions for hydrolysis of 
the condensed inorganic forms. Organic phosphates are converted to orthophosphates by 
heating with acid and persulfate. Orthophosphate reacts with molybdate in an acid 
medium to produce a mixed phosphate/molybdate complex. Ascorbic acid then reduces 
the complex, giving an intense molybdenum blue color. The test results were measured at 
880 nm. For more accurate result a blank was also measured (HACH, 2002). 
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3.4.11 Ultraviolet Absorbance (UVA) 254 nm 
The absorbance of a solution is a measure of the amount of light, of a specified 
wavelength (254 nm), that is absorbed by constituents as organic matter (aromatics) in a 
solution. The ultraviolet absorbance was measured at a spectrophotometer (Nicolet 
UV/VIS 8700 series) with the standard wavelength of 254 nm. Before the samples were 
analyzed they were filtered through a Whatman 0.45 µm cellulose acetate filter (47 mm). 
The ultraviolet absorbance was measured using a quartz spectrophotometer cell (standard 
rectangular 10 mm) for the sample and the zero absorbance. DI-water was used as a blank 
and if necessary corrected before each sample. For more accurate reading the quartz 
spectrophotometer cell was rinsed with the sample before the UVA-reading took place 
and each sample were measured twice.  

3.4.12 Color 436nm 
The Nicolet UV/VIS 8700 series spectrophotometer was used to measure the color. 
Before the samples were analyzed they were filtered through a Whatman 0.45 µm 
cellulose acetate filter (47 mm). The samples were analyzed with the wavelength of 436 
nm. The absorbance was measured using a quartz spectrophotometer cell (standard 
rectangular 10 mm) for the sample and the zero absorbance. DI-water was used as a blank 
and if necessary corrected before each sample. For more accurate reading the quartz 
spectrophotometer cell was rinsed with the sample before the reading took place and each 
sample were measured twice.  

3.4.13 Total Suspended Solids (TSS) 
The glass fiber filter (Pall Corporation) was washed with DI water and then dried in an 
oven at a temperature at 105 ْC for at least 1 hour. The filter was then put into a 
desiccator. The pan and the filter were weighed on a Mettler AJ100. The filter was wetted 
with DI water before a known amount of sample measured in a metric cylinder was 
filtered. The metric cylinder was rinsed with DI water, which also got filtered.  The 
filtration apparatus was rinsed, and then the filter was put in the oven to dry for at least 
one hour at 105 ْC. Afterwards, the filter was weighed and the TSS was calculated with 
Equation 3.4 below (Eaton et al,. 1995). For more accurate results, duplicates were 
performed each time. 
 

( )
mlvolumesample

BA

⋅⋅
−

      Equation 3.4 

 
A = weight of filter + dried residue, mg, and 
B = weight of filter, mg  
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4. Result and discussion 
This chapter presents results from the sampling of the MBR and the soil columns in 
forms of plots and tables. A discussion of the results is also provided in this chapter and 
conclusions are presented in chapter 5. 

4.1 Results and discussion of the MBR 

4.1.1 Start up 
It took 6 weeks to start up the MBR, due to a feed pump failure which lasted 10 days. As 
a consequence the nitrification was only (13-60 %) in the beginning since it takes up to 3-
6 weeks to establish nitrifying organisms (Metcalf & Eddy, 2003). Activated sludge from 
Golden wastewater treatment plant was added twice (80 l) to shorten the start up period. 
This increased the MLSS in the aerobic tank with approximately 800 mg/l each time. 
Steady state was reached 3 weeks after the system was fully operational. Steady state was 
defined as constant HRT and MLSS and over 95 % nitrification in the system.  
 
Table 4.1 presents the composition of the wastewater trough the treatment process during 
the start up period (1/30/2004-3/5/2004) (see Appendix 9 for raw data). The results 
during the pump failure are presented separately, because the water quality of the 
permeate differs between these two periods. The standard deviations are large during 
these two periods, since the system was not operating at steady state. 
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Table 4.1: Overall system performance during pump failure (1/30/2004-2/10/2004) and 
start-up (2/10/2004-5/3/2004). 
 Pump failure Start up 
Parameters  System 

influent 
Anoxic 

tank 
Aerobic 

tank 
Permeate System 

influent 
Anoxic 

tank 
Aerobic 

tank 
Permeate 

pH 

Average 
Range  
STDEV 
η

 

7.1 
6.95-7.21 

±0.09 
10 

7.06 
6.44-8.47 

±0.71 
10 

7.16 
6.54-8.55 

±0.72 
10 

7.16 
6.54-8.44 

±0.70 
9 

7.25 
7.09-7.41 

±0.09 
22 

7.71 
7.20-8.18 

±0.24 
22 

7.62 
6.58-8.33 

±0.54 
22 

7.81 
6.36-8.58 

±0.56 
22 

DO 
(mg/l) 

Average  
Range  
STDEV 
η 

 2.21 
0.05-3.96 

±1.08 
10 

8.08 
7.33-9.01 

±0.45 
10 

  0.25 
0.05-1.25 

±0.25 
22 

5.21 
0.3-8.97 

±2.65 
22 

 

Temp 
(C ْ) 

Average  
Range  
STDEV 
η 

 13.0 
10.9-17.7 

±2.0 
10 

12.9 
9.7-17.9 

±2.4 
10 

  12.8 
8.1-16.1 

±2.07 
22 

11.7 
7.8-15.8 

±1.91 
22 

 

Alkalinity 
(mg/l) 

Average  
Range  
STDEV 
η 

332 
292-356 

±19 
9 

37 
2-204 
±68 

8 

63 
8-230 
±90 

9 

57 
2-228 
±90 

9 

255 
162-328 

±44 
20 

99 
8-214 
±76 
21 

130 
46-244 

±63 
20 

112 
18-224 

±70 
20 

COD 
(mg/l) 

Average  
Range  
STDEV 
η 

356 
331-408 

±23 
8 

  32 
23-52 

±9 
8 

270 
131-374 

±61 
21 

52 
0-230 
±53 
16 

50 
0-218 
±50 
16 

15 
0-30 
±10 
21 

MLSS 
(mg/l) 

Average  
Range  
STDEV 
η 

  800 
300-1000 

±300 
9 

   1000 
850-1050 

±85 
5 

 

NH3-N 
(mg/l) 

Average  
Range  
STDEV 
η 

73 
64-82 
±5.0 

9 

15 
14-19 
±1.7 

6 

16 
17-19 
±1.7 

6 

26 
13-65 
±20 

9 

64 
56-70 
±3.4 
22 

53 
43-60 
±7.0 

6 

53 
44-60 
±6.3 

6 

27 
1.3-57 
±18.7 

22 

NO3-N 
(mg/l) 

Average  
Range  
STDEV 
η 

3.1 
1.8-4.3 

±0.9 
9 

23 
13-33 
±8.4 

4 

20 
9.2-29 
±8.6 

4 

23 
1-35 
±14 

9 

4 
2.3-4.9 
±0.62 

22 

3.6 
2.9-5.0 
±0.81 

5 

4.6 
3.5-5.8 
±0.89 

5 

12 
0.4-23 
±7.7 
22 

Color 
(436nm) 
(1/m) 

Average  
Range  
STDEV 
η 

1.8 
1.7-2.0 
±0.12 

8 

  1.1 
0.5-1.7 
±0.44 

8 

1.7 
1-2.2 
±0.3 
13 

  1.2 
0.8-1.5 

±0.2 
13 

UV 
(254nm) 
(1/m) 

Average  
Range  
STDEV 
η 

40 
15-54 
±12 

8 

  16 
13.5-31 

±6 
8 

53 
35-62 
±9.2 
13 

  12 
11-13 
±0.8 
13 

 
Nitrification, pH and alkalinity were all affected by the feed pump failure (see Figure 4.1 
and Table 4.1). When no more wastewater was fed into the system all ammonia was 
consumed due to nitrification. This caused nitrate to increase and as a consequence pH 
and alkalinity decreased (see Appendix 7) throughout the whole system since nitrification 
is consuming 7.1 g of alkalinity for each g of ammonia removed (McInnes, 2003). 
 
When the pump failure was attended ammonia was increasing and nitrate was decreasing 
in the permeate until the nitrification resumed (see Figure 4.1). The decrease in alkalinity 
(see Appendix 6), which occurred simultaneously in the permeate was evident as 
nitrification began. Color, UV absorbance (see Appendix 7) and COD (see Figure 4.2) 
were not affected by the feed pump failure. Removal of COD during the pump failure 
averaged >89%. 
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Figure 4.1: Ammonia and nitrate concentration in the permeate during pump failure 
(1/30/2004-10/2/2004) and start-up (2/10/2004-3/5/2004). 
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Figure 4.2: COD removal during pump failure (1/30/2004-2/10/2004) and start-up 
(2/10/2004-3/5/2004). 

4.1.2 Comparison of baseline operation and high load operation 
A comparison between the baseline operation (5/3/2004-3/5/2004) and the high load 
operation (19/4/2004-23/4/2004) was conducted to determine the effects of higher COD 
load on the systems performance. Baseline operation excluded feed pump failures and the 
high load period. Table 4.2 presents the composition of the wastewater through the 
treatment process during these operational periods. (raw data in Appendix 9). 
 
Baseline operation was used to assess performance in respect of removal of nutrients and 
organic compounds. High load operation was performed to investigate if the MBR was 
able to achieve a COD removal comparable to the baseline operation. This experiment 
failed, because of electrical problems with the feed pump. However, this experiment 
indicated a better denitrification (80 %) compared to baseline operation (74 %), (mass 
balance calculations can be found in Appendix 5). The higher COD load likely provided 
necessary electron donors for nitrate removal (Metcalf and Eddy, 2003). Therefore, a new 
high load experiment was performed in order to investigate if carbon was limiting the 
denitrification. Artificial wastewater and septic tank effluent with COD concentrations 
between 500-1900 mg/l (compared with the normal COD load of 310 mg/l), was applied 
for five days, from the 18th of April 2004 until the 22nd of April (Table 4.2). 
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Table 4.2: Overall system performance during baseline (3/5/2004-5/3/2004) and high 
load operation (4/19/2004-4/23/2004). 
 Baseline operation High load operation 
Parameters  System 

influent 
Anoxic 

tank 
Aerobic 

tank Permeate Removal 
System 
influent 

Anoxic 
tank 

Aerobic 
tank Permeate Removal 

pH 
Average 
Range  
STDEV 
η

 

7.1 
6.95-7.36 

±0.14 
14 

7.2 
6.54-7.64 

±0.3 
16 

6.7 
5.75-7.38  

±0.5 
16 

6.6 
4.31-7.48 

±0.87 
16 

 6.9 
6.72-7.35 

±0.3 
4 

7.4 
7.25-7.57 

±0.14 
4 

7.23 
6.99-7.43 

±0.19 
4 

7.69 
7.49-7.88 

±0.17 
4 

 

DO 
(mg/l) 

Average  
Range  
STDEV 
η 

 0.18 
51.6-5.05 

±0.16 
16 

4 
0.02-0.73 

±0.92 
16 

   0.12 
4.04-4.71 

±0.01 
4 

4.4 
0.11-0.14 

±0.3 
4 

  

Temp 
(C ْ) 

Average  
Range  
STDEV 
η 

 15.6 
13.2-18.8 

±1.8 
14 

16.6 
11.2-18.2 

±7.7 
14 

   12.7 
14.2-15.5 

±1.6 
4 

14.5 
13.1-15.5 

±1.1 
4 

  

Alkalinity 
(mg/l) 

Average  
Range  
STDEV 
η 

299 
256-358 

±23 
15 

103 
64-172 

±27 
16 

37 
18-66 
±12.1 

16 

15 
0-30 
±10 
16 

 244 
221-310 

±44 
4 

118 
86-144 

±25 
4 

81 
44-120 

±32 
4 

45 
26-58 
±14 

4 

 

COD 
(mg/l) 

Average  
Range  
STDEV 
η 

310 
245-409 

±49 
15 

45 
2.6-86 

±21 
13 

39 
1.7-91 

±22 
13 

10 
0-22 
±7.9 
15 

96.6 
2.7 

±92-100 
15 

1048 
500-1095 

±311 
3 

36 
26-50 
±36 

4 

34 
23-43 

±8 
4 

10 
3.8-13 

±4 
4 

97.9 
95.2-99.6 

1.9 
4 

Tot P 
(mg/l) 

Average  
Range  
STDEV 
η 

21 
16-25 
±3.4 

7 

  20 
10-26 
±5.1 

8 

28.5 
-31-48 
±3.9 

7 

27 
20-35 

±7 
4 

  10 
1.8-14 
±5.7 

4 

63.3 
36-91 
22.8 

4 

MLSS 
(mg/l) 

Average  
Range  
 
STDEV 
η 

  1700 
1500-
1900 
±160 

11 

   2650 
2000-
3250 
±520 

4 

   

NH3-N 
(mg/l) 

Average  
Range  
STDEV 
η 

58 
34-72 
±11 
16 

12 
2.5-27 
±6.1 
12 

2.8 
0-16 
±4.2 
12 

0.9 
0-4.9 
±1.5 
16 

99 
93-100 

±1.6 
16 

46 
40-59 

±9 
4 

9 
8-11 
±1 
4 

2.2 
1.7-2.7 

±0.4 
4 

0.1 
0-0.4 
±0.2 

4 

99.8 
99.1-100 

±0.5 
4 

NO3-N 
(mg/l) 

Average  
Range  
STDEV 
η 

3.2 
1.2-7 
±1.4 
16 

7.3 
0.2-13.4 

±3.6 
12 

16 
6.6-21 
±4.5 
12  

20.2 
12.4-25.4 

±4 
15 

 2.4 
2.1-2.7 

±0.3 
4 

1.1 
0-2.3 

±1 
4 

5.6 
5-6.5 
±0.7 

4 

5.6 
5-6.6 
±0.7 

4 

 

Tot-N 
(mg/l) 

Average  
Range  
STDEV 
η 

58 
55-60 
±2.5 

3 

  22 
18-25 
±3.4 

3 

62 
58-69 
±6.2 

3 

56 
52-60 
±4.2 

4 

  9 
4.5-18 
±6.2 

4 

84.5 
70.2-91.5 

9.8 
4 

Color 
(436nm) 
(1/m) 

Average  
Range  
STDEV 
η 

2.8 
0.85-8.4 

±2.7 
10 

  1.2 
0.75-1.55 

±0.2 
10 

31 
-52-59 

±16 
8 

2.4 
1.9-3.3 

±0.6 
4 

  1.1 
0.8-1.45 

±0.3 
5 

52.9 
42.9-96.4 

±7.33 
4 

UV 
(254nm) 
(1/m) 

Average  
Range  
STDEV 
η 

42.5 
31.9-50.4 

±5.9 
10 

  11.7 
9.6-13.6 

±1.4 
9 

73 
62-77 
±5.3 

9 

47.2 
39.9-55.2 

±8 
4 

  10.3 
9.9-11 
±0.4 

5 

77 
74-92 
±2.9 

4 

4.1.2.1 Organic compounds 
In the permeate 0-22 mg/l COD was measured during baseline operation and 4-14 mg/l 
during high load operation. COD values in the influent varied between 245-409 mg/l 
during the baseline operation and 500-1095 mg/l during the high load operation (see 
Figure 4.3 and Table 4.2). The COD removal was calculated for every sample event and 
from these values an average removal was calculated. The calculation of the COD 
removal for baseline operation is based on 15 samples of the influent and the permeate 
and 5 samples for the high load operation (see Figure 4.4.). On the 23rd of April there was 
no artificial wastewater applied, but the denitrification process was still affected since the 
HRT was 33 h. 
 
There was a large standard deviation for COD (± 311 mg/l) in the influent during high 
load operation. Only grab samples were collected from the drum of artificial wastewater. 
This together with the problems of dissolving the dog food and milk powder in tap water 
also contributed to the large standard deviation. Composite samples may have reduced 
the standard deviation. 
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Figure 4.3 COD concentrations in the influent and in the permeate during baseline (left) 
and high load (right) operation. 
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Figure 4.4 Comparison of COD removal during high load and baseline operation. 
 
COD was significantly reduced (> 95%) during both operation periods. This corresponds 
well to the MBRs listed in Table 2.2 performance on COD removal. COD was easily 
degradable, which is depicted by the low measured values of COD in the anoxic tank and 
the aerobic tank (Table 4.2). The long HRT (33 h) also contributed to the removal. 
 
The trend of UV absorbance (Figure 7.4 in Appendix 7), representative of aromatic 
fractions of dissolved organic carbon (DOC) (Metcalf & Eddy, 2003), follow the trend of 
COD (Figure 4.4,). Decay products like humic acids color the wastewater (Metcalf & 
Eddy, 2003) and color was in average 1.2 1/m in the permeate during baseline operation 
and 1.1 1/m during high load (see Figure 7.4 Appendix 7 and Table 4.2).  

4.1.2.2 Nutrients 

4.1.2.2.3 Nitrogen 
The influent contained 34-72 mg/l ammonia during base line operation and 26-59 mg/l 
ammonia during high load operation (see Figure 4.5 and Table 4.2). The high ammonia 
values in the influent from the septic tank are due to conversion of organic nitrogen to 
ammonia in the anaerobic environment provided by the septic tank (Bitton, 1999). 
Usually wastewater contains 12-45 mg/l of ammonia (Metcalf & Eddy, 2003). In the 
permeate 0-4.9 mg/l ammonia was measured during baseline operation and 0-0.4 mg/l 
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ammonia during high load operation. The average ammonia removal was calculated for 
every sample event and from these values an average removal was calculated (see Figure 
4.6 and Table 4.2). Average removal was 99% during baseline operation and 99.8% for 
high load operation. 
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Figure 4.5 Ammonia concentrations in the influent and the permeate during baseline 
(left) and high load (right) operation. 
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Figure 4.6 Comparison of ammonia removal during high load and baseline operation. 
 

Mass balances for ammonia were performed on the aerobic tank and on the entire system 
(Appendix 5). The mass balances were based on average values and average flows. A 
nitrification of 99.7% during the baseline operation and 99.8% nitrification during the 
high load operation (see Table 4.3) were calculated. These values are comparable with 
the ammonia removal presented in Figure 4.6.  
 
Table 4.3: Nitrification efficiency estimated through mass balance calculations 
(Appendix 5). 
 Nitrification entire 

system 
Nitrification  
aerobic tank 

Baseline operation 99.7 % 65 % 
High load operation  99.8 % 77.5 % 
 



Results and discussion 
 

 54 
 

Nitrification was almost 100 % during both baseline and high load operation. This 
corresponds to ammonia removal for the MBRs listed in Table 2.2, except for the 
Mitsubishi rayon Sterapore, which only achieved 44 % removal of ammonia. The pilot 
scale MBR in this report had higher ammonia values in the influent than the MBRs in 
Table 2.2, but still accomplished almost complete nitrification. 
 
Approximately 70 % of the nitrification occurred in the aerobic tank. The other 30 % of 
nitrification took place in the membrane unit, which is heavily aerated to scour off the 
external surface off the membrane. The membrane also provides a perfect growing 
environment for the nitrifiers, since a biofilm can evolve here and oxygen is easily 
available. This is supported by the higher nitrate values in the permeate compared with 
the values in the aerobic tank (see Table 4.2). The alkalinity in the system was not high 
enough to allow complete nitrification, since nitrification is consuming 7.1 g of alkalinity 
for each g of ammonia removed (McInnes, 2003). To nitrify all the ammonia in the 
influent (64 mg/l) approximately 454 mg/l alkalinity was required, but the average asset 
of alkalinity in the influent was only 280 mg/l (Table 4.2).  
 
Total-N was also divided into its different nitrogen species, in order to investigate how 
the different nitrogen species were transformed in the system and to compare the 
denitrification efficiency between the baseline operation and the high load operation. To 
accomplish this organic-N was calculated from Equation 4.1 and from the measured 
values of Tot-N, NH3-N (NH3+NH4

+) and NO3-N (see Table 4.4). From this organic-N 
was calculated and further on an average of organic-N was calculated. Nitrite was 
neglected in the influent, which is supported by that a medium strength wastewater 
should not contain nitrite (Metcalf & Eddy, 2003). Permeate could contain nitrite if the 
nitrification is incomplete (see Equation 4.2), but since total-N in the permeate mostly 
consists of nitrate (see Figure 4.7) and an almost complete nitrification was achieved, the 
nitrite in the permeate was neglected. 
 

−−+ ++++−= 3243 NONONHNHNOrganicTN    Equation 4.1 

 
The complete nitrification formula:     Equation 4.2 

OHHNOONH 2224 24232 ++→+ +−+    (nitroso-bacteria) 
−− →+ 322 22 NOONO       (nitro-bacter species) 

OHHNOONH 2324 22 ++→+ +−+  

 
Most of the nitrogen in the incoming wastewater exists as ammonia, and is then 
converted to nitrate through nitrification, which was almost complete as shown in Figure 
4.6. Total nitrogen is lower in the permeate compared to the influent, because nitrate is 
converted to nitrogen gas during denitrification. This was not surprising, since the system 
is designed for both nitrification and denitrification. The total nitrogen in the permeate 
during high load operation was lower than during baseline operation (Figure 4.7). 
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Figure 4.7: Comparison of nitrogen species during baseline (left) and high load (right) 
operation. 
 
Table 4.4: Nitrogen species in the influent and in the permeate during baseline and high 
load operation. 
 Baseline operation High load operation 
Parameters Influent Permeate Influent Permeate 
Tot-N (mg/l)1 

Average  
STDEV 
η 

 
57 
± 2 
5 

 
22 

± 3.4 
4 

 
56 
± 4 
4 

 
9 

± 6 
4 

NH3-N (mg/l)1 

Average  
STDEV 
η 

 
49 

± 14 
5 

 
0 

± 0 
4 

 
45.8 
± 8.9 

4 

 
0.1 

± 0.2 
4 

NO3-N (mg/l)1 

Average  
STDEV 
η 

 
3.5 

± 2.5 
5 

 
20 

± 3.2 
4 

 
2.4 

± 0.3 
4 

 
5.6 

± 0.7 
4 

Org-N (mg/l)2 

Average  
STDEV 
η 

 
6 

± 9 
5 

 
1.2 
± 6 
4 

 
7 

± 6 
4 

 
3 

± 6 
4 

1 Measured values. 
2 Calculated values. 
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Figure 4.8 Nitrate concentrations in the permeate during baseline (left) and high load 
(right) operation. 
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Mass balances for nitrate were performed on the anoxic tank and on the entire system 
(see Appendix 5 and Table 4.5). The mass balances were based on average values and 
average flows. A denitrification of 74.1 % during baseline and 89.4 % during high load 
operation was calculated. As a result nitrate concentration was lower in the permeate 
during high load operation than during baseline operation as shown in Figure 4.8. The 
requirement for discharge of treated wastewater to surface water is 10 mg/l for total 
nitrogen in Sweden and this was not fulfilled during baseline operation in the permeate 
(see Figure 4.8). However, during high load operation NO3-N was below 10 mg/l (see 
Figure 4.8). The MBRs Mitsubishi rayon and ceramic filtration in Table 2.2 were not able 
to achieve nitrate values below 10 mg/l. 
 
Table 4.5: Denitrification efficiency from mass balance calculations (Appendix 5). 
 Denitrification  

entire system 
Denitrification  

anoxic tank 
Baseline operation 74.1 % 50 % 
High load operation  89.4 % 89 % 
 
There is no explanation to the difference between the denitrification in the entire system 
and the anoxic tank during baseline operation. Maybe denitrification occurs in the pipes, 
but this is not likely due to the short retention time. The better denitrification for high 
load (89.4 %) is explained by the increased available carbon for denitrification. If the 
system was operated as described in Chapter 3 an additional carbon source was necessary 
to meet the requirements of 10 mg/l total nitrogen in discharge to surface water.  
 
The higher alkalinity in the permeate and in the aerobic tank during high load, also 
support that the denitrification was better during high load operation, since denitrification 
is producing 3.5 mg/l alkalinity per mg/l nitrate reduced (McInnes, 2003). During high 
load the permeate contained an average of 6 mg/l NO3-N and an average of 20 mg/l 
during baseline operation. As a result a higher alkalinity of 49 mg/l should be obtained in 
the permeate during high load than during baseline operation. An increase in alkalinity 
gives a higher pH. This was observed during the high load experiment (see Figure 7.3 in 
Appendix 7). As a consequence a pH closer to the optimal pH for nitrification (7.5-8) was 
provided. This can also explain the slightly better nitrification during the high load 
operation. (Appendix 7 and Table 4.2). 

4.1.2.2.4 Phosphorus 
The total-P values in the influent were higher or similar during high load compared to 
those of baseline operation (see Figure 4.9). Total-P was lower in permeate during high 
load operation, see the removal in Table 4.6. The total-P values of the dog food (0.8-1.0 
% total-P) and of the milk powder (0.7 % total-P) might have contributed to the higher 
total-P in the influent during high load operation. 
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Figure 4.9: Total-P concentrations in the influent and in the permeate during baseline 
(left) and high load (right) operation. 
 
Table 4.6: Total-P removal during high load operation. 
 4/19/2004 4/20/2004 4/21/2004 4/23/2004 
Total-P 
removal (%) 

58 36 68 91 

 
The total P values of the influent were much higher than expected, predictable values for 
domestic wastewater are between 5-12 mg/l total P (Metcalf & Eddy, 2003). This 
wastewater is stored in a septic tank before entering the MBR, where anaerobic 
conditions prevail and during these conditions total-P might be released during shorter 
time periods (Metcalf & Eddy, 2003). The short pipe length between the student-housing 
complex, septic tank and the MBR lead to a small amount of leakage into the pipes. As a 
result the phosphorus concentration is not diluted. Total-P analyses performed within the 
Mines Park Project on the septic tank effluent on the same day depict similar total-P 
values. A regression of 0.7 was attained from analyzing standards and blanks. To be able 
to better determine if the total-P really was around 20 mg/l, standards should have been 
analyzed every time the total-P was analyzed. Another analytic method should have been 
used. The total-P (HACH, 8190) is sensitive to contamination. 
 
The lower total-P values in the permeate during high load may be due to the uncertainty 
showed by analyzing standards and blanks using the total-P analyze. It was probably not 
biological phosphorus removal, since it is not likely to happen, when there are nitrate 
values in the anoxic tank of 5-6 mg/l and DO concentration around 0.2 mg/l (Metcalf & 
Eddy, 2003). The MBR did not fulfill the Swedish requirements for total-P of 0.3 -0.5 
mg/l (Table 2.6) for discharge of treated wastewater to surface water. However, no 
phosphorous removal was expected, since the MBR was not designed for phosphorus 
removal. Soluble phosphorus removal has only been achieved in MBRs when chemicals 
have been added or when the MBR has been specifically designed for biological 
phosphorus removal (Wallis-Lage, 2003). Only one of the MBRs (Zenon Inc. Zeeweed) 
in Table 2.2 was able to accomplish a removal of 75% and less than 1 mg/l total-P was 
measured in the permeate. This MBR was specially designed for phosphorus removal. To 
achieve biological phosphorus removal in this particular MBR the MLSS was recycled 
back to the aerobic zone instead of the anoxic zone. This changed the anoxic zone to an 
anaerobic zone by reducing the DO in the anoxic tank (McInnis, 2003).  
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4.1.2.3 Modeling of process performance 
A simulation of the system was performed to investigate if adding extra carbon was the 
only way to achieve a better denitrification (see Table 4.7). For this simulation a single 
sludge process for carbon oxidation, nitrification and denitrification (SSSP) was used.  
 
Table 4.7: Results from modeling with SSSP. 
 Baseline  

(600 l/d) 
Baseline  
(1200 l/d) 

Baseline  
(600 l/d, HRT/2) 

High load  
(600 l/d) 

Parameters/Tank Anoxic Aerobic Anoxic Aerobic Anoxic Aerobic Anoxic Aerobic 
MLSS 
 (mg/l) 1546 1537 1511 1499 1573 1564 2750 2723 

O2 Consumed 
(g O2/ m

3 d) 0 295 0 777 0 454 0 688 

NO3-N Consumed 
(g NO3-N/ m3 d) 30 0.7 65 1.7 52 1.1 32 3.5 

Removal of NO3-N 
(%) 85  93  100  100  

 
As expected the model showed that more nitrate was consumed in the anoxic tank than in 
the aerobic tank. This model also shows a better denitrification for the high load 
operation, which supports the mass balance calculations of nitrate. A better denitrification 
was achieved for the model when the system was operating at full capacity (1200 l/d) or 
half the HRT compared to baseline operation. The model also depict that the alkalinity 
was too low to sustain uninhibited biological growth, but the model did not take this into 
account when calculating nitrate consumed. This shows that a better denitrification can 
be achieved if the MBR was operated at full capacity or half HRT. Extra alkalinity was 
needed to achieve biological inhibited growth. More oxygen was consumed during high 
load, due to the higher mass load of COD. 

4.1.2.4 Total coliforms 
No, analyses on total coliforms were performed. Total coliforms should not be present in 
the permeate if the pore size of the membrane is less then 0.1 µm, which is the smallest 
size of a bacteria (Figure 2.4). This corresponds to what Zenon Inc reports for their 0.04 
µm membrane (see Table 2.2), where no total coliforms were present in the permeate. To 
conclude total coliforms should not be present in the permeate from this MBR, since the 
membrane had a pore size of 0.04 µm. 

4.1.3 Results operational conditions 

4.1.3.1 Membrane cleaning 
On the 3rd of May an attempt to operate the MBR at a system capacity of 1200 l/d was 
performed. The purpose of this experiment was to investigate if a flux decline could be 
observed. An inflow of 1200 l/d corresponds to a flux of 5.5 l/m2h, but this desired flux 
could not be achieved. With the intention to see if the membrane was fouled and if 
membrane cleaning was necessary. A vacuum pressure gauge was installed between the 
membrane cassette and the peristaltic pump to assess the TMP. TMP is a very important 
parameter, because in constant flux operation, TMP increases as the membrane fouls. 
This system is designed for a maximum TMP of 10 PSI. If operation exceeds 10 PSI the 
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membrane may be fouled beyond recovery. Too high TMP may damage the membranes 
active layer. Cleaning is recommended when TMP reaches 7-8 PSI in order to improve 
the flux and decrease the TMP (Drewes, 2004). The TMP before membrane cleaning was 
assessed to 3.7 PSI, but since the desired flux was not achieved membrane cleaning was 
performed anyway. Later a leak was discovered where the pressure gauge had been 
installed, which had affected the TMP measurements made. They were probably not 
accurate, which means that the TMP could have been as high as 7.5 PSI, the 
recommended TMP for cleaning. 
 
Membrane cleaning was performed after 4 months of operation at 600 l/d, half the 
designed capacity. After cleaning the TMP was estimated to 1 PSI. However, TMP 
started to increase again (Figure 4.10). When the leak was sealed the desired flux could 
easily be achieved. 
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Figure 4.10: Transmembrane pressure before and after membrane cleaning. 
 
Only a small flux decline was observed during the 4 months of operation (Figure 4.11). 
All dots below 2 l/m2h in Figure 4.11, except for the ones in the circle, represent feed 
pump failures. The circle represents an unexplained drop in the flux. To get the desired 
flux back the permeate pumps rpm had to be increased. During the high load periods 
(3/13/2004-3/14/2004 and 4/18/2004-4/22/2004) when artificial wastewater containing 
dog food and milk powder was added to the system, decreases in the flux could be 
observed (Figure 4.11). One explanation to the flux decline is that both the dog food and 
the milk powder contained protein (26 % respectively 22 %) and crude fat (18 % and 12 
%) (Appendix 2). According to Stephensen protein increases the risk for physiochemical 
fouling (Stephensen, 2003). In addition the crude fat could also have increased the 
fouling. 
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Figure 4.11: Flux during the entire time of operation. 
 
The water quality of the permeate was not affected by the membrane cleaning (see Table 
4.8), except for MLSS, which was lower after the cleaning procedure. The MLSS loss 
was due to the wasting of the membrane tank after chemical addition. However, there 
should not be any problems to restart the system right away as the majority of chemicals 
would be neutralized during the cleaning process (Drewes, 2004).  
 
Table 4.8: Water quality before and after membrane cleaning. 
 MLSS pH Alkalinity NO3-N  NH3-N  N-Tot  Tot-P COD  

UV 
(254nm) 

Color 
(436nm) 

Before           
Aerobic 
tank 
(mg/l) 

2442          

Influent 
(mg/l)  7.03 286  59 62 23 222 48 1.8 
Permeate 
(mg/l)  5.13 0 21.8 5.9 29 31 18 16 2.6 
Removal 
(%)     90 54  92 66  

After           
Aerobic 
tank 
(mg/l) 

1592          

Influent 
(mg/l) 1592 7.17 258  54 59 22 207 37 1.6 
Permeate 
(mg/l)  5.76 0 17.5 1.5 23 29 15 14 1.5 
Removal 
(%)     97 61  93 63  

 
If cleaning is required every 4 month, the MBR is not an option for a household, due to 
the high maintenance. If the cleaning would be automatic, it could be an option. The 
MBR was not operated at normal operation conditions, since dog food and milk powder 
was added to the process. In addition the MBR was operated at constant flux and did not 
have any relaxing time, which increased the fouling. An installation of a timer on the 
permeate pump, which will allow a relaxation time for the membrane will probably 
increase the time between the recovery cleanings. All of the MBRs (Table 2.3) are 
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performing recovery cleaning with chemical soak with a frequency between 3 to 6 
months. In between Mitsubishi have relaxing time and Kubota have back pulse and US 
filter and Zenon have both. It is hard to evaluate how often this MBR needs cleaning as it 
was not operated at normal conditions. 

4.1.3.2 Operation and configuration 
One limitation was that the process was only operated at half its design capacity (600 l/d) 
due to the lack of wastewater. If the system had been operated at full capacity (1200 l/d), 
a shorter HRT had been accomplished (16.5 h). More COD could have been used as 
electron donor, which probably would have resulted in a more efficient denitrification. 
Even if only 600 l/d was available this could have been accomplished by operating at a 
lower HRT, which the SSSP model indicated. A lower HRT could have been enabled by 
decreasing the level in the tanks. An increase in alkalinity due to denitrification would 
give a rise in pH. As a consequence a more optimal pH of 7.5-8 for nitrification would be 
achieved. Both the SSSP modeling and calculations depict that the asset of alkalinity in 
the influent was not sufficient for complete nitrification, even though almost 100% 
nitrification was observed. 
 
During the pump failure (start up period) no wastewater was entering the system and the 
amount of microorganisms was reduced. Thus, the nitrification vanished. The membrane 
cleaning period when there was no inflow entering the system for two days, indicated that 
the MBR manages such a break without a decrease in nitrification. However it is not 
recommended to operate the MBR without inflow for a longer time period, due to the 
long time it takes to start up the process again, in respect of nitrification. 
 
The MBR could produce a better water quality if the influent was not originating from a 
septic tank. The denitrification would be more efficient, since a septic tank is reducing 
carbon (as BOD5) with 65 to 80 % (Bitton, 1999). Less ammonia would also enter the 
system, which would mean less total-N in the influent and as a consequence less total-N 
in the permeate. It would also be possible to achieve better phosphorus removal if the 
MBR is operated as described by McInnes (McInnes, 2003). 

4.1.3.3 Biological parameters 
MLSS was increasing when activated sludge and the high load of COD was added to the 
system (see Figure 4.12). It took long time to build up solids in the system, even if the 
SRT was eternal. If a septic effluent not was used higher MLSS would probably been 
achieved earlier, because a septic tank is reducing TSS with 70 to 80 % (Bitton, 1999). 
This MBR was operated at an average MLSS of 1700 mg/l, which is much lower than the 
MBRs in Table 2.3, which were operated at 10 000 mg/l. An advantage with operating at 
a lower MLSS concentration is a lower oxygen demand (Crawford et al,. 2000). One 
advantage with operating at higher MLSS is a smaller footprint and a more efficient 
treatment (McInnes et al., 2001). This MBR is probably not able to be operated at a 
higher MLSS, during the prevailed circumstance with the low influent. However, 
operating at high MLSS has been shown to reduce membrane flux (Crawford et al,. 
2000).  
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Figure 4.12 MLSS in the aerobic tank during the entire time of operation. 

4.2 Results and discussion of the soil columns 
The purpose of this experiment was to investigate the permeate quality with the respect of 
nutrients and organic constituents before and after infiltration through 6 unsaturated soil 
columns. This was accomplished by comparing two different loading rates, 8 cm/d and 
24 cm/d, in sand media. In addition, a loading rate of 8 cm/d was applied in a different 
type of porous media, a mixture of sand and MPS. 
 
Figure 4.13 and 4.14 show results from duplicate columns for two loading rates: 8 cm/d 
and 24 cm/d. As shown in Figure 4.13 the pattern for the sand columns are very similar, 
but the MPS (Figure 4.14) columns are not always comparable.  
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Figure 4.13: Comparison of nitrate (NO3-N) effluent concentration between the duplicate 
sand columns with low loading rate, 8 cm/d (1a and 1b) and  high loading rate, 24 cm/d 
(5a and 5b). 
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Figure 4.14: Comparison of nitrate (NO3-N) effluent concentration between the duplicate 
MPS columns (2a and 2b) with loading rate 8 cm/d. 
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Average values of the effluent from each pair of duplicate columns are represented in the 
plots (Figure 4.15 - Figure 4.23) together with +/- one standard deviation (shown as error 
bars). The arrows in the bottom of each plot (Figure 4.15 - Figure 4.23) indicate when a 
new batch of permeate was added to the columns. The water quality dosed to the columns 
changed, since the permeate quality from the MBR was not consistent throughout the 
entire time. 5 separate grab samples of permeate were applied to the columns during the 
experiment (see Appendix 10 for grab sample data). 
 
Samples were taken on permeate at the beginning and in the end of each batch. Therefore 
the influent concentration between these measurements had to be interpolated when 
comparing the influent to the values with the effluent from the columns. Only UV 
absorbance and color was analyzed during the first week of operation (when permeate 
was added from the first batch). This is why the plots describing COD and nutrients 
exclude this first period and starts when the second batch of permeate was added. 
 
A tracer test was performed, but these samples were never analyzed since the instrument 
for this analyze was broken. Instead calculations were made in order to estimate the 
theoretical retention time in the columns by dividing the pore volume with the loading 
rate applied to the columns. The result is showed in Table 4.9. 
 
Table 4.9: Theoretical retention time in the different columns 
Column Retention time (h) 
MPS 8 cm/d               24 
Sand 8 cm/d               34 
Sand 24 cm/d               11 
 
After 5 weeks of operation pounding was observed in the columns containing MPS. 
However, after resting 8 hours (no permeate was fed into the columns) no pounding was 
observed. Furthermore, the conditions in all the columns changed by time and they 
became saturated in the bottom centimeters. When finishing the experiment the soil 
columns were partially saturated (3.5-9 cm for the sand columns and 3.2-3.5 cm for the 
soil columns). 
 
DI water was fed to two control columns as control systems. These two control columns 
indicated no interference from the external environment within the two months of 
operation (see Appendix 8). 
 
The measured flow rate (29 ± 4.8 ml/16h) through the sand columns with high feed 
corresponded well to the expected loading rate of 30 ml/16h (24 cm/d). However the 
measured flow rate (5.8 ± 1.4 ml/16h) through the sand columns with lower feed was 
lower than the expected loading rate of 10 ml/16h (8 cm/d), but is still presented in the 
tables and plots as 8 cm/d. This problem arose from difficulties regulating the pump at 
low flows. 



Results and discussion 
 

 64 
 

4.2.1 Nutrients 

4.2.1.1 Nitrate and ammonia  
As shown in Figure 4.15 nitrate (NO3-N) was reduced in the columns with low feed rate 
(8 cm/d). Denitrification was likely occurring in these columns. The same trend can be 
observed in the sand columns with high loading rate (24 cm/d) except for the second 
sample of permeate (see Figure 4.16). The data from the second batch instead implies that 
nitrification was occurring, since the nitrate values increases. This is supported by the 
reduced ammonia (NH3-N) values in Figure 4.17 during the same period of time. 
Additionally Figure 4.18 also depicts higher ammonia concentration in the effluent from 
the MPS columns than the influent concentration, which means that ammonia is 
generated with passage through the MPS. 
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Figure 4.15: Influent and effluent concentrations of nitrate (NO3-N) (arrows indicate 
new batches).  
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Figure 4.16: Influent and effluent concentrations of nitrate (NO3-N) (arrows indicate 
new batches).  
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Figure 4.17: Influent and effluent concentrations of ammonia (NH3-N) (arrows indicate 
new batches).  
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Figure 4.18: Influent and effluent concentrations of ammonia (NH3-N) (arrows indicate 
new batches).  
 
Denitrification occurring in unsaturated soil columns is a surprising result. When having 
unsaturated columns nitrification would be expected to happen due to the aerobic 
conditions in the columns. One explanation is that over time the columns were partly 
saturated (3.5-9 cm from the bottom in the sand columns and 3.2-3.5 cm in the soil 
columns). Anoxic conditions for denitrification could have been established in the lower 
part of the columns. This was supported when comparing the sand columns over time. 
During batch 2 the nitrate concentration was higher in the effluent from the sand columns 
(24 cm/d) than in permeate that was being fed to the columns. When saturation began to 
occur in the columns lower concentrations of nitrate was measured in the effluent from 
the soil columns compared to the permeate that is fed to the columns. The higher 
ammonia values in the effluent from the columns may be a result of ammonia 
concentration in the MPS before permeate was applied (see Chapter 3, Table 3.6). 
 
Permeate filtrated through the sand and MPS columns with the lower loading rate 
fulfilled the MCL of 10 mg/l nitrate for ground water discharge (see Table 2.5). Current 
codes regulating OWTSs are not clearly defining water quality-based performance 
requirements for ground water discharge systems. Primary drinking water standards 
(MCLs) are typically required at a point of use. However, the sand column with higher 
loading rate did not fulfill this requirement. 
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4.2.1.2 Total Phosphorus 
Figure 4.19 depicts phosphorus removal in the MPS columns. Input total-P values 
fluctuated between 13-28 mg/l while the effluent was consistent (under 7 mg/l). 
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Figure 4.19: Influent and effluent concentrations of total phosphorus (total- P) (arrows 
indicate new batches). 
 
Table 4.10: Average removal of total P in MPS. 

Date  3/17/2004 3/26/2004 3/30/2004 4/7/2004 4/14/2004 4/21/2004 4/28/2004 
Removal 
(%) 

75 100 88 99 99 54 17 

 
The removal of total P in the MPS columns was validated by nearly 100 % removal at 
Mines Park test site (Siegrist et al., 2003). Adsorption is generally accepted as the 
dominant removal mechanism in soil. This is often happening in the presence of metal 
oxides and their anion adsorbing capacity, which brings a positive surface charge to the 
soil particles and can then easily adsorb the negative charged phosphate ion (PO4

3-) 
(Tackett, 2003). Even though the total P values in the effluent from the columns 
containing MPS is under 7 mg/l, they did not fulfill the Swedish requirements for total P 
of 0.3 -0.5 mg/l (Table 2.7) for discharge of treated wastewater to surface water.  
 
A break trough of phosphorus would probably occur in the MPS columns if they had 
been run for a longer time. The 17% removal on the 28th of April could be an indication 
of lower potential for the MPS to adsorb phosphorus. This would not be a problem in a 
full scale OWTS since the capacity of the soil to retain phosphorus is infinite (EPA, 
2002). OWTS is commonly used for removing phosphorous.  
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4.2.2 Organic compounds 

4.2.2.1 COD 
COD is reduced during the second and the third batch period for all the columns (see 
Figure 4.20 and 4.21), but during the remaining batches COD increases in the effluent. 
This indicates that the COD values do not correspond to the ammonia or the nitrate 
values which indicates denitrification. COD should be consumed when denitrification is 
happening, because COD or BOD is used as an electron donor in the denitrification 
process (Metcalf &Eddy, 2003). One explanation could be that the organic material in the 
wastewater accumulates inside the columns and then causing brake through at certain 
times or the soil columns was leaching organic matter.  
 
Figure 4.20 and 4.21 indicate that COD is actually produced in the batches when standing 
in room temperature in the lab. This indicates growing of some sort of photosynthetic 
microorganism, which produces carbon (Figueroa, 2004). The increase of COD in the 
batches might have been avoided if they had been stored cold and dark.  
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Figure 4.20: Influent and effluent concentrations of COD (arrows indicate new batches).  
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Figure 4.21: Influent and effluent concentrations of COD (arrows indicate new batches).  

4.2.2.2 UV absorbance (254 nm) and Color (436nm) 
The UV absorbance data (see Figure 4.22 and 4.23) does not show the same increase of 
organic matter in the batches as the COD data. However, the UV measures the humic 
material (aromatic carbon) and COD is a measurement for the more easily degradable 
organic material. 
 
When COD was removed during the second batch in all of the columns the UV 
absorbance indicated an increase of organic matter in the effluent from the columns with 
MPS. One explanation could be that the soil was leaching humic matter due to a pH 
change in the applied permeate. To enable a better interpretation on the UV absorbance 
pH should have been measured at every sampling event. 
 
As depicted in Figure 4.24 and 4.25 color does not follow the same trend as UV 
absorbance and COD. Color increases and decreases every other time in the permeate. In 
the columns with sand, color was reduced throughout the entire period (see Figure 4.22). 
With a few exceptions the same trend was observed in the MPS columns (see Figure 
4.25). 



Results and discussion 
 

 70 
 

0

5

10

15

20

25

3/6/2004

3/10/2004

3/14/2004

3/18/2004

3/22/2004

3/26/2004

3/30/2004

4/3/2004

4/7/2004

4/11/2004

4/15/2004

4/19/2004

4/23/2004

4/27/2004

5/1/2004

5/5/2004
(1

/m
)

Sand 8 cm/d Sand 24 cm/d Permeate

2 3 4 51
 

Figure 4.22: Influent and effluent concentrations of UV absorbance (arrows indicate new 
batches).  
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Figure 4.23: Influent and effluent concentrations of UV absorbance (arrows indicate new 
batches). 
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Figure 4.24: Influent and effluent concentrations of Color (arrows indicate new batches). 
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Figure 4.25: Influent and effluent concentrations of Color (arrows indicate new batches). 
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4.3 Sources of errors 
The measuring instrument and the routine of the test is always a critical part of analyzes. 
Some problems have been experienced with the total-P and the total-N tests. For example 
was the total-N measurements (Hach, method 10071) sometimes lower than the measured 
NH3-N value. To have more reliable results standards should have been analyzed at the 
same time as the samples. 
 
One explanation with the difficulties to distinguish trends or to interpret the results from 
the columns was the too short operation time of two months. The columns should have 
been operated for a longer time in order to observe more constant trends. Furthermore, 
permeate that have been fed to the columns was not of constant quality, since it changed 
with every batch. One limitation when interpreting the results was that analyzes on 
permeate was performed only at the beginning and in the end of each batch. This means 
that the values in between these two measurements had to be interpolated when 
comparing the influent to the values in the effluent.  
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5. Conclusions 

5.1 MBR 
COD 
• COD removal was over 90 % during the whole period except for a few times 

during the start up period, independent of the COD concentration in influent. 
Nitrogen 
• Nitrification was over 99 % for both baseline and high load operation. 
• Carbon was limiting the denitrification during baseline operation due to the 

shortage of wastewater. 
• The baseline operation only achieved 22 mg/l nitrogen as an average in the 

permeate, and did not fulfill the Swedish requirements of 10 mg/l nitrogen for 
discharge of treated wastewater. 

Phosphorus 
• Total-P in the permeate during high load was in average 10 mg/l and 20 mg/l 

during baseline operation. As a result the MBR did not fulfill the Swedish 
requirements of 0.3 -0.5 mg/l total P for discharge of treated wastewater. 

Membrane cleaning 
• Membrane cleaning had to be performed after 4 months of operation. 
• After the membrane cleaning the desired flux of 5.5 l/m2h (1200 l/d) was 

achieved. 
Operation 

• It took 3 weeks to start up the MBR and reach steady state after activated 
sludge was added to the system. 

• The MBR was not able to be operated with long time periods without inflow, 
due to the die off of nitrifiers and denitrifiers. 

• Modeling with SSSP showed that a better denitrification may be achieved by 
operating the MBR at full capacity or by reducing the HRT. 

5.2 Soil columns 
• Denitrification was occurring in the saturated part of the soil columns. 
• The soil columns with the lower loading rate fulfilled the American requirement 

of 10 mg/l nitrate for ground water discharge systems. 
• Total P was well removed in the MPS, due to different adsorption processes in the 

soil. 
• The experiment should be running for a longer time to enable more reliable 

trends. 
• Analyses should had been performed on the permeate at the same time as on the 

effluent from the soil columns.  
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5.3 Summary of conclusions 
From a water quality standpoint the MBR is a viable pre-treatment process to OWST, 
since it removes COD, ammonia and fecal coliforms good and also nitrate to some extent. 
When enough carbon for a high denitrification efficiency was available in the incoming 
wastewater the effluent quality was suitable for direct discharge to surface water.Total-P 
was not removed by the MBR, but was easily removed in the soil as the soil column 
experiment showed and also the research performed at Mines Park test site depicted. 
 
From an operation point of view MBR is a good option for wastewater treatment when 
the start up phase is through. Furthermore, the cleaning procedure has to be easier to 
perform and not so frequent, like it was for this MBR.  

5.4 Further investigations 
It would be interesting to operate the MBR at full capacity 1200 l/d or with 600 l/d with 
half the HRT by lowering the levels in the tank to see if a better denitrification could be 
achieved in the system as the SSSP modeling showed. One other alternative could be 
adding more alkalinity to the MBR and still operate it at 600 l/d to see how much the 
denitrification efficiency would increase. It would also be interesting to start-up he MBR 
with an MLSS of 10 000 mg/l, to see if it would give a more rapid start-up period. Maybe 
the MBR would perform a higher water quality of the permeate. Also an investigation 
about the cleaning procedure should be performed. Without adding dog food and milk 
powder how long does it take before cleaning is necessary and can it be automatic? 
Another stress scenario could be an option. How would the MBR perform if pH increased 
or decreased drastically? Another interesting parameter to investigate is the content of 
fecal coliforms, which should not be present in the permeate. 
 
Furthermore, soil columns should be up and running for a longer time than two months 
and more parameters analyzed to get a better picture of what happens in the soil. These 
results should be compared with the ongoing experiment in Mines Park where permeate 
from the MBR now is infiltrated in the soil at the test site. 
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Appendix 1: Calculations of the high load mix  
Table 1.1: Result from COD analyzes with dog food and calves milk. 

Sample Dog food 
(ml) 

Milk 
powder for 
calves (ml) 

Tap water 
(ml) 

COD (mg/l) 1 ml (dog 
food/milk 
powder) 

gives COD 
(mg) 

1 6 0 400 2272 152a 
2 16 0 400 5369 134a 
3 0 5 400 4660 373 
4 10 3 400 >6000  
5 12 6 400 >6000  

aAn average for the dog food is used in Equation 1.3  

Calculations for the high load mix  
1. The goal was to achieve a concentration of 900 mg COD/l. During baseline 

operational conditions the COD concentration in the influent was approximately 
300 mg/l and the flows from the septic tank was roughly 600 l/d. During higher 
load the conditions changed and the flow was divided, 400 l/d from the septic 
tank and 200 l/d from the high load mix (dog food and milk powder) was feed 
into the system. Based on this the following equation was used to calculate the 
COD concentration for the high load mix.  

 

lmgX

lXmgdllmgdllmgdl

/2100

//200/300/400/900/600

=
•+•=•

 Equation 1.1 

 
2. COD concentration for dog food (CODDF) and milk powder (CODMP) in the 200 l 

drum. 
 

lmgCODlmgCODllmg MPDF //200/2100 +=•   Equation 1.2 
 

3. The proportions used at Mountain research station in Boulder was 60 % dog food 
and 40 % milk powder for calves. This together with Equation 1.2 and values in 
Table 1.1 gives the following equations. 
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   Equation 1.3 
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   Equation 1.4 

 



 

  

4. The solution to the equations gives that approximately 1200 ml of dog food and 800 
ml of milk powder for calves should be added to a 200 l drum to achieve a COD 
concentration of 2100 mg/l and in addition 900 mg/l in the mixed influent. 
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Appendix 2: Dog food and milk powder ingredients  

Dog food ingredients 
Diamond pet food, premium adult, for dogs was used in both the high load experiment 
and it had the following ingredients (Table 2.1). 
 
Table 2.1: Ingredients for the dog food, used in the high load experiment. 
Ingredients Percentage (%) 
Crude protein 26 (minimum) 
Crude fat 18 (minimum) 
Crude fiber 3 (maximum) 
Moisture 10 (maximum) 
Ash 5.5 (maximum) 
Calcium 1.2 (maximum) 
Calcium 1.0 (minimum) 
Phosphorous 1.0 (maximum) 
Phosphorous 0.8 (minimum) 
Omega-6 Fatty Acids 3.0 (minimum) 
Omega-3 Fatty Acids 0.5 (minimum) 

Milk powder for calves ingredients 
Purina milk replacer was used in the high loads experiment and it had the following 
ingredients (Table 2.2). 
 
Table 2.2: Ingredients in the milk powder replace used in the high load experiment. 
Ingredients Percentage (%) 
Crude protein 22 % (minimum) 
Crude fat 12 % (minimum) 
Crude fiber 0.15 %(maximum) 
Calcium 0.75 % (minimum) 
Calcium 1.25 % (maximum) 
Phosphorous .70 % (maximum) 
Ash 10.5% (maximum) 
Added minerals 2.00 %(maximum) 
Vitamin A 30,000 IU/lb 
Vitamin D3 5,000 IU/lb 
Vitamin E 100 IU/lb 

Constituents of the high load mixes 
Table 2.3: Constituents of the failed high load mix (dog food and milk powder) influent. 

pH NH3-N 
(mg/l) 

NO3-N 
(mg/l) 

Tot-P (mg/l) CODfiltered 
(mg/l) 

Alkalinity 
(mg/l) 

7.27 0 4 64.2 2020 98 



 

  

Table 2.4: Constituents of the failed high load mix influent (feed and artificial 
wastewater). 

pH NH3-N 
(mg/l) 

NO3-N 
(mg/l) 

Tot-P (mg/l) CODfiltrated 
(mg/l) 

Alkalinity 
(mg/l) 

7.26 27.8 3.8 46.4 1312 182 
 
Table 2.5: Constituents of the high load mix (dog food and milk powder) influent. 

Constituents Average values Range STDEV η
a 

pH 5.6 5.2-5.8 0.4 4 
Alkalinity 
(mg/l) 

36 26-66 15.8 5 

NH3-N (mg/l) 3.9 3-6.3 1.4 5 
NO3-N (mg/l) 1.1 0.9-1.5 0.3 5 
Tot-N (mg/l) 43 39-49 5.9 4 
Tot-P (mg/l) 66.2 67.2-69.6 4.6 5 
CODfiltrated 
(mg/l) 

2352 1050-2970 816 5 

UV (254 nm) 72.9 54.4-91.4 26.2 2 
Color (1/m) 5.2 2.9-7.4 3.2 2 
aNumber of samples 
 
Table 2.6: Constituents of the high load mix influent (feed and artificial wastewater). 

Constituents Average values Range STDEV η
a 

pH 6.8 6.6-7.4 0.3 5 
Alkalinity 
(mg/l) 

225 148-310 58 5 

NH3-N (mg/l) 42 26-59 12 5 
NO3-N (mg/l) 2.2 1.6-2.7 0.4 5 
Tot-N (mg/l) 55 51-66 4.3 5 
Tot-P (mg/l) 32 20-49 12 5 
CODfiltrated 
(mg/l) 

1100 500-1900 571 4 

UV (254 nm) 47.2 39.9-55.2 8 4 
Color (1/m) 2.4 1.9-3.3 0.6 4 
aNumber of samples 
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Appendix 3: Membrane cleaning 

Membrane cleaning procedure (Drewes, 2004): 

1. Install a vacuum pressure gauge in between the membranes and the outlet 
pump.  This will record the transmembrane pressure (TMP).   

2. Also a timer should be installed on the pump in order to ensure that the 
membrane is able to have some relaxation time.  The timer should be 
programmed to allow for 45 seconds of relaxation every 15 minutes. 

3. Once the transmembrane pressure reaches between 7-8 PSI the system 
needs cleaning in order to improve the flux and decrease the transmembrane 
pressure. 

4. Perform a Sodium Hypochlorite (NaOCl) cleaning followed by a Citric acid 
clean. 

5. Once the cleanings are complete determine the TMP.   

Sodium Hypochlorite cleaning procedure: 

a. Stop permeation. 

b. Install a 20-L bottle above the bioreactor tanks.  This bottle should have a 
manual valve at the bottom so that a hose or tubing can be connected 
between it and the permeate pipeline (between the membrane and the 
solenoid valve). 

c. Prepare 30L of 2000 ppm NaOCl solution.  

d. Close the ½” manual valve and fill up the bottle with a 10L of the 2000 
ppm solution of NaOCl.  

e. Close the recirculation, and permeate valves off the membrane unit. 

f. Stop the feed of raw sewage.  

g.  Turn off the supply of air to the membrane tank and the whole system. 

h. Open the ½” manual valve on the bottle with NaOCl solution to start 
backwash and adjust this valve to empty the bottle. 

i.  Close the ½” manual valve immediately once the bottle is emptied. 



 

  

j. Relax for ~30 min. 

k. Repeat steps d-k twice more until all 30L of solution is gone. 

l. Open the recirculation valves turn on the aeration and start permeating.  

m. Start feed raw sewage. 

Citric Acid cleaning: 

Refill the bottle with 20 l of clean water. Close the manual valve on the permeate 
pipeline. 

a. Stop raw sewage. 

b. Turn off the supply of air to the membrane unit and the whole system. 

c. Close the manual valve on the recirculation pipeline. 

d. Open the ½” manual valve on the bottle with clean water to start backwash.  

e.  Close the ½” manual valve immediately once the bottle is emptied. 

f. Refill up the bottle again with 10 L of clean water. 

g. Add 20 gram citric acid (100%) into the bottle.  Mix it to dissolve. 

h. Open the ½” manual valve on the bottle to start backwash and adjust this 
valve to empty the bottle. 

i. Close the ½” manual valve immediately once the bottle is emptied. 

j. Relax for ~30 min. 

k. Repeat steps a – j twice more. 

l. Turn on the aeration to the whole system. 

m. Open the permeate valve and the recirculation valve. 

n. Start feed raw sewage. 
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Appendix 4: Dish washing procedure 
 
Dish washing procedure:  
Liquinox soak 
3x Tap water rinse 
3x DI rinse 
10% HCl soak for 24 hours 
3x Tap water rinse 
3x DI rinse 
1% NaOH soak for 24 hours 
3x Tap water rinse 
3x DI rinse 
 
Dried and cover with foil to keep the things clean. 
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Appendix 5: Mass balance calculations 

Mass balance, whole system 
Mass balance calculations for the whole system were based on average values during the 
baseline operation, the failed high load operation and the latter high load operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: System boundary for the mass balance calculations. 

Mass balance, baseline operation 
Table 5.1: Input average values during baseline operation. 

 Influent (1) Permeate (2) 
Flow (l/h) 26.6 26.6 
NH3-N (mg/l) (SN) 62.6 0.2 
NO3-N (mg/l) (SNO) 3.1 17 

Nitrification 
The nitrification efficiency (ηN2) was calculated with Equation 5.1 below and from values 
in Table 5.1.  
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2
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100
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   Equation 5.1 

 
This gave the nitrification efficiency (ηN2) of 99.7 %. 

Denitrification 
The denitrification efficiency was calculated with Equation 5.2 below and from values in 
Table 5.1. 
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This gave a denitrification efficiency (ηNO2) of 74.1 %. 
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Mass balance, failed high load operation 
The mass balances for the high load operation 1 were based on influent values from the 
14th of March and permeate values for the 15th of March. 
 
Table 5.3: Input average values during the failed high load operation. 

 Influent (1) Permeate (2) 
Flow (l/h) 10 10 
NH3-N (mg/l) (SN) 66.8 0.9 
NO3-N (mg/l) (SNO) 3.6 11.8 

Nitrification 
The nitrification efficiency was calculated with Equation 5.3 below and from values in 
Table 5.3. 
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   Equation 5.3 

 
This gave a nitrification efficiency (ηN2) of 98.6 %. 

Denitrification 
The denitrification efficiency was calculated with Equation 5.4 below and from values in 
Table 5.3. 
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This gave a denitrification efficiency (ηNO2) of 80 %. 
 

Mass balance, latter high load operation  
Table 5.4: Input average values during the high load operation. 

 Influent (1) Permeate (2) 
Flow (l/h) 23.8 23.8 
NH3-N (mg/l) (SN) 41.5 0.1 
NO3-N (mg/l) (SNO) 2.1 4.6 

Nitrification 
The nitrification efficiency was calculated with Equation 5.5 below and from values in 
Table 5.4. 
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   Equation 5.5 

 
This gave a nitrification efficiency (ηN2) of 99.8 %. 



 

  

Denitrification 
The denitrification efficiency was calculated with Equation 5.6 below and from values in 
Table 5.4. 
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  Equation 5.6 

 
This gave a denitrification efficiency (ηNO2) of 89.4 %. 

Mass balance, aerobic and the anoxic tank  
Mass balance calculations for the anoxic tank and the aerobic tank were based on average 
values during the baseline operation and the failed high load operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: System boundary for mass balance calculations. 

Mass balance, baseline operation 
Table 5.5: Input average values during baseline operation. 

 
Influent (1) Anoxic (2) Aerobic (3) Permeate 

(4) 
Recirculation 

(5) 
Q1=Q2 (l/h) 26.6   26.6  

Q5 (l/h)     207.1 
Q2=Q3=Q1+Q5 

(l/h) 
 233.6 233.6   

NH3-N (mg/l) 
(SN) 

62.6 11.8 4.1 0.2 0.2 

NO3-N (mg/l) 
(SNO) 

3.1 7.6 15.2 17 17 
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Anoxic tank 
Assumption: no nitrification in the anoxic tank. This is calculated with the Equation 5.7 
below and the values in Table 5.5. 
 

225511 SNQSNQSNQ =+•     Equation 5.7 

 1666=2750 
 
More NH3-N is leaving the anoxic tank, release of NH3-N from particulate matter. 
 
The denitrification efficiency in the anoxic tank was calculated with Equation 5.8 below 
and from values in Table 5.5. 
 

( ) 225511
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  Equation 5.8 

 
This gave a denitrification efficiency (ηNO2) of 50 %. 

Aerobic tank 
The nitrification efficiency (ηN2) was calculated with Equation 5.9 below and from values 
in Table 5.5 were NH3-N.  
 

( ) 3221
2

100
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SNQSNQN •=•−η

   Equation 5.9 

 
This gave a nitrification efficiency (ηN2) of 65 %. 

Mass balance, latter high load  
Table 5.6: Input average values during high load operation. 

 
Influent (1) Anoxic (2) Aerobic (3) Permeate 

(4) 
Recirculati

on (5) 
Q1=Q2 (l/h) 23.8   23.8  

Q5 (l/h)     250.4 
Q2=Q3=Q1+Q5 

(l/h) 
 274.2 274.2   

NH3-N (mg/l) 
(SN) 

41.5 8.9 2 0.1 0.1 

NO3-N (mg/l) 
(SNO) 

2.1 0.5 4.4 4.4 5.9 

 



 

  

Anoxic tank 
Assumption: no nitrification in the anoxic tank. This is calculated with the Equation 5.10 
below and from the values in Table 5.6. 
 

225511 SNQSNQSNQ =+•     Equation 5.10 
1014=244 

 
More NH3-N is leaving the anoxic tank, release of NH3-N from particulate matter. 
 
The denitrification efficiency in the anoxic tank was calculated with Equation 5.11 below 
and from values in Table 5.6. 
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  Equation 5.11 

 
This gave a denitrification efficiency (ηNO2) of 89 %. 

Aerobic tank 
The nitrification efficiency (ηN2) was calculated with Equation 5.12 below and from 
values in Table 5.6 were NH3-N.  
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   Equation 5.12 

 
This gave a nitrification efficiency (ηN2) of 77.5 %. 
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Appendix 6: SSSP modeling 
A simulation was performed for the baseline operation (600 l/d), baseline operation (1200 
l/d) and high load operation. First all characterization that is required for using the model 
was calculated with the equations below and the in data in Table 6.1 The model can be 
downloaded for free from the internet on the following address:  
http://www.ces.clemson.edu/ees/ssp/ 
 
Table 6.1: Input data, used in the model. 
 Baseline  

operation 
High load operation 

Total N (mg/l) 58 53 
TSS (mg/l) 16 38 
VSS (mg/l) 100 100 
Total COD (mg/l) 310 1048 
NH3-N (mg/l) 58 46 
NO3-N (mg/l) 3.1 2.4 
Alkalinity (mg/l) 300 250 
 
BOD was estimated from a ratio of 0.5 between BOD and COD after primary settling, 
see Equation 6.1 (Metcalf & Eddy, 2003). 
 

5.0≈
COD

BOD
     Equation 6.1 

 
Biodegradable COD was calculated from Equation 6.2. 
 

))(71.1( 5BODCODBO ≈     Equation 6.2 
 
CODBO = biodegradable COD  
 
Inert COD was calculated from Equation 6.3. 
 

BOTOIO CODCODCOD −=     Equation 6.3 
 
CODIO = non biodegradable COD or inert COD 
CODTO = total COD 
 
Particulate inert COD was calculated from Equation 6.4 and that 35 to 40 % of the 
particulate organic matter in domestic wastewater is non biodegradable. Particulate 
organic matter is represented by the VSS. Assuming that the element composition of the 
inert particulate organic matter is similar to that of protein, which has a COD equivalent 
of 1.5 g COD/g protein, and that protein is totally volatile in a volatile suspended solids 
test then: 
 



 

  

))(50.1)(375.0( VSSX IO =     Equation 6.4 

 
XIO = Particulate inert COD 
 
Soluble inert COD was calculated from Equation 6.5. 
 

IOIOIO XCODS −=     Equation 6.5 
 
SIO = Soluble inert COD 
 
Partitioning of the biodegradable COD into slowly and readily biodegradable fractions 
can be done by knowing that 43 % of the biodegradable COD is readily biodegradable. 
Readily biodegradable COD was calculated from Equation 6.6. 
  

BOSO CODS •= 43.0     Equation 6.6 

 
SSO = readily biodegradable COD 
 
Particulate readily biodegradable COD was calculated from Equation 6.7. 
 

SOBOSO SCODX −=     Equation 6.7 

 
XSO = Particulate readily biodegradable COD 
 
The concentration of organic nitrogen in wastewater can be obtained as the difference 
between the TKN and the ammonia-N concentrations as in Equation 6.8. 
 

NHOTO STKNON −=     Equation 6.8 

 
ONTO = organic nitrogen concentration 
SNHO = ammonia concentrations 
 
Particulate organic nitrogen was calculated from Equation 6.9. A reasonable value for 
particulate organic nitrogen is 0.06 mg N/mg COD 
 

IONIO XX )06.0(=     Equation 6.9 

 
XNIO = Biodegradable organic nitrogen 
XIO = Particulate inert organic matter 
 
 
 
 
 
 



 

  

Biodegradable organic nitrogen was calculated from Equation 6.10. 
 

NSONSONBO XSS +=     Equation 6.10 

 
SNBO = Biodegradable organic nitrogen 
SNSO = Soluble organic nitrogen 
XNSO = Particulate inert organic nitrogen 
 
Partitioning of the biodegradable organic nitrogen was calculated with Equation 6.11. 
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Consequently 
 

NSONBONSO SSX −=     Equation 6.12 

 
MLVSS g/COD m3 was converted to MLSS mg/COD/l through Equation 6.13 (Grady et 
al., 1999). 
 

mgVSS

mgCOD

mgVSS

mgCOD

L

mgVSS 42.142.11 =•    Equation 6.13 

 
Below follows a presentation of all the data that has been used in the simulation and the 
steady state result for high load operation, baseline operation (600 l/d) and baseline 
operation (1200 l/d). 



 

  

Simulation high load operation 
DEFINITION OF THE PHYSICAL PLANT                 Current Value 
        ================================                ------------- 
        (1) Enter the number of reactors (up to 9)   2 
        (2) Enter the solids retention time (SRT) in days   33.0 
        (3) Enter the average total flow rate (m3/day)         546 
        (4) For each reactor, specify either the:                1 
        (5) Recirculation input (m3/day)                              0 
        (6) Recirculation originated from reactor 
 
          FOR REACTOR # 1:                              Current Value 
          ----------------                             ------------- 
          (1) Volume of the reactor (m3)                      600 
          (2) Fraction of the total flow rate (0 to 1)         1.00 
          (3) Dissolved oxygen concentration (g-O2/m3)        0.00 
          (4) Recycle input (m3/day)                         5900 
          (5) Recirculation input (m3/day)                       0          
          (6) Recirculation originated from reactor 
 
          FOR REACTOR # 2 :                              Current Value 
          ----------------                             ------------- 
          (1) Volume of the reactor (m3)                              870 
          (2) Fraction of the total flow rate (0 to 1)                0.00 
          (3) Dissolved oxygen concentration (g-O2/m3)          4.00 
          (4) Recycle input (m3/day)                                          0 
           (5) Recirculation input (m3/day)                                 0 
          (6) Recirculation originated from reactor 

(1) Oxygen concentration (g/O2/m
3), or  

 (2) The mass transfer coeff. for oxygen (day-1) 
 
              AUTOTROPHIC  PARAMETERS                 Current Value 
              =======================               ------------- 
              mu max              d-1              =                           0.650 
              ks NH4-N            g N m-3          =                     1.000 
              ks O2               g O2 m-3         =                        1.000 
              yield                g COD g-1 N      =                         0.240 
              b  decay             d-1              =                             0.120 
 
 
 
 
 
 
 
 



 

  

  HETEROTROPHIC  PARAMETERS               Current Value 
             =========================             ------------- 
             mu max              d-1              =                            4.000 
             ks COD              g COD m-3        =                         10.000 
             ks O2               g O2 m-3         =                          0.100 
             yield               g COD g-1 COD    =                    0.670 
             b decay             d-1              =                        0.620 
             anoxic growth factor                 =                    0.800 
             ks NO3              g N m-3          =                    0.200 
             hydrolysis rate     d-1              =                      2.200 
             hydrol satur ratio   g COD g-1 COD    =             0.150 
             anoxic hydrol factor                 =                    0.400 
             ammonification      m3 g-1 COD d-1   =           0.160 
             frac. part. prod.    g COD g-1 COD    =               0.080 
             N in biomass         g N g-1 COD      =                0.086 
             N in part. prod.     g N g-1 COD      =                0.060 
             O2 saturation conc  g O2 m-3         =             9.000 
 
                    ***  FATAL  ERRORS  AND  WARNINGS  *** 
     WARNINGS: 
     ========= 
 1)  The alkalinity in reactor 1 is below the 1 mole/m3 required to sustain 
     uninhibited biological growth. 
 2)  The alkalinity in reactor 2 is below the 1 mole/m3 required to sustain 
     uninhibited biological growth. 
 
               STEADY-STATE  SOLUTION                                        W 
               ====================== 
CONSTITUENTS                                          FEED            1           2 
============                            ====  ======  ====== 
Heterotrophic Organisms   g COD m-3  =            0.0          966.6       1011.3 
Autotrophic Organisms      g COD m-3  =             0.0            27.6           28.1 
Particulate Products       g COD m-3  =           0.0         1642.7       1647.5 
Inert Particulates         g COD m-3  =                   56.0          840.8        840.8 
Particulate Organics       g COD m-3  =               511.0         427.6       
 340.3 
Soluble Organics           g COD m-3  =                385.0           16.3           
 3.8 
Soluble Ammonia N          g  n  m-3  =               46.0            4.8            1.4 
Soluble Nitrate/Nitrite N  g  n  m-3  =                   2.4            0.0          
 3.0 
Soluble Organic N          g  n  m-3  =                    2.8             0.1          
 0.6 
Biodegrad Part Organic N  g  n  m-3  =               6.5            27.2          22.6 
Oxygen                     g o2  m-3  =                        0.0             0.0             4.0 
Alkalinity                 mole  m-3  =                       2.5           - 0.3           - 0.7 



 

  

MLVSS                      g COD m-3  =                                  3905.4       3867.9 
MLSS  g COD/l                     2750          2723 
O2 Consumed             go2 m-3 d-1  =                                   0.0        688.0 
Nitrate Consumed     g no3-n m-3 d-1  =                              31.5           3.5 

Simulation baseline operation (600 l/d) 
        DEFINITION OF THE PHYSICAL PLANT                Current Value 
        ================================                ------------- 
        (1) Enter the number  of  reactors  (up  to  9)         2 
        (2) Enter the solids retention time (SRT) in days     110.0 
        (3) Enter the average total flow rate  (m3/day)        615 
        (4) For each reactor, specify either the:               1 
          (5) Recirculation input  (m3/day)                             0 
          (6) Recirculation originated from reactor 
 
          FOR REACTOR # 1 :                            Current Value 
          ----------------                             ------------- 
          (1) Volume of the reactor  (m3)                           600 
          (2) Fraction of the total flow rate (0 to 1)            1.00 
          (3) Dissolved oxygen concentration (g-O2/m3)  0.00 
          (4) Recycle input  (m3/day)                                 5441 
          (5) Recirculation input  (m3/day)                        0 
          (6) Recirculation originated from reactor 
 
          FOR REACTOR # 2 :                              Current Value 
          ----------------                             ------------- 
          (1) Volume of the reactor  (m3)                             870 
          (2) Fraction of the total flow rate (0 to 1)                  0.00 
          (3) Dissolved oxygen concentration (g-O2/m3)        4.00 
          (4) Recycle input  (m3/day)                                       0 
          (5) Recirculation input  (m3/day)                              0 
          (6) Recirculation originated from reactor 
 
                    ***  FATAL  ERRORS  AND  WARNINGS  *** 
 
     WARNINGS: 
     ========= 
 1)  The alkalinity in reactor 1 is below the 1 mole/m3 required to sustain 
     uninhibited biological growth. 
 2)  The alkalinity in reactor 2 is below the 1 mole/m3 required to sustain 
     uninhibited biological growth. 
 
              AUTOTROPHIC  PARAMETERS               Current Value 
              =======================               ------------- 
              mu  max              d-1              =            0.650 
              ks  NH4-N            g N m-3          =     1.000 



 

  

              ks  O2               g O2 m-3         =        1.000 
              yield                g COD g-1 N      =         0.240 
              b  decay             d-1              =            0.120 
              
 
HETEROTROPHIC  PARAMETERS             Current Value 
             =========================             ------------- 
             mu  max              d-1              =        4.000 
             ks  COD              g COD m-3        =   10.000 
             ks  O2               g O2 m-3         =     0.100 
             yield                g COD g-1 COD    =    0.670 
             b  decay             d-1              =         0.620 
             anoxic growth factor                 =    0.800 
             ks  NO3              g N m-3          =     0.200 
             hydrolysis  rate     d-1              =       2.200 
             hydrol satur ratio   g COD g-1 COD  =  0.150 
             anoxic hydrol factor                 =      0.400 
             ammonification      m3 g-1 COD d-1  0.160 
             frac. part. prod.    g COD g-1 COD    =  0.080 
             N in biomass         g N g-1 COD      =  0.086 
             N in part. prod.     g N g-1 COD      =  0.060 
             O2 saturation conc  g O2 m-3       =  9.000 
 
               STEADY-STATE  SOLUTION                                        W 
               ====================== 
CONSTITUENTS                                            FEED         1            2 
============                            ====  ======  ====== 
Heterotrophic Organisms   g COD m-3  =            0.0         307.5       309.8 
Autotrophic Organisms      g COD m-3  =              0.0          48.7         
 49.4 
Particulate Products       g COD m-3  =                  0.0       1754.3      1756.6 
Inert Particulates         g COD m-3  =                     0.6           27.6          27.6 
Particulate Organics       g COD m-3  =               151.0          58.0         
 39.7 
Soluble Organics           g COD m-3  =                114.0            2.2           
 2.0 
Soluble Ammonia N          g  n  m-3  =               58.0            6.5            0.7 
Soluble Nitrate/Nitrite N  g  n  m-3  =                  3.2          30.1           36.5 
Soluble Organic N          g  n  m-3  =                   2.2            0.3             
 0.5 
Biodegrad Part Organic N  g  n  m-3  =              7.8            4.4              3.2 
Oxygen                     g o2  m-3  =                        0.0            0.0              4.0 
Alkalinity                 mole  m-3  =                       3.0            -2.5            -3.4 
 
MLVSS                      g COD m-3  =                                  2196.1        2183.1 
MLSS  g COD/m3                                                         1546           1537 



 

  

O2 Consumed             g o2 m-3 d-1  =                                  0.0           295.0 
Nitrate Consumed     g no3-n m-3 d-1  =                             30.3              0.7 

Simulation baseline operation (1200 l/d) 
        DEFINITION OF THE PHYSICAL PLANT                Current Value 
        ================================                ------------- 
        (1) Enter the number  of  reactors  (up  to  9)         2 
        (2) Enter the solids retention time (SRT) in days     35.0 
        (3) Enter the average total flow rate  (m3/day)       1200 
          (4) For each reactor, specify either the:               1 
          (5) Recirculation input  (m3/day)                             0 
          (6) Recirculation originated from reactor 
 
          FOR REACTOR # 1 :                            Current Value 
          ----------------                             ------------- 
          (1) Volume of the reactor  (m3)                                600 
          (2) Fraction of the total flow rate (0 to 1)                 1.00 
          (3) Dissolved oxygen concentration (g-O2/m3)       0.00 
          (4) Recycle input  (m3/day)                                      5441 
          (5) Recirculation input  (m3/day)                             0 
          (6) Recirculation originated from reactor 
 
          FOR REACTOR # 2 :                            Current Value 
          ----------------                             ------------- 
          (1) Volume of the reactor  (m3)                               870 
          (2) Fraction of the total flow rate (0 to 1)                 0.00 
          (3) Dissolved oxygen concentration (g-O2/m3)       4.00 
          (4) Recycle input  (m3/day)                                      0 
          (5) Recirculation input  (m3/day)                             0 
          (6) Recirculation originated from reactor 
 
                    ***  FATAL  ERRORS  AND  WARNINGS  *** 
 
     WARNINGS: 
     ========= 
 1)  The alkalinity in reactor 1 is below the 1 mole/m3 required to sustain 
     uninhibited biological growth. 
 2)  The alkalinity in reactor 2 is below the 1 mole/m3 required to sustain 
     uninhibited biological growth. 
              AUTOTROPHIC  PARAMETERS               Current Value 
              =======================               ------------- 
              mu  max              d-1              =            0.650 
              ks  NH4-N            g N m-3          =     1.000 
              ks  O2               g O2 m-3         =        1.000 
              yield                g COD g-1 N      =         0.240 
              b  decay             d-1              =            0.120 



 

  

              
 
HETEROTROPHIC  PARAMETERS             Current Value 
             =========================             ------------- 
             mu  max              d-1              =         4.000 
             ks  COD              g COD m-3        =    10.000 
             ks  O2               g O2 m-3         =     0.100 
             yield               g COD g-1 COD    =     0.670 
             b  decay             d-1              =         0.620 
             anoxic growth factor                 =    0.800 
             ks  NO3              g N m-3          =     0.200 
             hydrolysis  rate     d-1              =       2.200 
             hydrol satur ratio   g COD g-1 COD  =  0.150 
             anoxic hydrol factor                 =      0.400 
             ammonification      m3 g-1 COD d-1  0.160 
             frac. part. prod.    g COD g-1 COD    =  0.080 
             N in biomass         g N g-1 COD      =  0.086 
             N in part. prod.     g N g-1 COD      =  0.060 
             O2 saturation conc  g O2 m-3       =  9.000 
 
               STEADY-STATE  SOLUTION                                        W 
               ====================== 
CONSTITUENTS                                         FEED           1                2 
============                            ====  ======  ====== 
Heterotrophic Organisms   g cod m-3  =        0.0         672.0         678.9 
Autotrophic Organisms     g cod m-3  =         0.0          98.5         100.0 
Particulate Products       g cod m-3  =             0.0        1219.9       1222.8 
Inert Particulates         g cod m-3  =                0.6            21.0          21.0 
Particulate Organics       g cod m-3  =         151.0          136.0        106.1 
Soluble Organics           g cod m-3  =          114.0           2.1           2.3 
Soluble Ammonia N          g  n  m-3  =         58.0            10.9            1.3 
Soluble Nitrate/Nitrite N  g  n  m-3  =            3.2             21.5           31.8 
Soluble Organic N          g  n  m-3  =              2.2           0.3              0.5 
Biodegrad Part Organic N  g  n  m-3  =         7.8            10.4            8.4 
Oxygen                     g o2  m-3  =                   0.0           0.0            4.0 
Alkalinity                 mole  m-3  =                  3.0         -1.6           -3.1 
 
MLVSS                      g cod m-3  =                    2147.4       2128.8 
MLSS  g COD/m3                               1511           1499 
O2 Consumed             g o2 m-3 d-1  =               0.0            776.6 
Nitrate Consumed     g no3-n m-3 d-1  =          64.8               1.7 

Simulation baseline (half HRT) 
        DEFINITION OF THE PHYSICAL PLANT                Current Value 
        ================================                ------------- 
        (1) Enter the number  of  reactors  (up  to  9)         2 



 

  

        (2) Enter the solids retention time (SRT) in days     60 
        (3) Enter the average total flow rate  (m3/day)        615 
        (4) For each reactor, specify either the:               1 
          (5) Recirculation input  (m3/day)                             0 
          (6) Recirculation originated from reactor 
 
          FOR REACTOR # 1 :                            Current Value 
          ----------------                             ------------- 
          (1) Volume of the reactor  (m3)                                                300 
          (2) Fraction of the total flow rate (0 to 1)                               1.00 
          (3) Dissolved oxygen concentration (g-O2/m3)                     0.00 
          (4) Recycle input  (m3/day)                                                   5441 
          (5) Recirculation input  (m3/day)                                                0 
          (6) Recirculation originated from reactor 
 
          FOR REACTOR # 2 :                              Current Value 
          ----------------                             ------------- 
          (1) Volume of the reactor  (m3)                              570 
          (2) Fraction of the total flow rate (0 to 1)                  0.00 
          (3) Dissolved oxygen concentration (g-O2/m3)       4.00 
          (4) Recycle input  (m3/day)                                       0 
          (5) Recirculation input  (m3/day)                              0 
          (6) Recirculation originated from reactor 
 
                    ***  FATAL  ERRORS  AND  WARNINGS  *** 
 
     WARNINGS: 
     ========= 
 1)  The alkalinity in reactor 1 is below the 1 mole/m3 required to sustain 
     uninhibited biological growth. 
 2)  The alkalinity in reactor 2 is below the 1 mole/m3 required to sustain 
     uninhibited biological growth. 
 
              AUTOTROPHIC  PARAMETERS               Current Value 
              =======================               ------------- 
              mu  max              d-1              =           0.650 
              ks  NH4-N            g N m-3          =     1.000 
              ks  O2               gO2 m-3         =        1.000 
              yield                g COD g-1 N      =         0.240 
              b  decay             d-1              =            0.120 
              
 
HETEROTROPHIC  PARAMETERS             Current Value 
             =========================             ------------- 
             mu  max              d-1              =         4.000 
             ks  COD              g COD m-3        =    10.000 



 

  

             ks  O2               g O2 m-3         =     0.100 
             yield               g COD g-1 COD    =     0.670 
             b  decay             d-1              =         0.620 
             anoxic growth factor                 =    0.800 
             ks  NO3              g N m-3          =     0.200 
             hydrolysis  rate     d-1              =       2.200 
             hydrol satur ratio   g COD g-1 COD  =  0.150 
             anoxic hydrol factor                 =      0.400 
             ammonification      m3 g-1 COD d-1  0.160 
             frac. part. prod.    g COD g-1 COD    =  0.080 
             N in biomass         g N g-1 COD      =  0.086 
             N in part. prod.     g N g-1 COD      =  0.060 
             O2 saturation conc  g O2 m-3       =  9.000 
 
               STEADY-STATE  SOLUTION                                        W 
               ====================== 
CONSTITUENTS                                     FEED       1             2 
============                            ====  ======  ====== 
Heterotrophic Organisms   g cod m-3  =        0.0       500.3       502.1 
Autotrophic Organisms     g cod m-3  =         0.0         77.0         77.7 
Particulate Products      g cod m-3  =              0.0      1552.8     1555.2 
Inert Particulates        g cod m-3  =                 0.6          23.6         23.6 
Particulate Organics      g cod m-3  =            151.0        80.3         61.8 
Soluble Organics          g cod m-3  =             114.0          2.3          2.0 
Soluble Ammonia N         g  n  m-3  =            58.0          6.4          0.7 
Soluble Nitrate/Nitrite N g  n  m-3  =               3.2         33.8        40.1 
Soluble Organic N         g  n  m-3  =                 2.2           0.3          0.5 
Biodegrad Part Organic N  g  n  m-3  =            7.8           6.1          4.9 
Oxygen                    g o2  m-3  =                      0.0           0.0           4.0 
Alkalinity                mole  m-3  =                     3.0           -2.8         -3.6 
 
MLVSS                     g cod m-3  =                               2234.0     2220.5 
MLSS                        g cod m-3  =                               1573        1564 
O2 Consumed            g o2 m-3 d-1  =                              0.0         453.6 
Nitrate Consumed    g no3-n m-3 d-1  =                         51.7             1.1 
 
 
 



 

  



 

  

 

Appendix 7 
Results MBR 

 



 

  



 

  

Appendix 7: Results MBR 

Alkalinity 

0

50

100

150

200

250

300

350

3/6/2004 3/16/2004 3/26/2004 4/5/2004 4/15/2004 4/25/2004 5/5/2004

(m
g/

l)

Influent Permeate

0

50

100

150

200

250

300

350

4/18/2004 4/20/2004 4/22/2004 4/24/2004

(m
g/

l)

Influent Permeate

 
Figure 7:1: Alkalinity in the influent and the permeate during baseline (left) and high 
load (right) operation. 
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Figure 7:2: Alkalinity in the influent and the permeate during start up. 

pH 

3

4

5

6

7

8

9

3/6/2004 3/16/2004 3/26/2004 4/5/2004 4/15/2004 4/25/2004 5/5/2004

(p
H

)

Influent Permeate

6

7

8

9

4/18/2004 4/20/2004 4/22/2004 4/24/2004

(p
H

)

Influent Permeate

 
Figure 7.3: pH in the influent, and in the permeate during baseline (left) and high load 
(right) operation. 
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Figure 7.4: Color in the influent and in the permeate during baseline (left) and high load 
(right) operation. 
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Figure 7.5: UVA in the influent and in the permeate during baseline (left) and high load 
(right) operation. 
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Figure 8.1: Flow out from the columns. 
 
Table 8.1: Effluent values from the soil columns. 
Date Sand 8 

cm/d 
(1A) 
(ml/16h) 

Sand 8 
cm/d 
(1B) 
(ml/16h) 

Average 
(ml/16h) 

STDEV 
(ml/16h) 

MPS 8 
cm/d 
(2A) 
(ml/16h) 

MPS 8 
cm/d 
(2B) 
(ml/16h) 

Average 
(ml/16h)  

STDEV 
(ml/16h) 

3/7/2004 10.37 10.55 10.46 ±0.13 8.05 8.13 8.09 ±0.06 
3/11/2004 11.95 12.29 12.12 ±0.24 11.67 11.79 11.73 ±0.09 
3/14/2004 6.04 1.01 3.53 ±3.56 6.11 6.04 6.08 ±0.05 
3/17/2004 5.89 3.27 4.58 ±1.85 5.86 5.71 5.78 ±0.11 
3/20/2004 6.82 6.01 6.42 ±0.58 5.93 6.07 6.00 ±0.10 
3/23/2004 5.92 6.10 6.01 ±0.13 6.17 6.01 6.09 ±0.11 
3/26/2004 5.34 5.66 5.50 ±0.23 5.79 5.53 5.66 ±0.19 
3/30/2004 6.37 6.08 6.22 ±0.20 5.78 5.88 5.83 ±0.07 
4/7/2004 8.48 9.21 8.84 ±0.51 9.12 9.03 9.07 ±0.06 
4/14/2004 4.96 4.95 4.95 ±0.01 4.94 5.00 4.97 ±0.04 
4/17/2004 5.04 5.27 5.16 ±0.16 5.17 5.20 5.18 ±0.02 
4/21/2004 5.29 4.73 5.01 ±0.40 5.13 5.33 5.23 ±0.14 
4/24/2004 5.02 5.18 5.10 ±0.12 4.77 5.20 4.98 ±0.31 
4/28/2004 6.43 5.21 5.82 ±0.86 4.95 5.03 4.99 ±0.06 
5/3/2004 3.22 1.77 2.49 ±1.03 4.49 4.43 4.46 ±0.04 
5/7/2004 5.21 4.86 5.04 ±0.25 4.98 4.90 4.94 ±0.06 
 
 
 
 



 

  

 
 
Table 8.2: Effluent values from the soil columns. 

Date Sand 24 
cm/d 
(5A) 

(ml/16h) 

Sand 24 
cm/d 
(5B) 

(ml/16h) 

Average 
(ml/16h) 

STDEV 
(ml/16h) 

DI 8 
cm/d 
Sand 
(6A) 

(ml/16h) 

DI 8 
cm/d 
MPS 
(6B) 

(ml/16h) 

Average 
(ml/16h) 

STDEV 
(ml/16h) 

3/7/2004 35.70 35.99 35.84 ±0.20 11.48 11.98 11.73 ±0.36 
3/11/2004 30.00 29.94 29.97 ±0.04 6.02 5.97 6.00 ±0.04 
3/14/2004 32.27 31.47 31.87 ±0.56 5.70 0.00 2.85 ±4.03 
3/17/2004 19.70 20.16 19.93 ±0.33 6.23 3.88 5.06 ±1.66 
3/20/2004 30.94 30.04 30.49 ±0.63 5.99 6.90 6.44 ±0.64 
3/23/2004 30.31 29.98 30.14 ±0.23 5.25 6.06 5.65 ±0.58 
3/26/2004 25.06 24.31 24.69 ±0.53 6.08 7.14 6.61 ±0.75 
3/30/2004 31.94 32.94 32.44 ±0.71 8.86 10.69 9.77 ±1.29 
4/7/2004 35.52 35.60 35.56 ±0.06 5.00 6.63 5.81 ±1.16 

4/14/2004 30.43 29.76 30.09 ±0.48 5.13 6.68 5.90 ±1.10 
4/17/2004 34.38 34.38 34.38 ±0.00 5.09 5.43 5.26 ±0.24 
4/21/2004 30.09 29.88 29.99 ±0.15 5.16 6.26 5.71 ±0.78 
4/24/2004 29.02 30.23 29.63 ±0.85 4.96 6.79 5.88 ±1.30 
4/28/2004 19.21 19.73 19.47 ±0.37 4.45 5.59 5.02 ±0.80 
5/3/2004 27.13 27.22 27.18 ±0.06 5.01 6.51 5.76 ±1.06 
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Appendix 10 
Data base soil columns, Average values 



 

  

 
 



 

 
 

A
p

p
en

d
ix

 1
0:

 D
at

a
 b

as
e 

so
il 

co
lu

m
n

s,
 A

ve
ra

g
e

 v
al

u
es

C
o

lu
m

n
D

at
e

H
o

u
rs

 o
f 

o
p

er
at

io
n

V
o

lu
m

e 
(m

l)
F

lo
w

 
(m

l/
h

)
U

V
 2

54
 

(1
/m

)
S

T
D

E
V

 
U

V
 

C
o

lo
r 

(4
36

n
m

) 
(1

/m
)

S
T

D
E

V
 

C
o

lo
r

N
O

3
-N

 
(m

g
/l

)
S

T
D

E
V

 
N

O
3-

N
N

H
3-

N
 

(m
g

/l
)

S
T

D
E

V
 

N
H

3-
N

C
O

D
 

(m
g

/l
)

S
T

D
E

V
 

C
O

D
P

 
(m

g
/l

)
S

T
D

E
V

 
P

C
o

n
d

 
(m
Ω

)
S

T
D

E
V

 
C

o
n

d
1

2
0

0
4

-0
3

-0
7

5
4

,5
8

3
8

0
,7

5
1

0
,4

6
1

1
,0

5
1

,0
6

1
0

,3
0

,4
2

4
2

2
0

0
4

-0
3

-0
7

5
4

,5
8

2
9

4
,5

8
,0

9
4

1
5

,6
2

,5
4

6
0

,0
5

0
,0

7
1

5
2

0
0

4
-0

3
-0

7
5

4
,5

8
1

3
0

4
,2

5
3

5
,8

4
1

0
,4

0
,1

4
1

0
0

,0
0

0
5

2
0

0
4

-0
3

-0
9

4
0

,2
5

8
0

4
,2

5
2

9
,9

7
9

,6
7

5
0

,1
0

6
0

,6
2

5
0

,3
1

8
1

2
0

0
4

-0
3

-1
1

4
7

,2
5

3
8

1
,7

5
1

2
,1

2
1

0
,5

7
5

0
,3

1
8

0
,2

5
0

,2
1

2
2

2
0

0
4

-0
3

-1
1

4
7

,2
5

3
6

9
,5

1
1

,7
3

1
5

,4
7

5
1

,3
0

8
0

,2
7

5
0

,3
8

9
1

2
0

0
4

-0
3

-1
4

7
5

1
7

6
,2

5
3

,5
2

5
1

0
,6

0
,1

4
1

0
,7

5
0

,0
7

1
2

2
0

0
4

-0
3

-1
4

7
5

3
0

3
,7

5
6

,0
7

5
1

5
,3

5
0

,9
1

9
0

,8
5

0
,2

1
2

5
2

0
0

4
-0

3
-1

4
1

1
7

,7
5

2
5

0
1

,7
5

3
1

,8
7

1
1

0
,1

4
1

1
,3

0
,0

0
0

1
2

0
0

4
-0

3
-1

7
6

9
2

1
0

,7
5

4
,5

8
2

9
,3

0
,4

2
4

0
,7

2
5

0
,0

3
5

4
,4

5
1

,3
4

4
0

,2
5

0
,3

5
4

2
1

,1
5

3
,1

8
2

1
5

,7
5

2
,6

1
6

2
2

0
0

4
-0

3
-1

7
6

9
2

6
6

5
,7

8
3

1
5

,5
5

0
,7

7
8

1
,9

2
5

0
,1

0
6

5
,4

5
5

,8
6

9
1

0
,4

2
4

2
5

,3
3

,8
1

8
6

,9
5

0
,2

8
3

5
2

0
0

4
-0

3
-1

7
6

9
9

1
6

,7
5

1
9

,9
3

1
0

,2
0

,4
2

4
0

,7
5

0
,0

7
1

1
9

,7
0

,7
0

7
0

,3
5

0
,0

7
1

1
5

,9
2

,5
4

6
2

0
,3

5
1

,3
4

4
1

2
0

0
4

-0
3

-2
0

7
3

,7
5

3
1

5
,5

6
,4

1
7

1
0

,4
5

0
,0

7
1

0
,7

0
,0

0
0

5
,4

2
,5

4
6

0
,4

0
,1

4
1

2
,9

5
2

,4
7

5
0

,5
7

9
0

,0
0

1
2

2
0

0
4

-0
3

-2
0

7
3

,7
5

2
9

5
6

1
5

,2
5

1
,7

6
8

0
,6

5
0

,2
1

2
4

,3
5

,3
7

4
1

,0
5

0
,6

3
6

5
,5

2
,9

7
0

0
,5

6
4

0
,0

2
4

5
2

0
0

4
-0

3
-2

0
7

3
,7

5
1

4
9

9
3

0
,4

9
1

1
,7

5
0

,2
1

2
0

,9
0

,0
0

0
1

6
,1

5
0

,2
1

2
0

,2
0

,1
4

1
0

,0
5

0
,0

7
1

0
,6

0
6

0
,0

0
0

1
2

0
0

4
-0

3
-2

3
7

0
,9

2
2

8
4

,2
5

6
,0

1
2

1
1

,5
2

5
1

,2
3

7
0

,8
0

,1
4

1
2

2
0

0
4

-0
3

-2
3

7
0

,9
2

2
8

7
,7

5
6

,0
8

6
1

5
,5

4
,6

6
7

0
,9

2
5

0
,0

3
5

5
2

0
0

4
-0

3
-2

3
7

0
,9

2
1

4
2

5
,2

5
3

0
,1

4
1

2
,2

5
0

,0
7

1
1

,1
2

5
0

,1
7

7
1

2
0

0
4

-0
3

-2
6

7
7

,3
3

2
8

3
,7

5
5

,5
0

4
1

2
,1

5
0

,0
7

1
1

,1
5

0
,0

7
1

1
,0

5
1

,0
6

1
0

,2
0

,1
4

1
2

0
,2

1
,5

5
6

2
0

,2
5

3
,8

8
9

0
,5

7
2

0
,0

0
6

2
2

0
0

4
-0

3
-2

6
7

7
,3

3
2

9
1

,7
5

5
,6

5
9

1
6

,4
5

2
,4

7
5

0
,9

5
0

,0
7

1
1

,8
5

1
,2

0
2

1
,1

0
,9

9
0

2
3

,5
4

,6
6

7
0

0
,0

0
0

0
,5

1
0

5
0

,0
0

6
5

2
0

0
4

-0
3

-2
6

7
7

,3
3

1
2

7
2

,7
5

2
4

,6
9

1
2

,5
5

0
,3

5
4

1
0

,4
2

4
1

2
,2

5
0

,0
7

1
0

,4
0

,1
4

1
1

7
,7

0
,2

8
3

3
2

,7
3

,1
1

1
0

,6
1

6
0

,0
0

6
1

2
0

0
4

-0
3

-3
0

9
6

,3
3

3
9

9
,7

5
6

,2
2

5
1

1
,3

5
0

,0
7

1
1

0
,1

4
1

0
,1

5
0

,2
1

2
0

,6
5

0
,0

7
1

2
2

,4
5

0
,2

1
2

2
0

,6
5

1
,6

2
6

0
,5

9
3

5
0

,0
1

8
2

2
0

0
4

-0
3

-3
0

9
6

,3
3

3
7

4
,5

5
,8

3
2

1
5

,9
1

,5
5

6
0

,5
7

5
0

,6
0

1
0

,5
5

0
,2

1
2

1
,2

5
0

,9
1

9
2

3
,8

5
7

,0
0

0
3

,0
5

0
,0

7
1

0
,5

4
4

5
0

,0
5

6
5

2
0

0
4

-0
3

-3
0

9
6

,3
3

1
2

1
4

,2
5

1
8

,9
1

1
0

,7
2

5
0

,8
8

4
1

,1
2

5
0

,3
1

8
1

0
,9

0
,2

8
3

0
,5

5
0

,2
1

2
1

7
,6

0
,0

0
0

3
0

,9
5

5
,1

6
2

0
,6

3
0

,0
0

0
1

2
0

0
4

-0
4

-0
7

1
1

5
,6

7
6

8
2

8
,8

4
4

9
,5

2
5

0
,1

0
6

1
,1

5
0

,6
3

6
2

,2
5

0
,0

7
1

0
,1

0
,1

4
1

1
1

,6
5

1
,0

6
1

3
1

,5
5

1
1

,9
5

0
0

,5
8

3
0

,0
0

0
2

2
0

0
4

-0
4

-0
7

1
1

5
,6

7
6

9
9

,5
9

,0
7

1
1

5
,4

7
5

4
,3

4
9

0
,5

5
0

,2
1

2
1

,9
5

2
,3

3
3

0
,5

5
0

,7
7

8
1

5
,3

5
6

,5
7

6
0

,2
5

0
,3

5
4

0
,5

2
4

5
0

,0
0

1
5

2
0

0
4

-0
4

-1
2

2
3

8
,6

7
5

6
5

8
,7

5
3

5
,5

6
9

,9
7

5
0

,6
0

1
0

,7
5

0
,3

5
4

1
9

0
,1

4
1

0
,0

5
0

,0
7

1
1

1
,4

5
0

,4
9

5
2

1
,9

5
1

,3
4

4
0

,6
0

4
5

0
,0

0
8

1
2

0
0

4
-0

4
-1

4
1

6
6

,5
5

5
0

4
,9

5
5

1
0

0
,7

0
7

1
,1

5
0

,2
1

2
2

,8
5

0
,0

7
1

0
,5

0
,1

4
1

1
3

,7
5

0
,4

9
5

2
2

,8
3

,2
5

3
0

,6
2

4
0

,0
0

7
2

2
0

0
4

-0
4

-1
4

1
6

6
,5

5
5

2
4

,9
7

3
1

4
,8

5
6

,8
5

9
1

,7
5

0
,6

3
6

2
,4

5
3

,0
4

1
1

,0
5

0
,7

7
8

1
9

,1
5

4
,0

3
1

0
,1

0
,1

4
1

0
,5

7
6

5
0

,0
0

1
5

2
0

0
4

-0
4

-1
4

4
3

,5
8

7
2

,7
5

3
0

,0
9

1
0

0
,4

2
4

1
0

,0
0

0
2

0
,6

0
,4

2
4

0
,5

0
,1

4
1

1
3

,2
5

0
,7

7
8

1
9

,0
5

5
,5

8
6

0
,6

6
1

0
,0

0
4

1
2

0
0

4
-0

4
-1

7
7

3
,7

5
2

5
4

,7
5

5
,1

8
1

1
5

,4
2

5
5

,0
5

6
0

,9
2

5
0

,2
4

7
0

,5
7

8
0

,0
1

0
2

2
0

0
4

-0
4

-1
7

7
3

,7
5

1
6

9
0

,5
3

4
,3

8
9

,1
5

0
,7

0
7

0
,6

7
5

0
,0

3
5

0
,6

4
0

,0
0

7
5

2
0

0
4

-0
4

-1
7

7
3

,7
5

2
9

0
,2

5
5

,9
0

3
4

,1
2

5
5

,4
0

9
0

,0
7

5
0

,1
0

6
0

,7
1

7
0

,0
3

4
1

2
0

0
4

-0
4

-2
1

9
4

,5
8

3
1

5
,7

5
5

,0
0

8
8

,7
5

0
,0

7
1

0
,7

5
0

,2
1

2
3

,4
0

,1
4

1
0

,0
9

5
1

2
,5

1
,4

1
4

2
3

,3
1

,1
3

1
0

,5
9

5
0

,0
0

1
2

2
0

0
4

-0
4

-2
1

9
4

,5
8

3
2

9
,7

5
5

,2
3

1
6

,8
4

,3
8

4
1

,1
5

0
,4

9
5

6
,8

5
4

,5
9

6
0

,2
8

2
5

0
,3

1
3

1
7

,7
4

,5
2

5
6

,3
5

1
,3

4
4

0
,5

9
3

5
0

,0
0

8
5

2
0

0
4

-0
4

-2
1

9
4

,5
8

1
8

9
0

,7
5

2
9

,9
9

9
,6

5
0

,2
1

2
0

,8
0

,0
0

0
1

5
,8

5
0

,6
3

6
0

,0
1

3
0

,0
1

8
1

1
,0

5
0

,7
7

8
1

9
,3

1
,8

3
8

0
,6

0
9

0
,0

0
1



 

 
 

C
o

lu
m

n
D

at
e

H
o

u
rs

 o
f 

o
p

er
at

io
n

V
o

lu
m

e 
(m

l)
F

lo
w

 
(m

l/
h

)
U

V
 2

54
 

(1
/m

)
S

T
D

E
V

 
U

V
 

C
o

lo
r 

(4
36

n
m

) 
(1

/m
)

S
T

D
E

V
 

C
o

lo
r

N
O

3
-N

 
(m

g
/l

)
S

T
D

E
V

 
N

O
3-

N
N

H
3-

N
 

(m
g

/l
)

S
T

D
E

V
 

N
H

3-
N

C
O

D
 

(m
g

/l
)

S
T

D
E

V
 

C
O

D
P

 
(m

g
/l

)
S

T
D

E
V

 
P

C
o

n
d

 
(m
Ω

)
S

T
D

E
V

 
C

o
n

d
1

2
0

0
4

-0
4

-2
4

7
2

,6
7

2
4

7
5

,0
9

8
9

,2
0

,1
4

1
0

,6
5

0
,0

7
1

0
,5

3
9

0
,0

0
1

2
2

0
0

4
-0

4
-2

4
7

2
,6

7
2

4
1

,5
4

,9
8

5
1

9
,5

3
,6

7
7

1
0

,2
8

3
0

,5
3

0
5

0
,0

2
8

5
2

0
0

4
-0

4
-2

4
7

2
,6

7
1

4
3

5
,2

5
2

9
,6

3
9

,4
5

0
,0

7
1

1
0

,0
0

0
0

,5
3

8
0

,0
0

0
1

2
0

0
4

-0
4

-2
8

9
4

,5
3

6
6

,7
5

5
,8

2
1

8
,5

5
0

,1
4

1
0

,7
2

5
0

,0
3

5
0

,1
5

0
,0

7
1

0
0

,0
0

0
1

6
,8

5
,3

7
4

1
8

,8
5

1
,0

6
1

0
,5

2
9

0
,0

0
3

2
2

0
0

4
-0

4
-2

8
9

4
,5

3
1

4
,5

4
,9

9
2

2
1

,4
0

,1
4

1
0

,9
5

0
,0

0
0

0
,3

0
,1

4
1

0
,0

4
4

5
0

,0
6

3
1

8
,9

5
0

,4
9

5
5

,7
5

3
,1

8
2

0
,5

0
9

5
0

,0
2

2
5

2
0

0
4

-0
4

-2
8

9
4

,5
1

2
2

6
,5

1
9

,4
7

1
0

,1
0

,5
6

6
0

,6
0

,1
4

1
4

,6
0

,2
8

3
0

0
,0

0
0

9
0

,2
8

3
1

6
,5

5
0

,4
9

5
0

,5
4

8
0

,0
0

3
1

2
0

0
4

-0
5

-0
3

1
2

4
2

0
6

2
,4

9
2

9
,5

5
0

,2
1

2
0

,6
5

0
,0

7
1

0
,5

4
0

,0
0

1
2

2
0

0
4

-0
5

-0
3

1
2

4
3

6
9

4
,4

6
4

2
1

,4
5

2
,0

5
1

1
0

,1
4

1
0

,5
1

5
5

0
,0

0
6

5
2

0
0

4
-0

5
-0

3
1

2
4

#
#

#
#

#
#

#
#

#
#

#
#

9
,7

0
,1

4
1

0
,8

0
,0

0
0

0
,5

4
6

5
0

,0
0

2
1

2
0

0
4

-0
5

-0
7

9
4

,5
3

1
7

,2
5

5
,0

3
6

9
,8

5
0

,2
1

2
0

,6
2

5
0

,1
7

7
0

,7
5

0
,0

1
0

,0
1

4
2

6
,6

3
,9

6
0

1
6

,6
0

,8
4

9
0

,5
4

3
0

,0
0

4
2

2
0

0
4

-0
5

-0
7

9
4

,5
3

1
1

,2
5

4
,9

4
2

1
,9

2
,4

7
5

0
,5

5
0

,4
2

4
1

,0
5

0
,0

0
7

5
0

,0
1

1
2

4
,3

5
2

,7
5

8
2

,8
2

,2
6

3
0

,5
3

3
5

0
,0

0
2

5
2

0
0

4
-0

5
-0

7
9

4
,5

1
7

1
2

,2
5

2
7

,1
8

1
0

,1
0

,2
8

3
0

,1
5

0
,1

4
1

1
7

,2
0

0
,0

0
0

1
0

,8
5

1
,2

0
2

2
4

2
,5

4
6

0
,5

7
4

0
,0

0
3

P
e

rm
e

a
te

2
0

0
4

-0
3

-0
7

1
2

1
,1

1
8

4
,9

1
6

,1
1

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-0
8

1
2

,1
1

,0
5

7
1

4
1

7
,7

8
6

4
,2

7
1

4
1

7
,3

4
1

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-0
9

1
2

,2
1

,0
1

4
2

9
1

7
,5

7
1

3
,6

4
2

9
1

8
,5

9
1

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
0

1
2

,3
0

,9
7

1
4

3
1

7
,3

5
7

3
,0

1
4

3
1

9
,8

3
1

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
1

1
2

,4
0

,9
2

8
5

7
1

7
,1

4
3

2
,3

8
5

7
2

1
,0

7
1

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
2

1
2

,5
0

,8
8

5
7

1
1

6
,9

2
9

1
,7

5
7

1
2

2
,3

1
1

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
3

1
2

,6
0

,8
4

2
8

6
1

6
,7

1
4

1
,1

2
8

6
2

3
,5

6
1

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
4

1
2

,7
0

,8
1

6
,5

0
,5

2
4

,8
1

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
5

1
3

,4
0

,9
1

1
,8

0
,9

2
7

,1
3

1
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
6

1
3

,4
3

3
0

,9
2

6
6

7
1

2
,2

3
3

0
,7

2
4

,5
7

3
1

,1
7

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
7

1
3

,4
6

7
0

,9
5

3
3

3
1

2
,6

6
7

0
,5

2
2

,0
3

3
0

,8
3

P
e

rm
e

a
te

2
0

0
4

-0
3

-1
8

1
3

,5
0

,9
8

1
3

,1
0

,3
1

9
,5

3
0

,5
P

e
rm

e
a

te
2

0
0

4
-0

3
-1

9
1

3
,5

3
3

1
,0

0
6

6
7

1
2

,5
3

3
0

,3
3

3
3

2
0

,4
7

3
0

,1
7

P
e

rm
e

a
te

2
0

0
4

-0
3

-2
0

1
3

,5
6

7
1

,0
3

3
3

3
1

1
,9

6
7

0
,3

6
6

7
2

1
,4

3
2

9
,8

3
P

e
rm

e
a

te
2

0
0

4
-0

3
-2

1
1

3
,6

1
,0

6
1

1
,4

0
,4

2
2

,4
2

9
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-2
2

1
3

,6
3

3
1

,0
8

6
6

7
1

0
,8

3
3

0
,4

3
3

3
2

3
,3

7
2

9
,1

7
P

e
rm

e
a

te
2

0
0

4
-0

3
-2

3
1

3
,6

6
7

1
,1

1
3

3
3

1
0

,2
6

7
0

,4
6

6
7

2
4

,3
3

2
8

,8
3

P
e

rm
e

a
te

2
0

0
4

-0
3

-2
4

1
3

,7
1

,1
4

9
,7

0
,5

2
5

,3
2

8
,5

P
e

rm
e

a
te

2
0

0
4

-0
3

-2
5

1
3

,7
3

3
1

,1
6

6
6

7
9

,1
3

3
3

0
,5

3
3

3
2

6
,2

7
2

8
,1

7
P

e
rm

e
a

te
2

0
0

4
-0

3
-2

6
1

3
,7

6
7

1
,1

9
3

3
3

8
,5

6
6

7
0

,5
6

6
7

2
7

,2
3

2
7

,8
3

P
e

rm
e

a
te

2
0

0
4

-0
3

-2
7

1
3

,8
1

,2
2

8
0

,6
2

8
,2

2
7

,5
P

e
rm

e
a

te
2

0
0

4
-0

3
-2

8
1

3
,8

3
3

1
,2

4
6

6
7

7
,4

3
3

3
0

,6
3

3
3

2
9

,1
7

2
7

,1
7

P
e

rm
e

a
te

2
0

0
4

-0
3

-2
9

1
3

,8
6

7
1

,2
7

3
3

3
6

,8
6

6
7

0
,6

6
6

7
3

0
,1

3
2

6
,8

3
P

e
rm

e
a

te
2

0
0

4
-0

3
-3

0
1

3
,9

1
,3

6
,3

0
,7

3
1

,1
2

6
,5

0
,6

6
1

P
e

rm
e

a
te

2
0

0
4

-0
3

-3
1

8
,4

1
2

2
,5

0
,4

1
5

,1
2

3
,7

P
e

rm
e

a
te

2
0

0
4

-0
4

-0
1

8
,5

7
6

9
1

,0
1

9
2

3
2

2
,4

9
2

0
,3

6
9

2
1

5
,3

7
2

3
,3

9



 

 
 

 C
o

lu
m

n
D

at
e

H
o

u
rs

 o
f 

o
p

er
at

io
n

V
o

lu
m

e 
(m

l)
F

lo
w

 
(m

l/h
)

U
V

 2
54

 
(1

/m
)

S
T

D
E

V
 

U
V

 

C
o

lo
r 

(4
36

n
m

) 
(1

/m
)

S
T

D
E

V
 

C
o

lo
r

N
O

3-
N

 
(m

g
/l)

S
T

D
E

V
 

N
O

3-
N

N
H

3-
N

 
(m

g
/l)

S
T

D
E

V
 

N
H

3-
N

C
O

D
 

(m
g

/l)
S

T
D

E
V

 
C

O
D

P
 

(m
g

/l)
S

T
D

E
V

 
P

C
o

n
d

 
(m
Ω

)
S

T
D

E
V

 
C

o
n

d
P

er
m

ea
te

20
04

-0
4-

02
8,

75
38

1,
03

84
6

22
,4

85
0,

33
85

15
,6

4
23

,0
8

P
er

m
ea

te
20

04
-0

4-
03

8,
93

08
1,

05
76

9
22

,4
77

0,
30

77
15

,9
1

22
,7

8
P

er
m

ea
te

20
04

-0
4-

04
9,

10
77

1,
07

69
2

22
,4

69
0,

27
69

16
,1

8
22

,4
7

P
er

m
ea

te
20

04
-0

4-
05

9,
28

46
1,

09
61

5
22

,4
62

0,
24

62
16

,4
5

22
,1

6
P

er
m

ea
te

20
04

-0
4-

06
9,

46
15

1,
11

53
8

22
,4

54
0,

21
54

16
,7

2
21

,8
5

P
er

m
ea

te
20

04
-0

4-
07

9,
63

85
1,

13
46

2
22

,4
46

0,
18

46
16

,9
8

21
,5

5
0,

65
5

P
er

m
ea

te
20

04
-0

4-
08

9,
81

54
1,

15
38

5
22

,4
38

0,
15

38
17

,2
5

21
,2

4
0,

65
18

P
er

m
ea

te
20

04
-0

4-
09

9,
99

23
1,

17
30

8
22

,4
31

0,
12

31
17

,5
2

20
,9

3
0,

64
87

P
er

m
ea

te
20

04
-0

4-
10

10
,1

69
1,

19
23

1
22

,4
23

0,
09

23
17

,7
9

20
,6

2
0,

64
55

P
er

m
ea

te
20

04
-0

4-
11

10
,3

46
1,

21
15

4
22

,4
15

0,
06

15
18

,0
6

20
,3

2
0,

64
23

P
er

m
ea

te
20

04
-0

4-
12

10
,5

23
1,

23
07

7
22

,4
08

0,
03

08
18

,3
3

20
,0

1
0,

63
92

P
er

m
ea

te
20

04
-0

4-
13

10
,7

1,
25

22
,4

18
,6

19
,7

0,
63

6
P

er
m

ea
te

20
04

-0
4-

14
10

,5
1,

5
24

,6
0

10
,7

18
,5

P
er

m
ea

te
20

04
-0

4-
15

10
,6

5
1,

4
24

,5
0

11
,1

19
,4

6
P

er
m

ea
te

20
04

-0
4-

16
10

,8
1,

3
24

,4
0

11
,5

20
,4

2
P

er
m

ea
te

20
04

-0
4-

17
10

,9
5

1,
2

24
,3

0
11

,9
21

,3
8

0,
64

1
P

er
m

ea
te

20
04

-0
4-

18
11

,1
1,

1
24

,2
0

12
,3

22
,3

4
0,

63
47

P
er

m
ea

te
20

04
-0

4-
19

11
,2

5
1

24
,1

0
12

,7
23

,3
0,

62
84

P
er

m
ea

te
20

04
-0

4-
20

10
,1

1,
2

6,
6

0
3,

8
13

,4
0,

62
21

P
er

m
ea

te
20

04
-0

4-
21

10
,1

62
1,

15
6,

57
69

0,
00

25
4,

94
6

13
,6

8
0,

61
58

P
er

m
ea

te
20

04
-0

4-
22

10
,2

23
1,

1
6,

55
38

0,
00

51
6,

09
2

13
,9

5
0,

60
94

P
er

m
ea

te
20

04
-0

4-
23

10
,2

85
1,

05
6,

53
08

0,
00

76
7,

23
8

14
,2

3
0,

60
31

P
er

m
ea

te
20

04
-0

4-
24

10
,3

46
1

6,
50

77
0,

01
02

8,
38

5
14

,5
1

0,
59

68
P

er
m

ea
te

20
04

-0
4-

25
10

,4
08

0,
95

6,
48

46
0,

01
27

9,
53

1
14

,7
8

0,
59

05
P

er
m

ea
te

20
04

-0
4-

26
10

,4
69

0,
9

6,
46

15
0,

01
52

10
,6

8
15

,0
6

0,
58

42
P

er
m

ea
te

20
04

-0
4-

27
10

,5
31

0,
85

6,
43

85
0,

01
78

11
,8

2
15

,3
4

0,
57

79
P

er
m

ea
te

20
04

-0
4-

28
10

,5
92

0,
8

6,
41

54
0,

02
03

12
,9

7
15

,6
2

0,
57

16
P

er
m

ea
te

20
04

-0
4-

29
10

,6
54

0,
75

6,
39

23
0,

02
28

14
,1

2
15

,8
9

0,
56

53
P

er
m

ea
te

20
04

-0
4-

30
10

,7
15

0,
7

6,
36

92
0,

02
54

15
,2

6
16

,1
7

0,
55

89
P

er
m

ea
te

20
04

-0
5-

01
10

,7
77

0,
65

6,
34

62
0,

02
79

16
,4

1
16

,4
5

0,
55

26
P

er
m

ea
te

20
04

-0
5-

02
10

,8
38

0,
6

6,
32

31
0,

03
05

17
,5

5
16

,7
2

0,
54

63
P

er
m

ea
te

20
04

-0
5-

03
10

,9
0,

55
6,

3
0,

03
3

18
,7

17
0,

54
P

er
m

ea
te

20
04

-0
5-

04
P

er
m

ea
te

20
04

-0
5-

05
P

er
m

ea
te

20
04

-0
5-

06
P

er
m

ea
te

20
04

-0
5-

07
13

,6
1,

3
18

,5
0,

04
8

20
19

,3



 

 
 

 


