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Abstract 

The purpose of this Bachelor thesis was to establish a method for determining the chemical 

oxygen demand (COD) fractionation in wastewater from cruise liners. COD fractions of 

interest were soluble biodegradable (SS), particulate biodegradable (XS), soluble 

unbiodegradable (SI) and particulate unbiodegradable (XI). Three types of wastewater (gray 

water, black water and permeate) were analysed and a method with a physiochemical 

approach was established. The method was originally elaborated by Jun Wu et al in the study 

“Wastewater COD biodegradability fractionated by simple physical–chemical analysis” 

(2014) Chemical Engineering Journal 258, p 450-459. The method was also used for 

comparison reasons of the COD fractionation in permeate before and after advanced treatment 

with nanofiltration and ozonation. Total COD in permeate was almost half of the initial value 

after nanofiltration and XI was eliminated. After ozonation no significant difference was 

observed neither in total COD concentration or fractionation pattern. The conclusion is that 

this method to determine the COD fractions has potential but it needs further optimization in 

form of adjusting the methods matrix specifically based on wastewater from cruise liners. 
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1. Introduction  

In order to develop cleaning processes of wastewater, knowledge about the content in the 

water needs to be established. There are several parameters with importance and the chemical 

oxygen demand (COD) is one of them. COD is used to determine the organic matter in the 

wastewater [1] and this parameter can be divided into fractions (see below) which are 

interesting in order to improve water treatment plants.  The purpose of this study was to 

establish a method to determine the COD fractionation in wastewater from cruise liners on 

location at Technische Universität Hamburg-Harburg (TUHH). The purpose with the method 

was to collect more detailed data about wastewater from cruise liners and to see what effect 

different methods of advanced treatment might have on the wastewater.  

1.1 Aim, method selection and limitations 

This project/bachelor thesis was part of a larger project; “Sustainable Technologies for 

Wastewater Treatment and Reuse on Cruise Liners” (NAUTEK), which is supported by 

German Federal Ministry of Economic Affairs and Energy (BMWi). Cruise tourism has 

become an important and ever growing industry [3]. Cruise liners have a large environmental 

impact and the NAUTEK project, which this study was part of, focuses on developing an 

effective treatment of wastewater for cruise liners. 

The questions asked were: How does the COD fractionation vary in different types of 

wastewaters from cruise liners? What happens with the total COD concentration and the 

COD fractionation after advanced treatment? To answer these questions the project had to be 

divided into two main parts, the first step being to determine COD fractionation in different 

types of wastewaters from cruise liners. The second step was to treat the wastewater and 

compare the fractionation before and after the advanced treatment. 

In the first part of the project, the focus was on finding a method for determining the COD 

fractionation. The COD fractions of interest were: soluble biodegradable COD (SS), 

particulate biodegradable COD (XS), soluble unbiodegradable COD (SI) and particulate 

unbiodegradable COD (XI). There are two main approaches for determining COD 

fractionation in wastewater, one based on biological processes and the other one on 

physiochemical properties [1]. The method chosen was the physiochemical approach and an 

experimental setup was established. The methodology was firmly based on previous research 

[2].  

The wastewaters of interest were: raw black water (wastewater from toilets containing fecal 

matter and urine); raw gray water (wastewater from baths, galleys, sinks, laundry etc.) and 

permeate (wastewater after biological treatment in bioreactor). The data from the COD 

fractionation analyzes of the wastewater were to be used for comparison reasons later on in 

the project. Also, if possible, another person within the NAUTEK project was to use the 

values from the COD fractionation in modelling of a wastewater treatment plant on board. 

In the second part of the project the focus was on advanced treatment and optimization of the 

advanced treatment of wastewater from cruise liners. Advanced treatment refers to the 

“removal of dissolved and suspended materials remaining after normal biological treatment 
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when required for various water reuse applications” [3]. Methods of interest for carrying out 

the advanced treatment in this study were ozonation and nanofiltration. After performed 

treatment, the COD fractionation was to be measured and controlled with the method 

established in the first part of the project. 

The study was limited by shortage of time and sample volume. The limitations include the 

number of datasets in the physiochemical method. The advanced treatments were limited by 

sample volume which affected repeatability and optimization of the processes. 

1.2 Previous research 

Two main methods can be used to quantify the COD fractionation, either a biological 

(respirometric) or a physiochemical method. (More details about the COD fractions are 

presented in 3.1.1 Theory). 

1.2.1 Development of methods for COD fractionation 

The traditional method has been the physiochemical approach based on physical separation by 

filtering the wastewater [4] whereas the biological approach is based on microbial growth 

kinetics which is referred to as the respirometric method. The respirometric methods correlate 

with the most widely used treatment system for the removal of organic pollutants from 

wastewater where activated sludge is used. Activated sludge contains bacteria and other 

biological organisms. Respirometric tests can measure the oxygen uptake rate (OUR) of the 

bacteria and when wastewater contains toxicants or inhibitors, the oxygen consumption rate of 

activated sludge will decrease [5].  

The available parameters biological oxygen demand (BOD), total organic carbon (TOC) and 

COD do not differentiate between the components of biodegradable and unbiodegradable 

components which is why these methods have limitations [6]. Ekama et al [7] were the first to 

divide COD into fractions with the respirometric method in the 70’s and 80’s. Other research 

that also refers to their work has been developed by Ohron et al [8]. 

The respirometric methods are highly dependant on the experimental conditions [4]. To 

determine the soluble residual COD, batch reactors fed with biomass are used. The processes 

have to be observed over time. The period of time has to be long enough to reach a steady 

minimum soluble COD level (steady state) [6]. Batch experiments require sample collection 

and analysis of specific parameters such as nitrate measurements, dissolved organic carbon 

(DOC) analysis or bacterial counting. Respirometric aerobic or anaerobic tests give kinetic 

information of the ratio from the initial biomass concentration (S0/X0) [9]. To achieve data 

that can be used for further purposes, these methods need to be carried out with careful 

handling, maintenance and precision to be reliable. Respirometric methods can be used to 

determine SS but it is complicated to use this method for determining XS because it requires 

simulation modelling adjusted to the batch experimental data.  

As an alternative, a combination of the two methods seems to be the best alternative to 

determine COD fractions in wastewater. The physiochemical method can be used with 

support from a conversion matrix worked out from experiments with the respirometric 
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method to calculate the fractions. According to Jun Wu et al [2] this approach can still 

produce reliable results.  

1.2.2 Previous results for COD fractionation in wastewater 

Results from previous research regarding the concentrations and ratios between the 

investigated COD fractions in separated gray water and black water are very limited. Only a 

few previous studies were found and those were about municipal wastewater, which does not 

entirely correlate with wastewater from cruise ships [3]. Most data only contains information 

about ratios in mixed wastewater, i.e. a mixture of black and gray water, which differs from 

the ratios of separated wastewaters [10]. Some guidelines found for the characteristics of the 

different wastewaters fractionation and ratios are shown in Table 1.1 [10]. The gray waters 

total COD concentration is ca 24 % (295 mg/L / 1225 mg/L) of the total COD found in black 

water. Table 1.1 also shows ratios regarding soluble COD (SS + SI) and particulate COD (XS 

+ XI) for both gray water and black water. Black water has a higher percentage of particulate 

COD while the gray water has a higher percentage of soluble COD.  

Table 1.1 Ratio for soluble and particulate COD in municipal wastewater with kitchen wastewater 

stream included in the gray water [10]. 

Wastewater Total COD (mg/L) Soluble COD Particulate COD 

Black water 1225 33% 67% 

Gray water 295 65% 35% 

Summarized data about mixed wastewater can be found in Table 1.2 [11]. Ratios in raw 

mixed wastewater differ somewhat between countries but a pattern can be seen. XS is the 

largest fraction overall. Table 1.2 also shows the heterotrophic biomass fraction (XHB) which 

was not fractioned in this project. 

Table 1.2 Overview of COD fractionation patterns found in previous studies of mixed municipal 

wastewater. 

Country SS (%) XS (%) SI (%) XI (%) XHB (%) Reference 

South Africa 20 62 5 13 13 Ekama et al. (1986) 

Schweiz 32 45 11 11 11 Henze et al. (1987) 

Denmark 24 49 8 19 19 Henze et al. (1987) 

Schweiz, Flawil (22°C) 11 53 20 9 9 Kappeler and Gujer (1992) 

Schweiz, Zürich (13°C) 7 60 10 8 8 Kappeler and Gujer (1992) 

Schweiz, Dietikon (15°C) 8 55 12 10 10 Kappeler and Gujer (1992) 

Turkey 9 77 4 10 10 Orhon et al. (1997) 

Standard values 15 45 5 15 15 Bornemann et al. (1998) 

France 5 38 47* 47* - Ginestet et al. (2002) 

Germany, Berching 2-10 50-75 5-10 13-33 20 Vestner (2003) 

 30 35 25* 25* 10 Lagarde et al. (2005) 

Tunisia, Kelibia 21 47 2 30 - Cherif et al. (2007) 
*The percentage is for both unbiodegradable fractions. 

1.2.3 Present knowledge 

In order to obtain reliable data from the method based on biological processes (respirometric 

methods), the handling, maintenance and measurement of the biological processes need to be 
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carried out with the utmost accuracy and precision. In this study it was of interest to examine 

several samples so therefore a physiochemical method was found to be more appropriate 

rather than a method based on complex biological processes which is time consuming. 

Since the method was to be used for examining the COD fractionation before and after 

advanced treatment, a quick method that has low demands on handling, time and equipment 

was more advantageous.  

1.3 Ethical and societal impact 

The focus of “International Convention for the Prevention of Pollution from Ships” 

(MARPOL) is summed up in the title [12]. Within MARPOL is also MARPOL Annex IV 

which contains specific regulations regarding sewage from ships [13]. 

On the initiative of the Helsinki Commission (HELCOM), The Baltic Sea was established as a 

Special Area under MARPOL Annex IV 2011 because of its severe environmental problem 

with eutrophication in particular [3]. Besides regulations regarding the discharge of sewage 

from ships, Annex IV also includes regulations for both the equipment and control systems 

onboard as well as the port capabilities for managing sewage. Annex IV also contains 

regulations regarding survey and certification [13]. The Special Area came into force 1
th

 

January 2013 but the requirements will only come into effect when available reception 

facilities for sewage that fulfils the requirements have been developed and proven 

functioning. In conjunction with The Special Area assignment to The Baltic Sea, discharge of 

sewage from cruise ships is prohibited unless the ship has an approved and certified sewage 

treatment plant. In addition to ordinary regulations regarding effluent sewage, The Special 

Area classification also includes limits for nitrogen and phosphorous emissions [13]. 

This study was conducted within the context of both the ethical impact and the societal 

impact. Environmental studies usually involve both ethical and societal areas. The 

environmental impacts that were studied derive from cruise tourism, the benefits of which 

must be weighed against the possible damage to environmental health, which pre-eminently 

makes it an ethical question. Regardless from which aspect the environmental health is 

studied, it has a large societal impact.  

2. System and Process 

Before the project started, a general, overall plan was decided upon since the participants of 

this bachelor thesis did not yet know all the details about the project. After further briefing 

and defining of the task, a new, more detailed and structured project plan (Appendix A) with 

associated GANTT-scheme was created.  

2.1 Planning 

Before the project started, a project plan was created together with a GANTT-scheme (Figure 

2.1). The two first weeks were set aside for literature studies and the establishment of an 

experimental methodology for COD-fractionation of different wastewaters from cruise liners. 
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An experimental design was created for a possible optimization of the method. The third and 

fourth weeks were set aside for testing and utilizing the experimental method that was 

established during the first two weeks. There was also one day designated for collecting 

samples from a cruise liner during the third week. The plan for the fifth week was to treat the 

wastewater with two advanced treatment methods, nanofiltration and ozonation. The sixth 

week was also set aside for advanced treatment along with determining the COD fractionation 

on the treated wastewaters and compiling and presenting the results. 

The writing of the report was planned to be done continuously during the whole project and 

two weeks after the end of laboratory work at TUHH. 

Literature studies and all experimental work were planned to be performed equally by both 

participants of the bachelor thesis. The estimated workload was ca 80 h/person for planning, 

literature studies and the establishment of methodology for COD fractionation. In total, 50 

h/person was set aside for the experimental work with the COD fractionation and 20 h/person 

for the advanced treatment. To compile the results and write the report, a total of 115 h/person 

was planned of which 15 h was assigned for corrections. Meetings, presentations and 

opposition were estimated to require 40 h/person. The total amount of hours planned for was 

674 h (337 h/person) which gave a margin of 66 extra hours (33 h/person) since the bachelor 

thesis requires 370 working hours per person. 

The plan for following up the project plan and time schedule during the project was to make 

notes each day about the working time, completed work and meetings/dialogue between 

project participants. All the details described above can also be seen in the GANTT-scheme. 

 

Figure 2.1 The GANTT-Scheme describes the time plan for the project. 

TIME SCHEDULE
Jenni Borg and Karin Ekström (KA3) VT-15 Linköping University

Bachelor thesis: COD fractionation of wastewater on cruise ships before and after advanced treatment
TQKT11 (16 ECTS) Examiner: Prof. Elke Schweda 2015-04-28 Version 1.0

Available Weeks:

1 2 3 4 5 6

Activities Hours 17 18 19 20 21 22 23 24 25 26 27 - 33 34 35 36 Milestones:

1 Planning 175 X X X X 1 Send in project plan and time schedule

Project plan and time schedule (including corrections) 25 2 Safety instructions in the lab

Litterature study about wastewater streams on Cruise ships 40 3 Establish methodology to determine COD fractionation

Litterature study about methods to determine COD fractionation 80 4 Determining the COD fractionation

Establishment of methodology (to determine COD fractionation) 30 5 Running lab-scale test for advanced treatment

with wastewater streams from land 6 Determining COD fractionation after advanced treatment

Chemometry - create experimental design for COD fractionation 2 7 Send in report

8 Presentation and opposition

2 Laboratory work 189 X

Safety instructions 4

Sampling different wastewater streams from a Cruise ship 15

Determining the COD fractionation (wastewater from a Cruise ship) 60

Running lab-scale test for advanced treatment 40

Assessment of important ratios (BOD:COD and COD:N) 30

Determining COD fractions after advanced treatment 40

3 After work 265 X X

Compile results 60

Write report 140

Corrections 30

Prepare presentations 25

Presentation and opposition 10

4 Meetings 45

Project meetings 35

Project meetings with supervisor 10

Total time (hours): 674

Hours available 740

(Extra time) 66

Milestones

1 Send in project plan and time schedule wed mon

2 Safety instructions in the lab tue

3 Establish methodology to determine COD fractionation fri

4 Determining the COD fractionation thur

5 Running lab-scale test for advanced treatment thur

6 Determining COD fractionation after advanced treatment tue

7 Send in report fri

8 Presentation and opposition ?
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3. Theory 

The project consisted of two parts: how to determine the fractions of COD with a 

physiochemical method which was then followed by two advanced treatment methods, 

nanofiltration and ozonation. The COD was measured with standard cuvettes from Hach 

Lange and quantified by spectrophotometry. 

3.1 Physiochemical method 

The purpose of the physiochemical method was to determine the COD fractionation in 

different wastewaters from cruise liners. To develop the method further, knowledge regarding 

COD fractionation and physiochemical properties of wastewater was necessary. The 

physiochemical method was used in combination with standard method ISO 15705:2002 and 

spectrophotometry to determine the COD concentration.  

3.1.1 COD fractionation 

The total wastewater COD concentration is commonly divided according to its 

biodegradability (Figure 3.1). It gives a biodegradable organic fraction, which is transformed 

during the biological process and another unbiodegradable (inert) organic fraction [4].  

SS is composed from a readily (soluble) biodegradable fraction which can be assimilated 

through the cellular membrane and is easily hydrolyzed [14]. XS on the other hand needs to be 

hydrolyzed by extracellular enzymes. It is often formed from colloidal and suspended COD 

fractions. The XS fraction usually has the highest oxygen demand [15]. The unbiodegradable 

organic fraction can be divided into SI and XI [4]. SI cannot be biologically degraded in 

treatment plants and the influent of this fraction leaves the plant without any significant 

change in concentration. The same is for the XI fraction which can only be removed by 

clarification [15]. 

The subdivision is necessary since the biodegradable fraction contains a wide spectrum of 

organic compounds where the variations of biodegradation rates are wide [4]. It is important 

to know these in order to obtain reliable predictions of N and P removal for design of 

wastewater treatment plants [9]. 

 
Figure 3.1 The COD divided into four fractions. 
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3.1.2 Division into four types of water  

The physiochemical method is based on physical properties (particle size) and chemical 

treatment with coagulants or flocculants. In the method developed for this project, 

Polyaluminum Chloride (PAC) flocculants were used. The PAC-ions attract the charged 

particles in the water and bigger flocks that sediment more easily and faster are created, which 

subsequently allows them to be filtered later on [16].  

Four water samples (I – IV) were created by different treatments, e.g. settling, filtering and 

PAC treatment. The COD concentrations were measured in these samples [2]. Sample I was 

“raw wastewater” which is non-treated wastewater. Sample II was “settled wastewater” which 

was the supernatant of raw wastewater that been settled for 90 minutes. Sample III was 

“settled and filtrated water”. Supernatant from the “settled wastewater” was filtered with a 

0.45 µm filter paper. Sample IV was “flocculated and filtrated wastewater” where raw 

wastewater was treated with PAC (Appendix B) and then filtrated with a 0.45 µm filter paper.  

The differences in COD concentration between these waters were used to calculate the 

following fractions; settable solids (CSS), non-settable solids (CNS), soluble COD (CS) and 

colloidal COD (CC). 

COD in Sample I “raw wastewater” – COD in Sample II “settled wastewater” = CSS 

COD in Sample II “settled wastewater” – COD in Sample III “settled and filtrated 

wastewater” = CNS 

COD in Sample IV “flocculated and filtrated wastewater” = CS 

COD in Sample I “raw wastewater” – (CSS + CNS + CS) = CC 

These fractions (CSS, CNS, CS and CC) differed from the fractions of interest (SS, XS, SI and XI) 

in the study. They differed in the way that they were, as earlier mentioned, based on particular 

size instead of the ability to be biologically degraded. The fractions from the physiochemical 

method could be directly translated into SS, XS, SI and XI but, as Jun Wu et al [2] showed, 

they were more accurate when converted mathematically via a conversion matrix. The matrix 

of mathematical conversion used in this study was entirely based on the previous research by 

Jun Wu et al [2]. 

3.1.3 Standard method ISO 15705:2002 

During the project, standard cuvettes from Hach Lange were used to measure the COD 

concentration (0-1000 mg/L) in the water samples. The cuvettes contained hexavalent 

chromium which is reduced in a redox reaction to trivalent chromium when oxidizing the 

organic compounds under acidic conditions. This gives carbon dioxide, water, ammonium and 

trivalent chromium in the cuvette after the test (Eq. 1). The trivalent chromium in the cuvettes 

is measured with a photometer at 605 nm and the chromium ions are the indirect equivalent to 

the amount of organic contents in the sample [17]. 
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(Eq. 1) 

 

 

3.1.4 Spectrophotometry 

Spectrophotometry is an analysis technique based on the amount of light a substance absorbs 

at a specific wavelength chosen for that substance [18]. A measurement is taken of the 

difference in intensity before the light passes through the substance and after it has passed the 

sample is measured.  

The light beam from the light source (e.g. a gas filled tungsten lightbulb) first passes through 

a monochromator by a slit, which operates as a wavelength selector [18]. Light at the 

predetermined wavelength from the monochromator passes through the cuvette containing the 

sample. The intensity of the light is first measured before the beam passes through the sample 

(I0) and then again after it has passed through (I) (Figure 3.2). This shows how much of the 

light was absorbed by the substance. The ratio between I and I0 gives the substances’s 

transmittance (T) (Eq. 2). 

T = I/I0           (Eq. 2) 

In the detector, the data is processed and converted into absorbance or concentration. The 

absorbance (A) can be calculated through the logarithmic function of the ratio between I0 and 

I (Eq. 3). 

A = log (I0/I) ⇒ A = - log T        (Eq. 3) 

The absorbance at a certain wavelength for a substance is proportional to the concentration (c) 

and is given by Beer’s law (Eq. 4). 

A = εbc          (Eq. 4) 

Where ε is the molar absorptivity or absorption coefficient and b is the width (cm) of the 

cuvette containing the sample. Molar absorptivity is a measure of how much light a substance 

absorbs at a specific wavelength. 

 

 

Figure 3.2 Schematic overview of the basic steps in a spectrophotometer. 
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3.2 Advanced treatment 

The advanced treatment methods used in this project were nanofiltration and ozonation. The 

COD fractionation was investigated before and after the advanced treatment to see if and/or 

how they changed.  

3.2.1 Nanofiltration  

Nanofiltration (NF) is a lower pressure reversed osmosis (RO) technology called “membrane 

softening”. It is a physical separation process where pretreated water is pumped with a 

pressure of 9 Bar against a semipermeable membrane. Water of low mineral content passes 

through while the membrane rejects most solute ions and molecules. The process is also a 

barrier for cysts and viruses [19]. A concentrated reject stream is also produced in addition to 

the clean permeate.  

Two parameters are available for the selectivity of a nanofiltration membrane. The retention 

depends on the size of the compound according to its molecular weight. Retention and 

permeability are also functions of electric charge and the valence of the salts and compounds 

in the solution. The membrane allows monovalent ions to pass through in diluted solutions 

but most of the multivalent ions are retained [20] (Figure 3.3). A nanofilter usually rejects the 

larger compounds of organic micro pollutants [21]. 

 

 Figure 3.3 Nanofiltration membrane lets monovalent ions pass but multivalent ions are retained. 

3.2.2 Ozonation 

Ozone is one of the most powerful antimicrobial substances since it can affect any pollutant or 

pathogen that can be oxidized [22]. The ozone molecule is a radical and can act as a dipole, an 

electrophilic agent and a nucleophilic agent [23]. This makes ozone the strongest available 

molecule for disinfection in water treatment [22]. 

Ozonation is performed with an ozonation pilot plant where the ozone is created by an electric 

discharge field. Air passes through and induces electrical discharges which convert oxygen to 

ozone. A diatomic oxygen molecule splits and the resulting free radical oxygen is free to react 

with other diatomic oxygen to form the triatomic molecule of ozone. To break the O-O bond a 

large amount of energy is needed [22]. The principle for mixing the water with ozone during 
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the experiment in this project was a system with venturi injector and tubular reactor (Figure 

3.4). Another common principle for ozonation is to use reversed flow in columns. 

 

Figure 3.4 The main parts of the small ozonation pilot plant used in this project described. Ozone was 

created in the ozone generator (1). Permeate from the cruise ship was pumped from a separate tank 

(2) into the system through a venturi injector which lead the water into a tubular reactor (3) where the 

influent permeate was mixed with ozone gas. The oxidative radical ozone molecules reacted with the 

pollutants in the water (4) and the treated water was collected in a large tank. The samples were 

collected from a small tap (5). The flowrate and the ozone concentration was controlled from the front 

of the instrument (6). 

4. Materials and Methods  

The materials used in this project were regular glassware, a vacuum filtration apparatus and 

standard test cuvettes from Hach Lange. A spectrophotometer from Hach Lange was used for 

detection in the physiochemical method (Appendix B). For the advanced treatment, a 

nanofiltration pilot plant and an ozonation pilot plant were used. 

Samples for the analyses and experimental work were collected from a cruise liner on two 

different collection dates, 18.05.15 and 26.05.15. Gray water, black water and permeate was 

collected. The gray water can originate from cabins, galley and laundry, the black water that 

was collected came from a vacuum system and permeate was from the effluent of a membrane 

bioreactor. All samples were stored in a cool room or a refrigerator at 8°C.  

4.1 Physiochemical method 

The physiochemical method consisted of an experimental part in combination with a 

mathematical model. 
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4.1.1 Experimental approach 

The three types of wastewater (gray water, black water and permeate) were all prepared by 

the same procedure into four water samples (I-IV) (Chapter 3.1.2). All samples were adjusted 

to room temperature. The four water samples were prepared as follows; 

Sample I) Raw ww: Raw wastewater was diluted 1:5 (permeate and gray water) and 1:20 

(black water) to a total volume of 100.0 mL. COD was measured with COD 

standard cuvette test ISO 15705.  

Sample II) Settled ww: “Sample I” was settled for 90 minutes and then COD was measured in 

the supernatant.  (COD in Sample I – COD in Sample II = CSS) 

Sample III) Settled and filtrated ww: Supernatant of “Sample II” (10.0 mL) was filtrated with 

0.45 µm “Merck Nylon Millipore Filter Paper” or “Whatman Cellulose Nitrate 

Membrane Filter” and COD was measured in the filtrate.  

(COD in Sample II - COD in Sample III = CNS)  

Sample IV) Flocculated and filtrated ww: Raw wastewater was diluted as in “Sample I” and 

pH was adjusted to ca 8.5 by adding drops of 0.5 M NaOH. When pH was adjusted 

1.0 mL 1% PAC solution was added and the sample was stirred with a magnetic 

stirrer at 300 rpm for 1 minute, followed by 30 rpm for 5 minutes. It was then 

settled for 60 minutes and finally 10.0 mL supernatant was filtrated with 0.45 µm 

“Merck Nylon Millipore Filter Paper” or “Whatman Cellulose Nitrate Membrane 

Filter” before COD was measured in the filtrate. (COD in Sample IV = CS) 

The 1% PAC stock solution was prepared by adding 830.0 µL PAC to 99.0 mL of deionized 

water (Appendix C) [24]. The Sachtoklar 10.5 % PAC used for flocculation had a relative 

density of 1.20 kg/dm
3 

(Appendix E).  

To determine the COD concentrations in the different wastewater fractions received from the 

physiochemical method, standard method ISO 15705:2002 was used (Chapter 3.1.3). The 

concentrations were measured at 605 nm with a Hach Dr 3900 Benchtop Spectrophotometer. 

To minimize the risk of errors and deviation, the same laboratory procedures were handled by 

the same person each day. 

4.1.2 Mathematical model - Conversion matrix physiochemical method 

In this study a mathematical model in form of a conversion matrix was used. The fractions 

recovered from the physiochemical method (CSS, CNS, CS and CC) were converted to the COD 

fractions of interest (SS, XS, SI and XI) with the conversion matrix (Figure 4.1) developed in 

previous research.   

 
Figure 4.1 Conversion matrix from the first study by Jun Wu [2]. 
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The conversion matrix was used as shown below to calculate the fractions of interest.  

SS = 0.11 CSS + 0.21 CNS + 0.23 CC + 0.92 CS ± 20 

XS = 0.17 CSS + 0.37 CNS + 0.59 CC + 0 CS ± 10 

SI = 0 CSS + 0 CNS + 0 CC + 0.08 CS ± 4 

XI = 0.72 CSS + 0.42 CNS + 0.18 CC + 0 CS ± 44 

 

4.2 Advanced treatment 

For the advanced treatment, a small nanofiltration plant and an ozonation plant were used. 

Both methods for advanced treatment required large sample volumes which resulted in only 

one experiment per method being able to be carried out. 

4.2.1 Nanofiltration 

A nanofiltration pilot plant with a NANO1-3018 membrane from Oltremare Liquid 

Separation was used. Permeate from 18.05.15 was filtrated in the nanofiltration plant by 

allowing ca 25 L permeate to recirculate through the system. Pressure was stable at 7 Bar and 

the average flow rate was approximately 100 L/h. (The flow rate was measured at 30 minute 

intervals by measuring the outlet volume in 10 minutes and multiplying it with a factor six.) 

Permeate from the nanofiltration (NF permeate) was collected to determine the COD 

fractionation after the treatment.  

4.2.2 Ozonation 

Permeate from 18.05.15 was treated in the ozonation pilot plant at TUHH. The plant is made 

in Germany by Anseros for the NAUTEK project. Ca 4x30 L permeate was used and the 

ozone concentration varied between 147 mgO3/h to 3511 mgO3/h. Six samples (A-F) treated 

with different concentrations of ozone were collected. The samples were taken one minute 

after the system was stabilized after increasing the ozone concentration. The COD 

fractionation was then determined in sample B (571 mgO3/h) and C (1421 mgO3/h). 

5. Results  

The results presented include the COD fractionation achieved with the physiochemical 

method in gray water, black water and permeate. For permeate there is data both before and 

after advanced treatment. All data presented in this chapter is an average of the achieved raw 

data (Appendix D) for each type of water. Every water sample was tested at least twice to 

confirm the result and the reliability of the method. 

The CSS fraction was calculated from COD in sample I (raw ww) - COD in sample II (settled 

ww) and the CNS fraction was calculated from COD in sample II - COD in sample III (settled 

and filtrated ww). Fraction CS was all the COD measured from sample IV (flocculated and 

filtrated ww) and CC was the remaining COD after subtracting CSS+CNS+CS from sample I 

(raw ww- CSS+CNS+CS). 
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The fractions (CSS, CNS, CS and CC) recovered from the four water samples was converted to 

the COD fractions of interest (SS, XS, SI and XI) with the conversion matrix described in 

Chapter 4.1.2. The ratios in percent were then calculated for each fraction (SS, XS, SI and XI) 

from the total COD in sample I (raw ww). 

5.1 Physiochemical method 

The results include COD fractionation of gray water, black water and permeate from two 

different sample dates, 18.05.15 and 26.05.15. All raw data can be found in Appendix D.  

5.1.1 COD fractionation in gray water, black water and permeate 

The results of the COD fractionation in the gray water are shown in Table 5.1. Data from both 

sample dates showed similar percentage ratios of the fractions. The highest ratio was for SS 

(58% and 63%), followed by XI (23% and 17%), XS (14% and 15%) and the fraction with 

lowest ratio was SI (4% and 5%). 

Table 5.1 COD fractionation in gray water from two different sampling dates. 

Gray water 

(Fractionation date) 

 18.05.15 

(26.05.15) 

 26.05.15 

(09.06.15) 

 

Readily (soluble) biodegradable SS 1047 ± 20 58 % 998 ± 20 63 % 

Particulate biodegradable XS 261 ± 10 14 % 231 ± 10 15 % 

Soluble unbiodegradable SI 76 ±   4   4 % 75 ± 4   5 % 

Particulate unbiodegradable XI 416 ± 44 23 % 268 ± 44 17 % 

Total COD (mg/L)  1800  1573  

 

The results of the COD fractionation in the black water are shown in Table 5.2. Data from 

both sample dates showed similar percentage ratios of the fractions. The highest ratio for XI 

(49% and 45%), followed by SS (28% and 37%), XS (21% and 16%) and the fraction with 

lowest ratio was SI (1% and 2%). 

Table 5.2 COD fractionation in black water from two different sampling dates. 

Black water 
(Fractionation date) 

 18.05.15 
(01.06.15) 

 26.05.15 
(10.06.15) 

 

Readily (soluble) biodegradable SS 1995 ± 20 28 % 4437 ± 20 37 % 

Particulate biodegradable XS 1530 ± 10 21 % 1980 ± 10 16 % 

Soluble unbiodegradable SI 101 ±   4   1 % 281 ± 4 2  % 

Particulate unbiodegradable XI 3544 ± 44 49 % 5382 ± 44 45 % 

Total COD (mg/L)  7170  12247  

 

Ratios regarding soluble COD (SS + SI) and particulate COD (XS + XI) for both gray water 

and black water were also compared (Table 5.3). The values achieved in this study for the 
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particulate fraction in black water were 71% (18.05.15) and 59% (26.05.15) and the values for 

the soluble fraction in gray water were 62% (18.05.15) and 68% (26.05.15).  

The gray waters (18.05.15) total COD concentration was ca 25 % of the total COD found in 

black water. The second sample date (26.05.15) gave a lower ratio, 12.5%, which derives 

from the higher value of total COD in the black water. 

 

Table 5.3 Ratios of soluble COD and particulate CODs in black water and gray water. 
Wastewater Total COD (mg/L) Soluble COD Particulate COD 

Black water 18.05.15 7170 29% 71% 

Black water 26.05.15 12247 41% 59% 

Gray water 18.05.15 1800 62% 38% 

Gray water 26.05.15 1573 68% 32% 

 

The results of the COD fractionation in permeate are shown in Table 5.4. Data from both 

sample dates showed similar percentage ratios of the fractions. The highest ratio for SS (99% 

and 101%), followed by SI (9%), XI (5% and -4%) and the fraction with the lowest ratio was 

XS (-13% and -5%).  

 

Table 5.4 The COD fractionation in permeates from two different sampling dates. 

Permeate 

(Fractionation date) 

 18.05.15 

(27.05.15) 

 26.05.15 

(08.06.15) 

 

Readily (soluble) biodegradable SS 960 ± 20 99 % 758 ± 20 101 % 

Particulate biodegradable XS -129 ± 10 -13 % -41 ± 10    -5 % 

Soluble unbiodegradable SI 88 ±   4   9 % 68 ±   4     9 % 

Particulate unbiodegradable XI 46 ± 44   5 % -32 ± 44    -4 % 

Total COD (mg/L)  965  753  

 

5.2 Advanced treatment 

Permeate from 18.05.15 was treated in a nanofiltration plant and treated with different 

concentrations of ozone in an ozonation plant.  

 

5.2.1 Nanofiltration  

The results of COD fractionation after nanofiltration of permeate 18.05.15 are found in Table 

5.5. The highest ratio was for SS (106%) followed by SI (10%). Both XS and XI had negative 

values (-12% and -4%).  
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Table 5.5 COD fractionation after nanofiltration of permeate from 18.05.15. 

NF Permeate 18.05.15 

(Fractionation date) 

 02.06.15 

(05.06.15) 

 

Readily (soluble) biodegradable SS 564 ± 20 106 % 

Particulate biodegradable XS -64 ± 10 -12 % 

Soluble unbiodegradable SI 52 ±   4 10  % 

Particulate unbiodegradable XI -21 ± 44 -4  % 

Total COD (mg/L)  530  

 

5.2.2 Ozonation 

The results of the COD fractionation in permeate after ozonation are shown in Table 5.6. The 

percentage ratios of the fractions are similar in both samples, with the highest ratio for SS 

(107% and 93%), followed by SI (10% and 8%). Both particulate fractions, XS and XI have 

very low or negative values.  

Table 5.6 COD fractionation after ozonation of permeate 18.05.15 with two different ozone 

concentrations.  

Ozonation 11.06.15 of 

permeate from 18.05.15 

 

(Fractionation date) 

 Sample B  

571 mgO3/h  

 

(12.06.15) 

 Sample C  

1421 mgO3/h  

 

(15.06.15) 

 

Readily (soluble) biodegradable SS 1003 ± 20 107 % 852 ± 20 93 % 

Particulate biodegradable XS  -102 ± 10 -11 %  -13 ± 10 -1 % 

Soluble unbiodegradable SI     91 ± 4 10 %   75 ± 4 8 % 

Particulate unbiodegradable XI    -55 ± 44 -6 %     6 ± 44 1 % 

Total COD (mg/L)  938  920  

A graphic overview of the COD fractionation percentage is presented in Figure 5.1 for all 

water samples. The SS fraction dominates in the gray waters and in all permeates but in black 

water the XI fraction has the highest percentage. The difference before and after advanced 

treatment of permeate 18.05.15 is not significant.  
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Figure 5.1 The average COD fractionation in all water samples. 

6. Discussion  

Overall the goals of this study have been fulfilled. A method for determining COD 

fractionation was established, advanced treatment carried out and results before and after the 

advanced treatment were compared. The investigation of other standard parameters was 

handled by other participants in the NAUTEK project. 

6.1 Physiochemical method 

The participants in this project were satisfied with how the practical aspect of the 

physiochemical method worked. A deeper scientific evaluation of the data obtained for the 

COD fractionation requires further experiments and more data on wastewater specifically 

from cruise liners. 

6.1.1 COD fractionation in gray water, black water and permeate 

The COD fractionation achieved in gray water samples from 18.05.15 and 26.05.15 matches 

with each other. Since there is limited data to compare to, it is hard to draw any conclusions 

regarding the results’s reliability and usability of the fractionation pattern. 

In black water there is a large difference in total COD between the samples from 18.05.15 and 

26.05.15. The value from black water 18.05.15 correlates with other tests done at TUHH in 
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the same sample but the value from 26.05.15 does not. The total COD concentration of 12247 

mg/L in the sample from 26.05.15 was above average.  

The high ratios, 49% and 45%, of XI in the black water was unexpected when compared to 

previous studies (Table 1.2). This leads to some uncertainties in the results but does not 

exclude them since the previous studies are measured on mixed municipal wastewater and not 

black water from cruise liners specifically. The high ratio of this fraction could be explained 

by some other factor such as what type of toilet paper is used onboard or by another unknown 

content in the black water.  

In one of the presented studies under “Previous research”, the summed values were 

presented for soluble respectively particulate COD. The fraction of particulate COD in black 

water was 67% and the soluble fraction for gray water was 65% (Table 1.1). The results in 

this study were similar, 71% and 59% for particulate COD in black water and 62% and 68% 

for soluble COD in gray water (Table 5.3). Also the ratio between total COD concentrations 

of black water and gray water (Table 1.1) looks similar, especially from 18.05.15 (Table 5.3). 

These previous results do not entirely conform to the data and ratios for the COD 

fractionation in gray water and black water in this study. However, it must be taken into 

account that the previous studies, in addition to limitation in numbers for the separated 

wastewater, are based on a different type of wastewater (municipal wastewater). The quantity 

of studies for mixed wastewater were larger (Table 1.2) but since the studies were made on 

wastewater which was not separated, it is hard to draw any conclusion from those numbers 

compared to the ones found in this study. The values could only serve as an overview for 

possible ranges. 

The negative values achieved in permeate samples for XS (18.05.15), XS and XI (26.05.15) 

(Table 5.4) probably derive from the fact that the bioreactor managed to exclude the 

particulate fractions during the cleaning process onboard. The explanation for the ratios over 

100% and the negative percentage may be explained by the fact that the physiochemical 

method, at this stage, is more of a tool for overview than exact accuracy. The high 

percentages could be interpreted as dominating fraction and the negative percentages more as 

an indication of very low or non-existing fractions. A higher COD concentration was 

measured in all permeates after filtration (Appendix D). To find out if there was a connection 

between the negative values of the particulate fractions and a possible systematic error in the 

laboratory work, the filter was washed with deionized water before the filtration during a few 

test runs but no difference was shown between the use of washed filter and non-washed filter. 

Why the COD concentration increased after filtration of permeate, but not in gray water and 

black water, is hard to explain. Somehow the COD in permeate increased after filtration. 

Further studies on this different type of wastewaters are needed to obtain trustworthy data.  

6.1.2 Experimental approach and mathematical model 

The operational aspect of the physiochemical method for COD fractionation worked well. It 

was straightforward in operating and gave stable values throughout the experiments. In the 

first phase of testing and optimizing the method, question marks about the method could 
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easily be tested and ruled out. The experimental design (mentioned in Chapter 2.1) that was 

created in advance was not used because it turned out not to be applicable for the method’s 

purpose.  

The accuracy of the matrix used in this study is not as precise as could have been desired. It 

could, however, give some idea of the relationship in the COD fractionation. There are 

uncertainties when a matrix that is constructed for other, though similar, purposes is used. If a 

matrix was to be constructed especially for this type of wastewaters with the help of the 

respirometric approach, then greater precision may perhaps be obtained. The physiochemical 

method developed could then act like an effective tool for a quick, easy and inexpensive way 

to determine the COD fractionation. 

6.2 Advanced treatment 

For advanced treatment, nanofiltration and ozonation was used. The high requirement of 

sample volume was a limiting factor in this part of the project. It would have been desirable to 

have a larger quantity of samples as well as different samples in order to carry out various 

experiments. 

6.2.1 Nanofiltration  

In permeate achieved after nanofiltration the highest fraction was SS (106%) followed by SI 

(10%) while fraction XS and XI had negative values (-12% and -4%) (Table 5.5). Before 

nanofiltration XI had a positive value of 5% (Table 5.4). That could be interpreted as if the 

nanofiltration removed the particulate unbiodegradable fraction but the difference might not 

be significant enough to state it with total conviction. As mentioned earlier, the explanation 

for the ratios over 100% and the negative percentage derives most probably from the fact that 

physiochemical method, at present stage, is more of a tool for overview than for exact 

measurement. The high percentages could be interpreted as dominating fractions and the 

negative percentages more as an indication of very low or non-existing fractions. The result is 

logical since the membrane is supposed to remove particulate fractions. 

As expected, the total COD concentration after nanofiltration was lower than in the raw 

wastewater permeate from the bioreactor on the ship. 

6.2.2 Ozonation 

Permeates achieved after ozonation did not show a significant difference in total COD or 

COD fractionation pattern compared to permeate from 18.05.15 (Table 5.4). This is probably 

due to the fact that permeate from 18.05.15 that was treated with ozone was too contaminated 

and all the released oxygen was most likely consumed. To get a significant reduction of COD 

the ozone concentration needs to be higher or permeate cleaner/pre-treated in some way 

before being circulated in the ozonation plant. 
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6.3 Process analysis 

The time schedule was continuously followed during the project. The first two weeks were 

used for background research and establishment of the physiochemical method which later 

was used to determine the COD fractionation. At the end of the stay at TUHH, the decision to 

stay an extra (seventh) week at the university was made. That week was used to fractionate 

wastewater from another sample collection date (26.05.15) from the cruise ship. This was in 

order to obtain more values to compare with and to have more time for the COD fractionation 

in the samples from the ozonation. Overall, the time schedule was easy to follow and there 

was time to properly try out and develop the method before the experiments were performed. 

The project plan (Appendix A) contained an overview of all the details for the project and 

provided as a solid base for the Bachelor thesis. 

6.4 Ethical and societal impact 

The negative ethical and societal consequences that can be associated with this study are very 

few or none. The study contributed a small part of a larger project, the aim of which is to 

improve environmental health. One part that could be questioned is the use of chemicals and 

energy in order to be able to carry out the experiments. Both chemicals and energy use have 

an effect on the environment but, in this small amount and with accurate handling, the damage 

can be regarded as negligible. The damage that the use of this chemicals and energy might 

help to avoid is on another scale.  

This study is more likely to contribute to something that will profit nature and the 

environmental health. If the developed method could be used successfully to quickly decide if 

a certain treatment has had the desired effect, it would save a lot of time, resource and money 

compared to other methods. Besides that, it would also contribute to providing knowledge 

about the effect of different advanced treatment methods.  

Since the subject of discharged wastewater from cruise liners is highly topical at the moment, 

the result might be of public interest. Perhaps these results will not directly be of value but 

they could be of use indirectly if they help in providing information to the NAUTEK project  

to improve and optimize wastewater treatment. 

7. Conclusions 

Only a few previous studies were found where the COD fractionation has been investigated in 

separated wastewaters. At the present stage, with only a few results to compare to and without 

more comprehensive sets of data, it is doubtful that the results in this study are reliable or 

accurate enough to be used in a simulation model. 

The greatest use of this method, at the moment, might be to compare the COD fractionation 

before and after advanced treatment. For a more reliable comparison value, the method should 

be completed with a matrix specifically developed for wastewater from cruise liners with the 
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help of the respirometric approach. This is because the matrix used, is based on municipal 

wastewater from another location. 

The conclusion is that if the method was properly established according to the suggestions 

above, it could be very useful, both for determining COD fractionation and evaluating the 

effect of advanced treatment. 
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APPENDIX A  

 

Project Plan 

COD fractionation of wastewater on cruise ships before and after advanced 

treatment 

 

Introduction 

This project/Bachelor thesis will be a part of a larger project called NAUTEK which is 

supported by German Federal Ministry of Economic Affairs and Energy (BMWi). The project 

has two main parts: the first step is to determinate the chemical oxygen demand (COD) 

fractionation in wastewater from cruise ships and the second step is to compare the 

fractionation in the wastewater before and after advanced treatment. COD is a measurement 

for the oxygen uptake rate of microorganisms in water treatment [10] based on chemical 

decomposition of organic and inorganic contaminants [11]. 

Location and contact information 

The project will take place at Technische Universität Hamburg-Harburg (TUHH) at Institut 

für Abwasserwirtschaft und Gewässerschutz (AWW). 

Supervisor: Lena Westhof (lena.westhof@tuhh.de) 

(Project leader: Prof. Dr.-Ing. Stephan Köster) 

Examiner Linköping University: Prof. Elke Schweda 

Supervisor Linköping University: Assoc. Prof. Johan Dahlén 

Aim 

The aim of the first part of the project is to find, and set up, a method for determining the 

COD fractionation and their concentrations in wastewater from cruise ships. The COD 

fractions of interest are: readily biodegradable (Ss), particulate biodegradable (Xs), soluble 

unbiodegradable (Si) and particulate unbiodegradable (Xi). When a method has been 

established, several different types of wastewater from cruise ships will be examined. The 

different types of wastewater of interest are: raw black water (wastewater from toilets 

containing faecal matter and urine), raw gray water (wastewater from baths, galleys, sinks, 

laundry etc.) and mixed raw wastewater (a combination of raw black and gray wastewater).  

In the latter part of the project the established method will be used to determine the COD 

fractionation and their concentrations before and after advanced treatment. The aim of this 

second part is to test and optimize different types of techniques for advanced treatment. The 

techniques of interest for advanced treatment will be ozonation, high pressure membrane 

systems (NF/RO) and adsorption by activated carbon.  

The values achieved of the COD fractionation before and after treatment will also be used by 

another group in the NAUTEK project, for programming a treatment simulation model. 
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Methods  

Determine COD fractionation 

There are different approaches for COD fractionation of wastewater. The two main 

approaches are the respirometric method and the physiochemical method. The respirometric 

method is based on biological processes while the physiochemical method is based on 

physical properties (particle size) and chemical treatment with flocculants. The respirometric 

method is more accurate and gives more details about the fractionation but it is also more 

complicated and time consuming. It’s highly demanding in calculations, handling, 

maintenance and equipment. The physiochemical method is less demanding in both set up, 

maintenance and time but it doesn’t produce as precise values as the respirometric method.  

The respirometric method is based on several different biological processes to divide the COD 

into the biodegradable COD fractions and the unbiodegradable COD fractions. The 

physiochemical method will divide the COD content into different fractions from the 

respirometric method. These fractions are: Settable solids (Css), nonsettable solids (Cns), 

soluble COD (Cs) and colloidal COD (Cc). The fractions from the physiochemical method 

can then be converted into Ss, Xs, Si and Xi mathematically with a convertion matrix from 

previous research [3].  

If possible both methods will be used, but the main focus will be on establishing the 

physiochemical method and gathering statistical data. This is due to limitations in time and 

knowledge of biological processes. 

Meassure COD  

Messurement of the COD in the different fractions will be performed according to standard 

method ISO 15705:2002.  

Advanced Treatment 

Advanced treatment is described as “Removal of dissolved and suspended materials 

remaining after normal biological treatment when required for various water reuse 

applications.” in the article; “Wastewater Treatment on Cruise Liners: Current Situation and 

Solution to Overcome Future Challenges”[2]. In this project the techniques of interest for 

advanced treatment will be ozonation, high pressure membrane systems (NF/RO) and 

adsorption by powdered activated carbon. 

Ozonation is performed with an ozonator where the ozone is created by an electric discharge 

field or by ultraviolet radiation. [6] The unstable O3 molecule will react with other 

compounds in the wastewater and removes e.g. bacteria, viruses and metals. This has a 

disinfecting effect on the wastewater. [7] 

Reverse osmosis (RO) is a physical separation process. Pretreated water is delivered at 

moderate pressures against a semipermeable membrane. The membrane rejects most solute 

ions and molecules and works as an absolute barrier for cysts and viruses. It only allows water 

of very low mineral content to pass through. Nanofiltration (NF) is a lower pressure RO 

technology where the membrane has lower monovalent ion rejection properties [8]. 

Activated carbon is commonly used in drinking water treatment to adsorb natural organic 

compounds, synthetic organic chemicals and also taste and odor compounds. It is an effective 

adsorbent because of the highly porous material which provides a large surface area where 

contaminants may be adsorbed [9].  
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Chemometric techniques 

Experimental designs will be used to optimize the physiochemical method and if possible also 

the methods for advanced treatment. Statistical analyzes will be performed on the results. 

Literature  

Background research for methodology and method development will be done by reviewing 

articles of previous work and established methods in the field. Articles of interest for 

respirometric approaches for COD fractionation, amongst others, are; “Procedures for 

Determining Influent COD Fractions and the Maximum Specific Growth Rate of 

Heterotrophs in Activated Sludge Systems”[1] and “The effect of residual COD on the 

biological treatability of textile wastewaters” [4]. Articles of interest for the physiochemical 

approach are “Wastewater COD biodegradability fractionated by simple physical–chemical 

analysis” [3] and “Evaluation of a rapid physical–chemical method for the determination of 

extant soluble COD” [5].  

To obtain a greater understanding for the project, as well as of an understanding of the term 

“advanced treatment”, the following article will be studied; “Wastewater Treatment on Cruise 

Liners: Current Situation and Solution to Overcome Future Challenges” [2]. As well, the 

knowledge of the supervisor in the project, as well as other participants in the project, will be 

of great help. 

Questions to answer 

 How to determine COD fractionation in wastewater from cruise liners? What methods 

are there? 

 How does the COD fractionation change after advanced treatment (ozonation, 

adsorption by powdered activated carbon and high pressure membrane system 

(NF/RO))? 

 How do ozonation/nanofiltration/activated carbon affect standard parameters? (COD, 

BOD, N etc.) 

 How can the advanced treatment be optimized? 
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APPENDIX B  

 

Manual Physiochemical Method  

 

Part I 

 

1. Put raw WW (at room temperature) in a glass vessel and dilute it with deionized H2O 

(20 mL WW + 80 mL deionized H2O) 

 

2. Measure COD in raw WW. 

 

3. Let the raw WW settle for 90 minutes. 

 

4. Measure COD in “Settled WW”. 

 

5. COD in raw WW - COD in “Settled WW” = CSS (Settable solids) 

 

6. Take ca 10 mL supernatant of settled sample with pipette. Filtrate the “Settled WW” 

with a 0.45 μm filter paper - The wastewater which runs through the filter is called 

“Settled and filtrated WW”.  

 

7. Measure COD in “Settled and filtrated WW”. 

  

8. COD in the “Settled WW” - COD in  “Settled and filtrated WW” =  CNS (Nonsettable 

solids) 

 

Part II 

 

9. Put raw WW (at room temperature) in a glass vessel. (20 mL WW + 80 mL deionized 

H2O in a 250 mL glass vessel) 

 

10. a. Flocculate raw WW with 1mL 100mg/L PAC flocculants (0.1% PAC) 

b. Keep pH =7.5 

c. Mix with magnetic stirrer, 1 min at 300 rpm 

d. Mix with magnetic stirrer, 5 min at 30 rpm 

e. Settle for 1 h 
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f. Filtrate with a 0.45 μm filter paper.  

 

      11. Measure COD in the wastewater which runs through the filter 

 

            COD in “Flocculated and filtrated WW” is assumed to be = CS (soluble COD) 

 

      12. Total COD - (CSS + CNS + CS) = CC (Colloidal COD) 

 

13. Use converting matrix to convert into SS, XS, SI and XI 

 

 

SS = 0.11CSS + 0.21CNS + 0.23CC + 0.92CS ± 20 

XS = 0.17CSS + 0.37CNS + 0.59CC + 0CS ± 10 

SI = 0CSS + 0CNS + 0CC + 0.08CS ± 4 

XI = 0.72CSS + 0.42CNS + 0.18CC + 0CS ± 44 
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APPENDIX C 

 

Manual PAC Flocculent Stock Solution  

 

To prepare a 1% solution of PAC the relative density has to be considered. A 10.5% PAC has 

a relative density of 1.20 kg/L.  

 

1.20 kg/L = 1.20 g/mL 

 

This means that 1.0 mL will weigh 1.20 g which further gives: 

 

1 g = 1 mL/1.20 = 0.83 mL 

 

To prepare a 1% solution of PAC, add 0.83 ml of pure PAC to 99 mL of water. 
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APPENDIX D  

Raw data of COD concentration 

Raw WW - Settled WW = Css  

Settled WW - Settled and filtrated WW = Cns 

Flocculated and filtrated WW = Cs  

Raw ww COD - (Css + Cns + Cs) = Cc 

 

Gray water 
18.05.15 

     

Testrun 1 
Fraction Concentration Conversion Fraction Concentration 

2015-05-21 
     

 
Raw ww (total COD) 1595    

 
Settled ww 1560    

 
Settled and filtrated ww 800    

 
Css 35 → Ss  

 
Cns 760 → Xs  

No flocculant 
Cs  → Si  

 Cc  → Xi  

 

 

Gray water 
18.05.15 

     

Testrun 2 Fraction Concentration Conversion Fraction Concentration 

2015-05-21      

 Raw ww (total COD) 1585    

 Settled ww 1575    

 Settled and filtrated ww 755    

 Css 10 → Ss  

 Cns 820 → Xs  

No flocculant Cs  → Si  

 Cc  → Xi  

 

 

Permeate 
18.05.15 

     

Testrun 1 Fraction Concentration Conversion Fraction Concentration 

2015-05-22      

 Raw ww (total COD) 980    

 Settled ww 980    

 Settled and filtrated ww 1290    

 Css 0 → Ss  

 Cns -310 → Xs  

No flocculant Cs  → Si  

 Cc  → Xi  
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Permeate 
18.05.15 

     

Testrun 2 Fraction Concentration Conversion Fraction Concentration 

2015-05-22      

 Raw ww (total COD) 980    

 Settled ww 1000    

 Settled and filtrated ww 1205    

 Css -20 → Ss  

 Cns -205 → Xs  

No flocculant Cs  → Si  

 Cc  → Xi  

 

 

Gray Water 
18.05.15 

       

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-05-26        

 Raw ww (total COD) 1800       

 Settled ww 1765      

 Settled and filtrated ww 745      

 Css 35 → Ss 1045 ± 20 58,16 

 Cns 1020 → Xs 262 ± 10 14,43 

 Cc -205 → Si 76 ± 4 4,23 

 Cs 950 → Xi 417 ± 44 23,18 

     1800   

 

 

Gray Water 
18.05.15 

       

Sample 2 
Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-05-26 
  

 
    

 
Raw ww (total COD) 1800 

 
     

 
Settled ww 1765 

 
    

 
Settled and filtrated ww 745 

 
    

 
Css 35 

→ 
Ss 1038 ± 20 57,77 

 
Cns 1020 

→ 
Xs 268 ± 10 14,76 

 
Cc -195 

→ 
Si 75 ± 4 4,18 

 
Cs 940 

→ 
Xi 419 ± 44 23,29 

 
  

 
 1800   
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Permeate 
18.05.15 

       

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-05-27        

 Raw ww (total COD) 965       

 Settled ww 805      

 Settled and filtrated ww 875      

 Css 160 → Ss 894 ± 20 92,64 

 Cns -70 → Xs -72 ± 10 -7,51 

 Cc -125 → Si 80 ± 4 8,29 

 Cs 1000 → Xi 63 ± 44 6,53 

     965   

 

 

Permeate 
18.05.15 

       

Sample 2 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-05-27        

 Raw ww (total COD) 965       

 Settled ww 805      

 Settled and filtrated ww 875      

 Css 160 → Ss 1025 ± 20 106,24 

 Cns -70 → Xs -185 ± 10 -19,12 

 Cc -315 → Si 95 ± 4 9,84 

 Cs 1190 → Xi 29 ± 44 3,01 

     965   

 

 

Black Water 
18.05.15 

      

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-01        

 Raw ww (total COD) 7170       

 Settled ww 2950      

 Settled and filtrated ww 2110      

 Css 4220 → Ss 1712 ± 20 24,86 

 Cns 840 → Xs 1530 ± 10 22,21 

 Cc 850 → Si 101 ± 4 1,46 

 Cs 1260 → Xi 3544 ± 44 51,46 

     6887   
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Black Water 
18.05.15 

       

Sample 2 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-03        

out of range Raw ww (total COD) 21040       

 Settled ww 8360      

 Settled and filtrated ww 5040      

 Css 12680 → Ss 6232 ± 20 26,40 

 Cns 3320 → Xs 6039 ± 10 25,58 

 Cc 4500 → Si 0 ± 4 0,00 

 Cs   → Xi 11334 ± 44 48,02 

     23605   

 

 

Black Water 
18.05.15 

       

Sample 3 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-03        

out of range Raw ww (total COD) 22600       

 Settled ww 7760      

 Settled and filtrated ww 4760      

 Css 14840 → Ss 6655 ± 20 25,68 

 Cns 3000 → Xs 6453 ± 10 24,90 

 Cc 4780 → Si -2 ± 4 -0,01 

 Cs  -20 → Xi 12805 ± 44 49,42 

     25912   

 

 

 

Black Water 
18.05.15 

       

Sample 4 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-04        

out of range Raw ww (total COD) 20260       

 Settled ww 7120      

 Settled and filtrated ww 3720      

 Css 13140 → Ss 5982 ± 20 25,32 

 Cns 3400 → Xs 6029 ± 10 25,52 

 Cc 4300 → Si -46 ± 4 -0,20 

 Cs  -580 → Xi 11663 ± 44 49,36 

     23627   
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Permeate 
18.05.15 

       

Sample 3 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-04        

 Raw ww (total COD) 1205       

 Settled ww 1080      

 Settled and filtrated ww 1160      

 Css 125 → Ss 968 ± 20 80,29 

 Cns -80 → Xs 74 ± 10 6,16 

 Cc 140 → Si 82 ± 4 6,77 

 Cs 1020 → Xi 82 ± 44 6,77 

     1205   

 

NF Permeate 
02.06.15 

       

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-05        

 Raw ww (total COD) 532       

 Settled ww 480      

 Settled and filtrated ww 560      

 Css 52 → Ss 589,68 ± 20 110,84 

 Cns -80 → Xs -93,92 ± 10  

 Cc -124 → Si 54,72 ± 4 10,29 

 Cs 684 → Xi -18,48 ± 44  

     532   

 

NF Permeate 
02.06.15 

       

Sample 2 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-05        

 Raw ww (total COD) 528       

 Settled ww 512      

 Settled and filtrated ww 592      

 Css 16 → Ss 537,88 ± 20 101,87 

 Cns -80 → Xs -33,96 ± 10  

 Cc -12 → Si 48,32 ± 4 9,15 

 Cs 604 → Xi -24,24 ± 44  

     528   
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Permeate 
26.05.15 

       

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-08        

 Raw ww (total COD) 
765 

      

 Settled ww 
750 

     

 Settled and filtrated ww 
820 

     

 Css 
15 

→ Ss 758,6 ± 20 99,16 

 Cns 
-70 

→ Xs -38,1 ± 10  

 Cc 
-25 

→ Si 67,6 ± 4 8,84 

 Cs 
845 

→ Xi -23,1 ± 44  

     765   

 

Permeate 
26.05.15 

       

Sample 2 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-08        

 Raw ww (total COD) 
740 

      

 Settled ww 
760 

     

 Settled and filtrated ww 
805 

     

 Css 
-20 

→ Ss 1456,9 ± 20 196,88 

 Cns 
-45 

→ Xs -642,5 ± 10  

 Cc 
-1055 

→ Si 148,8 ± 4 20,11 

Something Cs 
1860 

→ Xi -223,2 ± 44  

wrong     740   

 

Gray Water  
26.05.15 

       

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-09        

 Raw ww (total COD) 1560       

 Settled ww 1560      

 Settled and filtrated ww 965      

 Css 0 → Ss 985,15 ± 20 63,15 

 Cns 595 → Xs 243,75 ± 10 15,63 

 Cc 40 → Si 74 ± 4 4,74 

 Cs 925 → Xi 257,1 ± 44 16,48 

     1560   
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Gray Water  
26.05.15 

       

Sample 2 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-09        

 Raw ww (total COD) 1585       

 Settled ww 1555      

 Settled and filtrated ww 930      

 Css 30 → Ss 1010,85 ± 20 63,78 

 Cns 625 → Xs 218,65 ± 10 13,79 

 Cc -30 → Si 76,8 ± 4 4,85 

 Cs 960 → Xi 278,7 ± 44 17,58 

     1585   

 

Black Water 
26.05.15 

       

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-10        

 Raw ww (total COD) 9960       

 Settled ww 5860      

 Settled and filtrated ww 3380      

 Css 4100 → Ss 4164,2 ± 20 41,81 

 Cns 2480 → Xs 1543,8 ± 10 15,50 

 Cc -120 → Si 280 ± 4 2,81 

 Cs 3500 → Xi 3972 ± 44 39,88 

     9960   

 

Black Water  
26.05.15 

       

Sample 2 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-10        

 Raw ww (total COD) 14200       

 Settled ww 6480      

 Settled and filtrated ww 3560      

 Css 7720 → Ss 4710 ± 20 33,17 

 Cns 2920 → Xs 2416,4 ± 10 17,02 

 Cc 40 → Si 281,6 ± 4 1,98 

 Cs 3520 → Xi 6792 ± 44 47,83 

     14200   
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Ozonation  
permeate B 

       

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-12        

 Raw ww (total COD) 945       

 Settled ww 955      

 Settled and filtrated ww 990      

 Css -10 → Ss 971,35 ± 20 102,79 

 Cns -35 → Xs -73,65 ± 10 -7,79 

 Cc -100 → Si 87,20 ± 4 9,23 

 Cs 1090 → Xi -39,90 ± 44 -4,22 

     945   

 

Ozonation  
permeate B 

       

Sample 2 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-12        

 Raw ww (total COD) 930       

 Settled ww 940      

 Settled and filtrated ww 1015      

 Css -10 → Ss 1034,25 ± 20 111,21 

 Cns -75 → Xs -129,75 ± 10 -13,95 

 Cc -170 → Si 94,80 ± 4 10,19 

 Cs 1185 → Xi -69,30 ± 44 -7,45 

     930   

 

Black Water  
26.05.15 

       

Sample 3 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-15        

 Raw ww (total COD) 12580       

 Settled ww 7500      

 Settled and filtrated ww 4320      

 Css 5080 → Ss 5270 ± 20 41,89 

 Cns 3180 → Xs 1981,2 ± 10 15,75 

 Cc -100 → Si 353,6 ± 4 2,81 

 Cs 4420 → Xi 4975,2 ± 44 39,55 

     12580   
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Ozonation  
permeate C 

       

Sample 1 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-15        

 Raw ww (total COD) 945       

 Settled ww 910      

 Settled and filtrated ww 905      

 Css 35 → Ss 861,65 ± 20 91,18 

 Cns 5 → Xs -12,85 ± 10 -1,36 

 Cc -35 → Si 75,20 ± 4 7,96 

 Cs 940 → Xi 21 ± 44 2,22 

     945   

 

Ozonation  
permeate C 

       

Sample 2 Fraction Concentration Conversion Fraction Concentration Ratio % 

2015-06-15        

 Raw ww (total COD) 895       

 Settled ww 880      

 Settled and filtrated ww 925      

 Css 15 → Ss 843,2 ± 20 94,21 

 Cns -45 → Xs -14,1 ± 10 -1,58 

 Cc 0 → Si 74 ± 4 8,27 

 Cs 925 → Xi -8,1 ± 44 -0,91 

     895   
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APPENDIX E  
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