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SUMMARY 

BOD (Biochemical Oxygen Demand) is one of the important parameters 
in wastewater treatment technology, BOD – 5 days method is the 
standard method to measure this parameter. Nowadays, there are new 
methods to detect the BOD. The new methods aim for shorting the 
measurement time and to reduce the costs. Microbial Fuel Cell 
measurement is one of the newest methods. The BOD5 takes normally 
five days to get the result. Using MFC (Microbial Fuel Cell) to build up a 
small on-line system to measure BOD may reduce to measurement time 
to 20 minutes. In this report, the MFC BOD on-line Measurement was 
used in order to test if this rapid way would work in practical usage. 

In the experiment secondary sedimentation sludge was used as the 
bacteria source on the MFC anode with GGA (Glucose and Glutamic 
Acid solution) as an electron producer, to add constant air to the cathode 
side, a small MFC was made. By measuring the voltage over the 
resistance, a value can be read from the voltage meter. After 30 minutes, 
a voltage value changing curves was gotten. At the end the curve was 
analyzed and compared with the real BOD value in order to get the 
conclusion. 

According to the results the MFC method is a good way of detecting the 
BOD value. In the experiment, the bacteria activity is one of the most 
important key aspects. In the wastewater there are always different sorts 
of bacteria, some are heterotrophic and some are autotrophic. Great care 
need to be taken when picking bacteria and culturing them. 

The voltage curves from each BOD solution itself was pretty good, they 
all gave significant stable values. However, the correlation factor was not 
good enough to use this MFC as a BOD meter now and further work on 
the MFC is necessary in order to achieve a higher correlation factor. In 
order to get a better working MFC, the bacteria needed to be cultivated, 
in order to be able to oxidize organic material by giving of electrons to 
the electrode instead of taking up oxygen. Aerobic bacteria are 
constructed to take up oxygen through the cell membrane and the 
cathode reaction is occurring inside the bacteria. To only reduce the 
organic material and give an electron to an external electrode is an 
abnormal situation for most bacteria. The best result would be if each 
BOD solution can be found to have a unique interval of distribution. In 
that case, BOD of the unknown water sample can be predicted 
immediately after measuring the voltage with the MFC method. 

The Microbial Fuel Cell technology shows a possible way to the 
development of the BOD measurement. Regarding to the experiment, 
the MFC method was working rather good to get the voltage rend, 
however if want MFC to be applied in reality, more analysis needed to be 
done in order to improve the correlation factor. Therefore the online 
BOD measurement is promising but more researches are needed in the 
future work. 

When considering the budget of measuring BOD, the frequency of 
measurements is of importance. With only one or a few measurements, it 
is cheaper to send to laboratory. In a WWTP however, it is normal to 
take the measurement quite often. Therefore, the BOD5 method and the 
MFC method are more practical. Since the traditional BOD5 method 
takes five days, the MFC method is more useful, especially if the result is 
used to control the process. 
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SUMMARY IN SWEDISH  

BOD (Biokemisk syreförbrukning) är ett av de viktigaste parametrarna i 
avloppsvattenteknik, BOD - 5 dagar är standardmetod för att mäta 
denna parameter. Numera finns det nya metoder för att detektera BOD. 
Dessa nya metoder strävar efter förkorta mättiden och att minska 
kostnaderna. Mätning med Mikrobiell bränslecell är en av de nyaste 
metoderna. Med BOD5 tar det fem dagar för att få resultat. Användning 
av MFC (Mikrobiell bränslecel) för att bygga upp en liten on-line system 
för att mäta BOD kan minska mättiden till 20 minuter. I denna rapport 
användes MFC BOD on-line mätning för att testa om denna snabba 
metod skulle fungera i praktisk användning. 

Vid experimentet användes en liten MFC, sekundärasedimenterat slam 
som bakteriekälla för MFC anoden med GGA (glukos och glutaminsyra 
lösning) som en elektronkälla för att tillföra konstant luft till katodsidan. 
Genom att mäta spänningen över en resistans, kan ett värde avläses från 
voltmetern. Efter 30 minuter erhölls en kurva för hur spänningsvärdet 
förändras. Vid slutet av kurvan analyserades och jämfördes med det 
verkliga BOD värdet för att utvärdera resultatet. 

Enligt resultaten är MFC-metoden ett bra sätt att detektera BOD-värdet. 
I dettta experiment är bakterieaktiviteten en av de viktigaste 
huvudaspekterna. I avloppsvattnet finns alltid olika typer av bakterier, 
vissa är heterotrofa och vissa är autotrofa. Stor omsorg måste tas när 
man väljer bakteriekulturer och odlar dem. 

Spänningskurvorna från varje BOD-lösningen i sig var ganska bra och de 
gav alla signifikanta stabila värden. Emellertid var korrelationsfaktorn 
inte tillräckligt bra för att använda denna MFC som en BOD meter och 
fortsatta arbetet med MFC är nödvändigt för att uppnå en högre 
korrelationsfaktor. För att få en bättre arbetande MFC, behöver 
bakterierna odlas, så att de kan oxidera organiskt material genom att avge 
elektroner till elektroden i stället för att ta upp syre. Aeroba bakterier är 
konstruerade för att ta upp syre genom cellmembranet och 
katodreaktionen sker inuti bakterien. Att enbart oxidera det organiska 
materialet och ge en elektron till en extern elektrod är en onormal 
situation för de flesta bakterier. Det bästa resultatet skulle bli om varje 
BOD lösning kan hittas för att ha en unik fördelningsintervall. I detta fall 
kan BOD för ett okänt vattenprov bestämmas omedelbart efter mätning 
av spänning med MFC-metoden. 

Den Mikrobiella bränslecellstekniken visar på en möjlig väg till 
utveckling av BOD-mätningen. När det gäller försöket var MFC-
metoden ganska bra att få spänningsnivå, men om vill att MFC skall 
tillämpas i verkligheten, behöver mer arbete göras för att förbättra 
korrelationsfaktorn. Därför är online BOD-mätningen lovande men fler 
undersökningar behövs i det fortsatta arbetet. 

När man överväger budget för att mäta BOD, är frekvensen av 
mätningar av betydelse. Med endast en eller några få mätningar, är det 
billigare att sända till ett laboratorium. I ett reningsverk är det dock 
vanligt att göra mätningar ganska ofta. Därför är BOD5 metoden och 
MFC metod är mer praktiska. Eftersom den traditionella BOD5 metoden 
tar fem dagar, är MFC mer användbart, speciellt om resultatet skall 
användas för att styra processen. 
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ABSTRACT  

BOD (Biochemical Oxygen Demand) is one of the important parameters in 
wastewater treatment technology, it normally takes five days to get the result. Using 
MFC (Microbial Fuel Cell) to build up a small on-line system to measure BOD will 
reduce to operating time to 20 minutes. In this report, the MFC BOD on-line 
measurement was processed in order to test if this rapid way would work in practical 
usage. 

The experiment used secondary sedimentation sludge as the bacteria source on the 
MFC anode pattern with GGA (Glucose and Glutamic Acid solution) as an electron 
producer, and the 30 minutes voltage value changing curves was gotten by measuring 
the voltage. At the end the curve was analyzed and compared with the real BOD value 
in order to get the conclusion. 

The BOD on-line measurement is quite promising and efficient when multi-samples 
are needed to be tested. 

Key words: BOD; On-line measurement; MFC; Wastewater; Bacteria; 
Secondary Sedimentation Sludge; Electron; Anode; Cathode; Voltage.  

1. INTRODUCTION 

Nowadays, wastewater treatment progress plays an important role in 
contributing to the world's sustainable development. Modern 
technologies of waste and wastewater handling play one of the 
significant roles to explaining how the highly developed industries can 
have fast economic growth without heavily polluting the environment. 

1.1. The wastewater treatment development history 

Most of the developed countries have very high standards for acceptable 
level of pollution in treated wastewater discharge. For example in 
Europe, the water management is sorted by several levels. In Sweden, 
Denmark, and other countries the approval of plans are pyramided by 
national planning, regional planning, municipal planning and local 
planning. In Sweden, the Swedish Environmental Protection Agency 
(Swedish EPA) is compiling knowledge and documentation to develop 
their own and others' environmental efforts, helping to develop 
environmental policy by providing the Government with a sound basis 
for decisions and by giving an impetus to EU and international efforts 
and joining in environmental policy implementation by acting in such a 
way as to ensure compliance with the Swedish Environmental Code and 
achievement of the national environmental objectives (Swedish EPA, 
2011).  

The history of wastewater treatment can be traced back to the 
19th century. It is a relatively modern practice. It was not until the late 
19th century that large cities realized that they had to reduce the amount 
of pollutants they were discharging into the environment.  For example 
San Diego had no wastewater treatment prior to 1943. At the beginning 
of the wastewater treatment history, the treatment was only focusing on 
sewage water. Despite large supplies of fresh water and the natural ability 
of water to cleanse itself over time, populations had become so 

Table 1 NSF/ANSI Standard 245. 

CBOD5 25 mg/L 

TSS 30 mg/L 

Total Nitrogen At least a 50% average of influent TKN 

pH 6.0 to 9.0 SU 
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concentrated by 1850 that outbreaks of life-threatening diseases were 
traced to bacteria in the polluted water. 

More and more people now realize how closely wastewater treatment is 
tied to our daily lives, and have started to pay attention to this field. They 
develop more modern techniques refine the treatment process. What 
happens in a wastewater treatment plant is essentially the same as what 
occurs naturally in a lake or stream.  The function of a wastewater 
treatment plant is to speed up the process by which water cleanses 
(purifies) itself.  

Nowadays the typical wastewater treatment plant consists biological, 
physical, chemical and mechanical techniques to improve the public's 
health, water qualities, commercial and environmental protections 
procedures. The modern sewer system is an engineering marvel.  Homes, 
businesses, industries, and institutions throughout the modern world are 
connected to a network of below-ground pipes which transport 
wastewater to treatment plants before it is released to the environment. 
Wastewater is the flow of used water from a community.  As the name 
implies, it is mostly water; a very small portion is waste material. 

1.2. The standards of wastewater treatment 

In order to evaluate the water and wastewater, there are many standards 
available to determine if the water is treated properly and is pure enough 
for drinking or discharging.  

For example, the American National Standards (NSF/ ANSI standards) 
exist for a wide range of products, providing for a method of test and 
associated criteria of demonstrated product compliance (NSF, 2011). 
This standard is produced by the American National Standards Institute 
(ANSI), it consists the standards for Residential Wastewater Treatment 
Systems (NSF/ANSI Standard 40), Non-Liquid Saturated Treatment 
Systems(NSF/ANSI Standard 41), Evaluation of Components and 
Devices Used in Wastewater Treatment Systems(NSF/ANSI Standard 
46), Wastewater Treatment Systems - Nitrogen Reduction(NSF/ANSI 
Standard 245) (Table 1), Onsite Residential and Commercial Reuse 
Treatment Systems(NSF/ANSI Standard 350). Through the testing of 
standard 245 a treatment system must meet these effluent concentrations 
averaged over the course of the testing period in order to discharge the 
water into the enviroment. 

The Environmental Protection Agency (EPA) is another international 
institute which conducts standards for publicly owned treatment works 
(POTWs). One of the standards was made for specifically inspecting the 
performance of secondary wastewater treatment plants. In the fifth 
chapter of the Technology-Based Effluent Limits (U.S. E.P.A., 1994), 
there are several details included in evaluating the WWTP, for example: 

 the age of the equipment and facilities 

 manufacturing processes used 

 engineering aspects of the application of recommended control 
technologies, including process changes and in-plant controls 

 non-water quality impacts, including energy requirements 

 cost 

 other factors, as deemed appropriate 

What's more, in this standard, the parameters (Table 2) are also be 
defined by the limitations provided in exhibition 5-6 (U.S. E.P.A., 1987). 
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1.3. The parameters in wastewater treatment 

The different types of wastewater can be sorted as domestic wastewater, 
industry wastewater, agriculture wastewater, storm water and so on. 
Looking through the previous chapter (chapter 1.2), it can be concluded 
that it is essential to regulate the effluent water from wastewater 
treatment plant with some appropriate parameters.  

Municipal wastewater is mainly comprised of water (99.9%) together 
with relatively small concentrations of suspended and dissolved organic 
and inorganic solids. Among the organic substances present in sewage 
are carbohydrates, lignin, fats, soaps, synthetic detergents, proteins and 
their decomposition products, as well as various natural and synthetic 
organic chemicals from the process industries.  A more complete list of 
substances to be found in wastewater can be found in Appendix I. 
Drinking water, or the effluent water from the WWTP, has to meet 
critical standards before discharging. Therefore it's important to measure 
and make sure the parameter values are within the strict ranges of the 
standards (the detailed parameters for drinking water and effluent water 
are shown in appendix I and II). 

One of the essential parameters to measure in a WWTP is the 
Biochemical Oxygen Demand (BOD). BOD is a chemical procedure for 
determining the amount of dissolved oxygen (mg/L) needed by aerobic 
biological microorganisms in a body of water to consume the organic 
material. This measures the organic material present in a given water 
sample at certain temperature over a specific time period. The higher the 
BOD value is, the more organic material is contained in the water. In 
waste water treatment technology, BOD is a very important parameter to 
indicate the degree of water pollution (Tchobanoglous et al,1979). Thus 
in this report, the main research was focused on BOD measurement. 

Another important parameters are COD, Chemical Oxygen Demand, 
and TOC, Total Organic Carbon. COD is measured by using a strong 
oxidizing chemical tat oxidizes almost all material and TOC is measured 
by drying and incineration. By using a strong oxidizing chemical much 
more material is oxidized than can be consumed by aerobic biological 
microorganisms and COD values is always much higher than BOD. 
According to Gray's theory (Gray, 1999), COD is about 1.25 to 2.5 times 
higher than BOD. The ratio of BOD to COD tells how much of the 
organic material which is biogradable. However, some polysaccharides, 
such as cellulose, can only be degraded anaerobically and do not 
contribute to the BOD value. COD can be measured in much shorter 
times than BOD. Also the oxygen demand for nitrifying the ammonia 
content contributes to BOD and COD, while on measuring TOC is the 
ammonia evaporated at drying and the TOC value therefore depends on 
the total amount of organic carbon. On comparing with TOC it must be 
noted that TOC is expressed in grams of oxidized organic material, while 
BOD and COD is expressed in grams of consumed oxygen (Gray, 
1999). 

Table 2 EXHIBIT 5-6 Secondary Treatment Standards. 

Parameter 30-Day Average 7-Day Average 

5-Day BOD 30 mg/l 45 mg/l 

TSS 30 mg/l 45 mg/l 

pH 6-9 s.u. (instantaneous) - 

Removal 85% BOD and TSS - 
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2. BOD  MEASUREMENT AND DEVELOPING HISTORY  

Biochemical oxygen demand (BOD) is a chemical procedure for 
determining the amount of dissolved oxygen (mg/L) needed by aerobic 
biological organisms in a body of water to measure organic material 
present in a given water sample at certain temperature over a specific 
time period. 

Nowadays, the most popular way is using the 5 days BOD value under 
the temperature 20 0C as the standard BOD method (BOD5). The other 
BOD measurements can be sorted as “BOD self-checks”, “BOD 
Software sensor” (Rustum, 2008), “BOD-OxiDirectBOD Measurement 
System” and so on. 

2.1. BOD standard method 

BOD5 method is a measure of the amount of dissolved oxygen which is 
required for the biochemical oxidation of the organic compounds in 
5 days from the time when microorganisms are inoculated to the water 
sample (Kumlanghan & Kanatharana, 2008). However, this method has 
limitations to some extent. It needs a long period of time for measuring, 
there are difficulties in repeating measurements for the same water 
samples, it needs large equipment to collect the data and the accuracy 
varies. Due to these limitations, it is urgent to find new ways to measure 
the BOD values for the wastewater. 

2.2. The BOD on-line measurement 

BOD on-line measurement is a new theory for measuring BOD in a 
quick and accurate way that is becoming more and more popular 
(Vaiopoulou et al, 2004). In the year 1962, Clark and Lyons first came up 
with the idea of using microbes as a sensor for BOD measurement; in 
1965, Updike and Nicks invented enzyme electrode; in 1976, Suzuki 
began to work with the concept of Microbial Fuel Cell. 

A microbial fuel cell (MFC) or biological fuel cell is a bio-electrochemical 
system that drives a current by mimicking bacterial interactions found in 
nature, that is, a device that converts chemical energy to electrical energy 
by the catalytic reaction of microorganisms (Liu & Mattiasson, 2002). A 
typical microbial fuel cell consists of anode and cathode compartments 
separated by a cation (positively charged ion) specific membrane. In the 
anode compartment, fuel is oxidized by microorganisms, generating 
electrons and protons. Electrons are transferred to the cathode 
compartment through an external electric circuit, while protons are 
transferred to the cathode compartment through the membrane. 
Electrons and protons are consumed in the cathode compartment, 
combining with oxygen to form water. 

More broadly, there are two types of microbial fuel cell: mediator and 
mediator-less microbial fuel cells. (Allen & Bennetto, 1993). Mediator-
less MFCs are a more recent development; due to this, factors that affect 
optimum efficiency, such as the strain of bacteria used in the system, 
type of ion-exchange membrane, and system conditions temperature, 
pH, etc. are not particularly well understood. Bacteria in mediator-less 
MFCs typically have electrochemically active redox proteins such as 
cytochromes on their outer membrane that can transfer electrons to 
external materials (Min et al, 2005). 

2.3. The Microbial Fuel Cell history and principle 

Compared to the normal ways of determining BOD, using MFC sensor 
as a quick way to measure BOD has advantages such as short reacting 

http://en.wikipedia.org/wiki/Electrochemical
http://en.wikipedia.org/wiki/Electric_current
http://en.wikipedia.org/wiki/Bacterial
http://en.wikipedia.org/wiki/Nature
http://en.wikipedia.org/wiki/Microorganisms
http://en.wikipedia.org/wiki/Anode
http://en.wikipedia.org/wiki/Cathode
http://en.wikipedia.org/wiki/Semipermeable_membrane
http://en.wikipedia.org/wiki/Microorganisms
http://en.wikipedia.org/wiki/Electrons
http://en.wikipedia.org/wiki/Protons
http://en.wikipedia.org/wiki/Fuel_cell
http://en.wikipedia.org/wiki/Strain_%28biology%29
http://en.wikipedia.org/wiki/Ion-exchange_membrane
http://en.wikipedia.org/wiki/Redox
http://en.wikipedia.org/wiki/Proteins
http://en.wikipedia.org/wiki/Cytochromes
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time and being easy to operate.  However, this method also has its 
limitations. In the year 1977, Karubes used polyacrylamide gel to set 
trichosporon pollutants on the Porous fiber membrane, and using this 
membrane to construct the first on-line MFC to determine BOD, the 
MFC sensor can determine the BOD value within 15 minutes. Results 
were similar to the standard BOD5 method, unfortunately this type of 
sensor was only functioning for 10 days due to the enzymes affection.  
In 1979 Hikuma improved the sensor in order to extend the membranes 
active age to 17 days. (YC, 2004). 

Looking through the history of microbial fuel cells, the most essential 
part is the microbial sensor. In the beginning the research was focusing 
on the enzyme electrode as sensor. Because of the multitude of known 
enzymes, it was easy to find an optimal one.  The limitation lies in that 
an enzyme is not stable if in the wrong environment, such as the wrong 
pH or temperature and that compared to the standard BOD5 method, 
using enzymes is too expensive. As a result the usage of enzymes is no 
longer common either for BOD measurement or on microbial sensors.  
After 1977 researchers started to focus on using microorganisms as the 
sensor. Compared to enzymes, microbes have the advantages of being 
cheaper, easier to extract and more stable. Even more, microbial cell 
sensor can also use the inner enzymes of microbes to deal with the 
complicate reactions, and all the microorganisms can be easily produced 
by culturing them in a suitable medium (Wang & Zhang, 2007). 
Therefore, the microbial cell sensor is more widely used.  

The principle of choosing microorganisms is considering if the interior 
of the cell allow electrode exchange in the metabolic process. Either 
prokaryote or eukaryote could work on the sensor, but considering 
eukaryotes has longer processes to pass the electrodes through 
mitochondria, prokaryotes are more sensitive and are therefore the better 
choice. However, different bacteria has different abilities in degrading 
organisms, thus, all the principles would follow with the different 
conditions of the wastewater. Because of the degrading limitation, using 
MFC to be instead of standard BOD5 method still has a long way to go. 
Standard BOD5 method is based on a group of varying bacteria, it relays 
the results of all the integrated reactions in five days. On the other hand, 
the microbial sensor gives only one or two specific species bacterias' 
activities in twenty minutes or so, therefore, MFCs can only show the 
degradation rate of the easy-degrading organic matters, but are not 
sufficient to represent the macromolecular substances' degradation rate.  

The two methods use different principles, but both of them also come 
with their own advantages. In order to get the same result as from the 
standard method, scientists have done lots of experiments and research. 
For example finding the bacteria which have the ability to degrade the 
largest amount of species of organic matters; using different bacteria to 
different qualities of wastewater; choosing more than one species of 
bacteria to put on the same membrane, etc. This has resulted in large 
improvements in the MFC method. 

Looking through the structure of MFC, the principle is simple. It only 
consists of an anode with bacteria (living cells) and a cathode (Kim, et al, 
2003). The living cells needs to metabolize food as energy to survive, it 
taps the energy of oxidation of energy rich substances, and for example 
the glucose (carbon hydrates), the reaction happens as: 

6 12 6 2 2 26 6 6C H O O CO H O    
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This process is a complex one involving many enzyme catalyzed 
reactions which consists of a series of intermediates involving successive 
oxidation-reduction changes, which resembles an electro-chemical 
process. In the microbial catabolism the substrate which is having an 
oxidized reaction without oxygen participates to release electrons. This 
always happens in enzymatic reactions. The electrons stored as 
intermediates are used to fuel the reactions which provide the living cell 
with energy for maintenance and growth via bio-synthetic reaction. In 
this process, the electrons become reduced.  

6 12 6 2 26 6 24 24C H O H O CO H e      

The equations above shows the simplified representation of the charge 
separation involved in the oxidation of carbon hydrates (glucose) by the 
whole bacteria cell (Huang et al, 2007). 
The equation below shows how the reaction of the electrons stored by 
the cell eventually has the reaction with oxygen as reduced intermediates. 

2 26 24 24 12O H e H O     

Figure 1 shows the reaction route in the living cell, when in the water 
condition, the living cells normally have the reaction constantly until the 
“food” is digested. Based on this principle, the MFC was invented as a 
battery cell (Fig. 2). Since the living cell can produce the electrons by 
enzymatic reaction, researchers started to think to use the cell as a 
rechargeable battery to provide electrons continuously. 

The MFC equipment was invented as the structure in figure 2. In the 
anode pattern, the oxidation reaction is ongoing, the cells take glucose as 
food to produce electrons, however, the electron tissue precisely takes 
the electrons before the cells use them up. On the other side, the 
cathode pattern receives the electrons and uses them to process the 
reduced reaction when oxygen injected. Between the two patterns, there 
is a membrane to stop the interaction from the water. The property of 
the membrane is such that only water can go through, the electrons are 
stopped and stick on their own sides (Larsen et al, 1999). 

Figure 1 Reaction in the Cell. 
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Thus the MFC is based on the same principle as the living cell, however, 
when there is constantly “food” and oxygen for the living cells, the 
electrons produced by the cells can be measured. Therefore, in this case 
the electrons can be utilized as battery for reasonable purposes (He et al, 
2007). 

3. THE EXPERIMENT  

The experiment was aimed to use the MFC to find trend curves of the 
voltage for the BOD standard solutions, in order to find some 
connections between the MFC method and the standard BOD5 method. 
The end goal was to analyze if there are any possibilities to use on line 
measurement to detect the BOD values. 

3.1. Materials and methods 

In this experiment, a Microbial Fuel Cell is used as the main equipment 
for measuring the voltage of the wastewater. In order to measure the 
voltage, a voltmeter with wires was used. The resistance was tested with 
an inner resistor 0.6 Ω, and outer 3 MΩ was chosen. A GGA standard 
BOD solution was pre-made fresh right before use. The wastewater was 
sampled in Henriksdal, Hammarby Sjöstadsverk, from both the tank 
with active sludge (with an oxygen concentration between 2.50-3.11 ppm 
and pH around 6) and the secondary sedimentation tank. The anion 
exchange membrane was an AMI-7001S single sheet ordered from 
membranes international. 

    Figure 2 Reaction in MFC. 
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3.1.1. Preparation of the materials and the equipment 

a. GGA solution preparation 

 Prepare fresh immediately before use.  This is important since GGA 
solutions have a very short shelf life and must be done to comply 
with Standard Methods.  

 To prevent contamination all glassware must be cleaned thoroughly 
with a laboratory grade detergent. After cleaning it is suggested to 
use an acid rinse to remove any and all biological growth. This can 
be done by filling container with DI water and adding 10 ml of 
1:1 HCl and allow to sit for 30 minutes. Rinse with DI water until all 
residual is gone.  

 Dry reagent grade Glucose and L-Glutamic acid in an oven at 
103º C for 1 hour. Cool in a desiccators and keep there until used.   

 On the day of test set up, weigh out exactly 150 mg Glucose, and 
150 mg of the L-Glutamic acid.   

 Using volumetric glassware, measure exactly 1 liter of DI water and 
pour into beaker. Add the measured Glucose and L-Glutamic acid to 
the liter of DI water in the beaker and stir with a stir bar for at least 
15 minutes to completely dissolve the reagents into solution.   

 Distribute exactly 6 mls of the GGA solution into bottles by using a 
volumetric pipette, paying particular attention to bringing the 
bottom of the meniscus of the solution to the top of the 6 ml line. 
To prevent contamination store in a covered container that has been 
cleaned thoroughly as described above (Rud, 2003). 

b. LB culture medium 

Lb culture mediums were used in order to get bacteria. The LB mediums 
must be kept in the refrigerator under the temperature 4 degrees 
centigrade before opening and using. Approximately 3 ml of wastewater 
was added by pipette into each of the LB medium in an absolutely 
bacteria free environment, therefore the sterilization was essential. The 
mediums were kept in room temperature conditions over night until 
enough new grown bacteria was visible on the mediums. Figure 3 shows 
the bacteria cultured after one day. 

c. Active sludge 

The active sludge was taken from secondary sedimentation tank. The 
experiment preferred to use as much bacteria as possible but as less 
organic matter as possible too. This was because the bacteria's work was 
so weak, the more bacteria the better result would be. What's more, the 

Figure 3 LB Culture Medium with grown bacteria. 
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organic matter in the wastewater would disturb the result in the 8 ml 
volume GGA solution's MFC. 

In the secondary sedimentation tank, there contained more active 
bacteria with less organic matters. The sludge was more concentrated 
than other tanks because cleaner water was separated to another 
procedure. However the sludge with bacteria were kept in the 
sedimentation tank. Meanwhile, because of the sedimentation took time, 
when the sludge came to be concentrated, the little organic matter will be 
consumed by the bacteria as well. Therefore, that was the best sludge the 
experiment can use.  

After extract the sludge, one liter distilled water (DI water) was injected 
right away into the sludge, the new sludge bottle was left in the open air 
condition for overnight. The next day, the sludge was set into 
centrifuging with a frequency 4000 rpm for 15 min (Feng et al, 2007). 
The bottom sludge (Fig. 4) was used for the next step experiment.  

a. Prepare the membrane and carbon tissues 

The membrane of using is named AMI-7001S, was cut into an 
approximately 3cm x 4cm pieces for each. The total exchange capacity is 
1.3 +/-0.1 meq/g, water permeability is less than 3 ml/hr/ft2. Before 
using, the membranes should be put into 5% NaCl solution under room 

   Figure 4 The Working Principle of a Microbial Fuel Cell. 

Figure 3 From secondary sedimentation. 
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temperature for 48 hours in order to active the biofilm's activities.  

The carbon tissue is made of carbon fiber, therefore, it is a good material 
to be used as electrodes. After cutting it into a 2 cm x 3 cm square with a 
long contact, the experiment equipment can be set up later as the 
principle shows in figure 5. 

b. Experiment equipment setup 

Figure 6 is the set up for MFC. When applies, the right resistance need 
to be chosen each time, in order to make sure the voltage will maintain 
in a certain ranges. 

c. Storage of the BOD solution 

The GGA solution should be prepared fresh immediately before use 
(Rud, 2003), thus the GGA solution was used immediately after prepare, 
if can't finish the experiment, the rest of the solutions were kept in the 
freezer under 0 degree centigrade, and was used with 24 hours. 
Otherwise the GGA solution was re-prepared again for more using. 

d. Cleaning 

It is essential to clean up the equipment after every independent 
experiment. The BOD solution residual on the tissues or membrane will 
disturb the next experiment result since the new input BOD solution 
value will be changed by the previously residual solution.  

In this experiment, all the carbon fiber tissue was changed to new ones 
after using in order to minimum the experimental error. The membranes 
were washed under flowing water for ten minutes after each experiment, 
and then the membranes were steeped into DI water to be washed for 
another five minutes before a second usage.   

3.1.2. Experiments steps 

Firstly, the bacteria were taken from the mediums carefully to the 
carbon-tissue, it is important to make sure the bacteria and the tissue 
were stuck on firmly.  

Secondly, setup the experiment equipment and pipette 7 ml GGA 
standard solution into the anode side where the bacteria tissue was 
installed. On the other side, in the cathode side, inject also 7 ml water. 
Switch the resistance to 3 MΩ.  

Thirdly, inject a pipe into the cathode side with constantly air, make sure 
the air speed was kept to 0.5 ml/s. At the mean time, set the timer and 
read the voltage from voltmeter by every one minute, write down the 
values read from the meter continuously until the voltage values become 
stable at the end (approximately 30 minutes). Clean the whole equipment 
afterwards.  

Figure 6 The BOD on-line 
measuring equipment set up. 



The possibility of using BOD on-line measurement 

 

 11 

Then dilute the GGA standard solution into different concentrations 
and repeat the experiment steps again with vary GGA solution each 
time. At the end, a result table with the different values will be 
performed as well as a different BOD solutions' time-voltage curves will 
be presented.  

3.1.3. The experiment range of BOD values 

In the raw wastewater, the BOD value could normally go up to 390 mg/l 
(was checked in data base) or so according to different types of 
wastewater). In the effluent, it is common to have the water with the 
BOD value around 1 mg/l to 9 mg/l. However, in the real procedures, it 
is more essential to measure the BOD values for the effluent instead of 
the influent, because it is more important to control the out flow which 
is going to be discharge to the rivers or lakes. Therefore the experiment 
data were more focusing on the outflow values. Thus, the experiments 
were designed more leaned to the smaller values of the BOD, which 
means, the used standard BOD solution were diluted to the range from 
198 mg/l to 1 mg/l. 

4. RESULT  

The experiments were completed under September and October, the 
room temperature was controlled at around 20 degree centigrade. Seeing 
from figure 7, the curves shows the relation of the different voltage 
values measured in different BOD solution under the Microbial Fuel 
Cells versus time. 

The measured mV is the difference between the two electrodes and the 
electrode with bacteria and glucose was used as the anode side (0 mV). 
In the beginning 10 to 20 minutes, the bacteria in the anode was having 
irregular motion, because when in the new environment, bacteria needed 
time to get used to the changing and started to work regularly. What's 
more, the electrons were also massy at the beginning of the time, until 
the bacteria start to collect proton to transfer electron to the carbon 
tissue regularly, it took some time to get the electron and proton in 
different sides from turbulence to stable movement. The electrodes were 
getting to be moving constantly from the time approximately the 
15th minute, however there was still slightly varies of voltages for each of 
the BOD solution after the 20th minute, in this case, the movement can 
be concluded as the stable movement period. In figure 7, the curves were 
all having the same trend at the end as a smooth horizontal curve. From 
the results in appendix III, the mean values, max values and the 
minimum values were calculated (Table 3). Values were chosen from the 
fifteenth minute till the round of the experiment finished (normally the 
thirteenth minute) except the last group which has the BOD 
concentration 0 mg/L. the last group only took several tries because the 
values were only having slightly differences compared to the rest, 
therefore in the 0 mg/L group, the values were chosen from the second 
minute to the thirtieth minute. 

Figure 7 shows the column chart of table 3, which can give a more 
visualized sight of the boundary value to the Voltage vs. BOD relation. 
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In figure 7, it showed a very well trend that no matter at what extent the 
voltage value started, eventually the voltage values all went to an 
exponential trend function. Figure 8 was the linearity of the mean 
voltage value for each BOD solution. After the simulation, an x-y based 
formulation was gotten as y = -1.315x + 204.9, the correlation factor was 

Figure 7 The Voltage curves regarding to different BOD. 
solutions. 
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Figure 8 XY-diagram version of the voltage with linearity. 

R² = 0.493 (the data from 198 mg/l was neglected since 95 % of the data 
were in the range between 0 mg/l to 99 mg/l). From the X-Y diagram 
(Fig. 8), the correlation factor was not high, it might because of the 
activity of the bacteria was not high, equipment was so small that an 8 ml 
volume could not give bacteria enough space.  

What's more, because as stated above, the effluent waster's BOD value 
are more important in reality, therefore, this paper only focuses on the 
concentration of the BOD more possibly happens in the effluent. 
Normally in the purified water in WWTP, the BOD concentration is 
within the range between 0 mg/l to 10 mg/l. Figure 10 is only an 
example to show how the rend was done. 

Table 3 The maximum, minimum and mean values of each 
voltage value regarding to the BOD solution. 

BOD MAX (mV) MIN (mV) 
Mean value (mV) 15 

min to end 

198 mg/L GGA 130.5 121.6 127.4 

99 mg/L GGA 68.1 49.4 59.9 

66 mg/L GGA 119.0 89.0 112.1 

49.5 mg/L GGA 183.4 167.4 176.3 

39.6 mg/L GGA 124.8 109.4 115.1 

33 mg/L GGA 104.4 91 100.7 

28.29 mg/LGGA 239 218 230.8 

24.75 mg/L GGA 142 134 137.9 

22 mg/L GGA 188.8 156.4 173.2 

19,8 mg/L GGA 206.4 201.1 203.7 

9,9 mg/L GGA 194.6 183.8 190.0 

9 mg/L GGA 160.8 148.5 153.8 

8 mg/L GGA 135.3 120.9 129.2 

7 mg/L GGA 162.9 141.5 158.3 

6 mg/L GGA 221.8 195.6 211.6 

5 mg/L GGA 219.9 212.8 215.3 

4 mg/L GGA 202.5 191.8 196.3 

3 mg/L GGA 187.6 182.3 184.2 

2 mg/L GGA 225.1 218.2 220.5 

1 mg/L GGA 232.5 212.9 222.3 

0 mg/L GGA 145.8 131.9 136.7 
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When the experiment was taking on progress, the LB bacteria and 
secondary sedimentation sludge bacteria was compared. In the first 
theoretical priority, the LB culture medium was chosen as the starring 
method to culture the bacteria, however, after experiments to test the 
activity in the water, it was found that the sludge contains more types of 
bacteria which was closer to the real condition in the wastewater. What's 
more, after an experiment of comparing LB culture medium culturing 
bacteria, using yeasts as the bacteria and using secondary sedimentation 
sludge as the bacteria source in the MFC anode side, it was found that 
the secondary sedimentation sludge from wastewater treatment plant had 
the strongest voltage signal, the weaker one was using the LB culture 
medium way to culture bacteria, the weakest signal was from yeast, 
figure 9 showed the result. Therefore, the secondary sedimentation 
sludge was used as the bacteria source in this experiment. 

In figure 7, the voltage values in the first 15 minutes were not stable yet, 
but afterwards, the voltages were always vary within a small range and at 
the end, ended up at the value around 158.7 mg/L and went to be a 
plateau. In this case, assuming that the if the water sample was being 
measured to have a value around 158 mg/L under the same condition 
with the same bacteria on the carbon tissue in MFC, the BOD 
concentration of the sample water can be conjectured to be 7 mg/L. 

5. ECONOMIC BUDGET 

In the practice measurement, not only efficient is asked, but also the 
economic has to be considered. In this chapter, a budget will be given in  

order to compare the traditional way of measuring BOD (The 
BOD5  Method) and the on-line measurement of using MFC.  

The traditional way of measuring has a period of 5 days. For testing the 
BOD, the dissolved oxygen will be measured using an oxygen meter. In 
this case, if want to measure one day's BOD value, four specific BOD 
bottles need to be ordered. Each of the bottle costs about 10 US$, and  

the equipment can be used repeatedly. Another way of doing this is 
sending the samples to the institute laboratory, this cost approximately 
5 US$ per sample and also takes five days.   

The other way of measuring BOD is using on-line measurement. The 
one set of MFC equipment cost 85 US$ the measuring period is 
30 minutes, the equipment can be used for unlimited time. 

Figure 9 Voltage curves at the 22 mg/L BOD solution with 
different bacteria sources (voltage vs. time). 
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Table 4 shows the three methods' costs versus time interval. To send the 
sample to the Lab is not suggested if wastewater plant needs constant 
results. Both the BOD Self Measuring and the MFC method are 
suggested according to a sustainable usage. 

6. DISCUSSION  

The main goal of this research has been to find out if it is possible to use 
on-line measurement to measure the BOD, and according to the results 
the MFC method is a good way of detecting the BOD value. In the 
experiment, the bacteria activity is one of the most important key 
aspects. In the wastewater there are always different sorts of bacteria, 
some are heterotrophic and some are autotrophic. Great care need to be 
taken when picking bacteria and culturing them. In this experiment only 
the heterotrophic bacteria were picked, due to technical limitations.  

Regarding the bacteria culture methods, there were two methods that 
were used in the experiment. One was the LB Cultural Medium method, 
another was the secondary Sedimentation Sludge Centrifuging method. 
The LB Culture Medium Method was tested first and the measured 
results were quite good. It gave a good curve for each trial. On the other 
hand, the results from using the Secondary Sedimentation Sludge 
Centrifuging bacteria were also very good. They all pointed to stable 
curves after about twenty minutes of the experiment trials. However the 
economic issue must also be considered, here the Secondary 
Sedimentation Sludge Centrifuging Method has some significant 
advantages. The Secondary Sedimentation Sludge Centrifuging Method 
materials are simpler, the sludge can be taken directly from the treatment 
plant and after centrifugation the bacteria can be used immediately. Also 
the LB bacteria culture Medium preparation takes time. Before starting, 
the wastewater containing active bacteria needed to be diluted and 
shaken in a shaking machine, and then the sample needed to be sterilely 
cultured on the LB Culture Medium for at least one day. That means a 
preparation time of two days, and the resulting bacteria was only 
heterotrophic types. What's more, the culture medium needed to be pre-

Table 4 The cost of different methods versus time interval. 

Method Once 10 Times 100Times 1000Times 

BOD5 Self Measuring $40 $40 $40 $40 

Send to LAB $5 $50 $500 $5000 

MFC $85 $85 $85 $85 

Figure 10 7 mg/L BOD solution's voltage rend. 

https://www.google.com/search?hl=en&client=firefox-a&hs=gUU&rls=org.mozilla:zh-CN:official&sa=X&ei=h_W8TtAx89rhBMivtcAE&ved=0CB8QvgUoAA&q=wastewater+hetertropic&nfpr=1
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ordered and kept in sterile condition. For each of the LB Culture 
Medium would cost approximately 12 US$, in the total experiment 
would be at least 100 US$.  

The voltage curves from each BOD solution in itself was pretty good, 
they all gave significant stable values. Taken as a whole however, some 
of them were quite similar. In spite of the system errors and operation 
errors, if one is to apply this method, more specific experiments need to 
be done in order to define the range of each curve. The correlation 
factor was not good enough to use this MFC as a BOD meter now and 
further work on the MFC is necessary in order to achieve a higher 
correlation factor. In order to get a better working MFC, the bacteria 
needed to be cultivated, which can oxidize organic material by giving of 
electrons to the electrode instead of taking up oxygen. Aerobic bacteria 
are constructed to take up oxygen through the cell membrane and the 
cathode reaction is occurring inside the bacteria. To only reduce the 
organic material and give an electron to an external electrode is an 
abnormal situation for most bacteria. The best result would be if each 
BOD solution can be found to have a unique interval of distribution. In 
that case, the unknown water sample can be predicted immediately after 
testing the voltage with the MFC method. 

The MFC set for this experiment was rather simple. The volume of the 
equipment was only 8 ml, which can not contain too much substance. 
To improve the results it is suggested that the MFC set be changed to a 
bigger volume one, as long as conditions allow it. What's more, in order 
to make sure the bacteria always keep the same amount quantity on the 
anode pattern, an extra biofilm is also suggested. Doing so will keep the 
bacteria on the anode side and make sure it will not go away when 
cleaning the equipment. 

7. CONCLUSION  

The Microbial Fuel Cell technology shows a possible way to the 
development of the BOD measurement. As this experiment shows, the 
MFC Method shortened the time of measuring BOD, and decreases the 
budget of measuring BOD. Using the on-line measurement can 
efficiently cut off the measuring period, but the biggest advantages are 
that using the on-line measurement can give a more powerful inspection 
of the wastewater and can decrease the quantity of human labor. 

Especially using the Microbial Fuel Cell method, the result showed that 
the experiment of checking BOD can be done within half an hour with a 
similar result. Compared to the BOD5 standard method, it saves four 
and half days. Regarding to the experiment, the MFC method was 
working rather good to get the voltage rend, however if want MFC to be 
applied in reality, more analysis needed to be done in order to improve 
the correlation factor. Therefore the online BOD measurement is 
promising and more researches are needed in the future work. 

When considering the budget of measuring BOD (Table 4), the 
frequency of measurements is of importance. With only one of a few 
measurements, it is cheaper to send to laboratory. In a WWTP however, 
it is normal to take the measurement quite often. Therefore, the BOD5 
method and the MFC method are more practical. Since the traditional 
BOD5 method takes five days, the MFC method is suggested. 
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APPENDIX I   

Table A1 Major constituents of typical domestic wastewater. 
Constituent Concentration, mg/l 

 Strong Medium Weak 

Total solids 1200 700 350 

Dissolved solids (TDS)1 850 500 250 

Suspended solids 350 200 100 

Nitrogen (as N) 85 40 20 

Phosphorus (as P) 20 10 6 

Chloride1 100 50 30 

Alkalinity (as CaCO3) 200 100 50 

Grease 150 100 50 

BOD52 300 200 100 

 

Table A2 Organic and inorganic constituents of drinking water of 
health significance. 
Organic Inorganic 

Aldrin and dieldrin Arsenic 

Benzene Cadmium 

Benzo-a-pyrene Chromium 

Carbon tetrachloride Cyanide 

Chlordane Fluoride 

Chloroform Lead 

2,4 D Mercury 

DDT Nitrate 

1,2 Dichloroethane Selenium 

1,1 Dichlorethylene  

Heptachlor and heptachlor epoxide  

Hexachlorobenzene  

Lindane  

Methoxychlor  

Pentachlorophenol  

Tetrachlorethylene  

2, 4, 6 Trichloroethylene  

Trichlorophenol  
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APPENDIX II   

 

Table A3  Effluent quality data. 

Sl. 
No.  

Parameters  Units  

Drinking Water  

IS: 10500 - 1991  

Desirable  Maximum  

1.  Colour  Hazen units  5  25  

2.  Odour  -  Unobjectionable  -  

3.  Taste  -  Agreeable  -  

4.  Turbidity  NTU  5  10  

5.  pH value  -  6.5 to 8.5  No relaxation  

6.  Total hardness (as CaCO3)  mg/l  300  600  

7.  Iron  mg/l  0.3  1.0  

8.  Chlorides  mg/l  250  1000  

9.  Residual, free Chlorine  mg/l  0.2  -  

10.  Dissolved Solids  mg/l  500  2000  

11.  Calcium  mg/l  75  200  

12.  Copper  mg/l  0.05  1.5  

13.  Manganese  mg/l  0.1  0.3  

14.  Sulphate  mg/l  200  400  

15.  Nitrate  mg/l  50  No relaxation  

16.  Fluoride  mg/l  1.0  1.5  

17.  Phenolic compounds  mg/l  0.001  0.002  

18.  Mercury  mg/l  0.001  No relaxation  

19.  Cadmium  mg/l  0.01  No relaxation  

20.  Selenium  mg/l  0.01  No relaxation  

21.  Arsenic  mg/l  0.05  No relaxation  

22.  Cyanide  mg/l  0.05  No relaxation  

23.  Lead  mg/l  0.05  No relaxation  

24.  Zinc  mg/l  5  15  

25.  Anionic detergents  mg/l  0.2  1.0  

26.  Chromium  mg/l  0.05  No relaxation  

27.  
Polynuclear aromatic 
Hydrocarbons  

mg/l  -  -  

28.  Mineral oil  mg/l  0.01  0.03  

29.  Pesticides  mg/l  Absent  0.001  

30.  

Radioactive 
materials            (a)     Alpha 
emitters (b)     Beta emitters  

   

Bq/l  

Pci/l  

   

-  

-  

   

0.1  

0.037  



Tianzi Zhang                                                                                          LWR Degree Project 2012:02 

 

IV 

 

Table A4 Quality parameter. 
Quality parameter (mg/l 
except as otherwise indicated) 

Long Beach Los Coyotes Pomona Dublin San 
Ramon 

City of 
Livermore 

Simi Valley 
CSD 

Biochemical oxygen demand, 
BOD5 

5 9 4 2 3 4 

Suspended solids - 5 - 1 - - 

Total nitrogen 

NH3-N 3.3 13.6 11.4 0.1 1.0 16.6 

NO3-N 15.4 1.1 3 19.0 21.3 0.4 

Org-N 2.2 2.5 1.3 0.2 2.6 2.3 

Total phosphorus 

Ortho-P 30.8 23.9 21.7 28.5 16.5 - 

pH (unit) - - - 6.8 7.1 - 

Oil and grease - - - - - 3.1 

Total coliform bacteria, 
MPN/100 ml 

- - - 2 4 - 

Cations: 

Ca 54 65 58 - - - 

Mg 17 18 14 - - - 

Na 186 177 109 168 178 - 

K 16 18 12 - - - 

Anions 

SO4 212 181 123 - - 202 

Cl 155 184 105 147 178 110 

Electrical conductivity, dS/m 1.35 1.44 1.02 1.27 1.25 - 

Total dissolved solids 867 827 570 - - 585 

Soluble sodium, % 63.2 59.2 51.7 - - - 

Sodium adsorption ratio 5.53 4.94 3.37 4.6 5.7 - 

Boron (B) 0.95 0.95 0.66 - 1.33 0.6 

Alkalinity (CaCO3)  256 197 150 - - 

Total Hardness (CaCO3) 212 242 206 254 284 - 

-Advanced wastewater treatment in these plants follows high rate 
secondary treatment and includes addition of chemical coagulants (alum 
+ polymer) as necessary followed by filtration through sand or activated 
carbon granular medium filters.  

-To provide additional treatment. Oxygen demand, suspended solids, 
nitrogen, and microorganisms are further reduced during storage. 
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APPENDIX III   

Table A5 The experiment data. 
BOD(mV)/min 1 2 3 4 5 6 7 8 9 10 11 12 

198 mg/L GGA 15.3 40 79.6 89.8 110.3 119.6 121.5 139.8 120.7 120.9 120.7 120.1 

99 mg/L GGA -20 -4.9 3.5 16 30.9 43 50.1 43.1 42.1 48.7 49.2 53.6 

66 mg/L GGA 11.5 44.9 57.4 67.6 75.7 81.8 88.1 92.9 97.1 100.9 104.1 106.5 

49.5 mg/L GGA 153.8 149.6 150 151.1 151.4 151.6 154 158.3 158.8 159 159.9 161 

39.6 mg/L GGA 58.3 69.9 75.1 81 83.9 89 93.2 95.3 100.5 103.7 105.1 106.5 

33 mg/L GGA -8 23 57.6 96.8 114.7 118.4 120.1 117.5 113.7 111.6 110 111.4 

28.29 mg/L GGA 176 201 214.3 218.1 219.5 221.8 224.4 226.4 227.9 230.8 231.5 232.4 

24.75 mg/L GGA 310.1 294.7 261.8 234.8 209.9 192.7 178.3 171.4 162.6 155.1 150.9 147.7 

22 mg/L 226.7 281.5 260.7 239.2 226.6 219.3 217.1 213.6 211 205.8 202.8 199.5 

19.8 mg/L 132.6 153.6 165.9 176.9 182.3 186.2 186.6 187.3 192.2 195.1 197.5 198.4 

9.9 mg/L 115.7 128.1 141.5 154.7 163.6 170.4 174.6 177 178.5 176.3 176.3 180 

9 mg/L 82.6 92.6 102.7 109.6 116.5 121.6 125.6 130 132.8 134 139.4 143.3 

8 mg/L 125.1 130.2 123.2 117 117.3 114.2 112 107 111.9 116.7 119.6 119.2 

7 mg/L 71.4 87.5 101.4 110.8 116.9 121.9 124.8 128.1 130.8 133.3 135.9 138.4 

6 mg/L 290.3 296.1 295.7 290.6 272 263.8 258.6 250.9 245.2 239.9 234.8 231.4 

5 mg/L 177.9 189 196.7 200.8 204.2 206.5 209.1 209.6 209.9 211.1 211.4 211.9 

4 mg/L 185.4 193.2 201.9 204.3 207 204.4 204.9 199.7 199.9 201.8 203.1 199.6 

3 mg/L 156.3 163.5 168.5 173.8 175.4 176.8 177.9 178.9 179.9 182.2 183.8 184.6 

2 mg/L 223.6 226.9 227 226.5 224.8 226.9 226.8 225.5 224.6 224.2 223.4 223.2 

1 mg/L 185.7 198.9 208.6 215.7 218.1 218.8 218.8 219.4 219.3 220.5 218.9 217.9 

0 mg/L 115.7 125.6 131.9 134.2 134.5 136.4 137.6  -  -  -  -  - 

BOD(mV)/min 13 14 15 16 17 18 19 20 21 22 23 24 

198 mg/L GGA 121.9 122.5 121.6 122.4 122.2 125 127.6 128.6 129.2 129.2 129.5 130.5 

99 mg/L GGA 60.3 48.7 49.4 52.8 56.7 59.8 61.8 64.8 66.3 68.1 56.3 58.5 

66 mg/L GGA 108 113.3 114 117.6 100 89 114 114 114.4 114.5 114.9 114.8 

49.5 mg/L GGA 164.3 164 167.4 168.5 169.7 169.9 170 168.4 176.7 179.8 180.6 181.2 

39.6 mg/L GGA 107.7 108.5 109.4 110.8 112.4 112.3 112.3 112.6 112.7 113.2 113.5 114.1 

33 mg/L GGA 108.5 106.9 104.4 103.4 103.5 102.3 102 101.7 101.6 101.9 102.5 102.9 

28.29 mg/L GGA 230.8 229.8 228.6 224.8 223.9 222.3 229.4 232.4 234 233.2 234 236.9 

24.75 mg/L GGA 143.7 142.7 140.1 137.8 135.8 134.1 134.7 138.1 139.2 139.5 141.9 142 

22 mg/L 195.7 192 188.8 185.1 173.3 172.2 175.9 177 177.1 178 176.6 175 

19.8 mg/L 200.3 200.9 201.1 202.1 202 201.8 201.6 202.1 203.8 203.2 204.8 206.4 

9.9 mg/L 181.6 181.4 183.8 185.4 188.1 189 194.6 193.4 192.8 192 191.1 189.1 

9 mg/L 145.5 146.4 148.5 150.3 151.8 150.7 151.6 151.5 153.2 152.8 152.6 151.8 

8 mg/L 119.6 120.3 120.9 122.1 123.2 125.3 126 127.9 130.6 132.2 132.9 131.3 

7 mg/L 139 140 141.5 149.9 156.3 160 161 161.4 161.4 162.9 162.6 160.8 

6 mg/L 227.4 224.2 221.8 221.5 220.5 220.1 218.9 217.9 216.7 213.5 212.1 212.2 

5 mg/L 212.6 212.6 213 212.8 213.2 213.1 212.8 213.7 214.2 214.3 217 218.5 

4 mg/L 196.8 195 194.3 199 200.8 200 202.5 201.4 197.7 196.9 196.7 195 

3 mg/L 185.2 186.5 187.6 187.1 186.2 183.9 182.8 182.5 182.5 182.3 182.5 182.7 

2 mg/L 223 222.6 221.9 222 219 218.6 219.9 220 219.1 218.2 218.8 220.2 

1 mg/L 218.9 219.4 222.4 222.7 224.7 229.2 232.5 229.7 226.8 226.4 225.2 222.4 

0 mg/L  -  -  -  -  -  -  -  -  -  -  -  - 
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BOD(mV)/min 25 26 27 28 29 30 31 37 38 39 

198 mg/L GGA 130.5 130.2 130.3  -  -  -  -  -  - - 

99 mg/L GGA 60.8 63.9  -  -  - -   -  - -   

66 mg/L GGA 114.9 116 119  -  -  -  -  -  -  - 

49.5 mg/L GGA 181.7 181.8 182.4 183.2 183.4  -  -  -  -  - 

39.6 mg/L GGA 114.7 121.6 124.8 119.8 120 117.1  -  -  -  - 

33 mg/L GGA 101.7 99.7 101.1 97.6 93.1 91  -  -  -  - 

28.29 mg/L GGA 239  -  -  -  -  -  - 221.1 218.7 218 

24.75 mg/L GGA 141.2 137.6 136.3 134 136  -  -  -  -  - 

22 mg/L 171.5 169.8 167.6 164.8 162.4 156.4  -  -  -  - 

19.8 mg/L 205.6 206 204.1 204.9 204.8 204.6 204.2  -  -  - 

9.9 mg/L 191.3 190.4 189.9 188.9  -  -  -  -  -  - 

9 mg/L 153.7 157 156.4 159.1 159.1 160.8  -  -  -  - 

8 mg/L 131.7 131.3 130.9 131.6 133.9 134.8 135.3  -  -  - 

7 mg/L 160.1 159.6 158.6 158.6 159.1 159.5 158.7  -  -  - 

6 mg/L 209.3 205.9 202.4 199.8 197.7 195.6  -  -  -  - 

5 mg/L 219.9 218.5 216.9 215.6 214.5 216.8  -  -  -  - 

4 mg/L 193.8 193.2 191.8 192.4 192.1 192.6  -  -  -  - 

3 mg/L 182.6 182.6 183.5 186.3 186.1 185.2  -  -  -  - 

2 mg/L 225.1 223.8 221.7 220.2 219.6  -  -  -  -  - 

1 mg/L 217.3 215.3 214 213.2 212.9  -  -  -  -  - 

0 mg/L  -  -  -  -  - 145.8  -  -  -  - 

 


