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SUMMARY 

Our world has now more than seven billion people of which over two 
billion people lack adequate sanitation and more than one billion people 
lack access to enough safe drinking water. Moreover, energy crisis has 
also recently been added to make the situation worse while many parts of 
the world have not got the opportunity to experience the benefits of 
electricity after 232 years of its discovery. The energy demand of 
conventional water and wastewater treatment methods has also been a 
part of the problems. Textile wastewater is one of the most complicated 
ones which is composed of color, organic matters, suspended solids and 
other pollutants. Textile wastewater requires special treatment methods 
and many of them are high in energy demand and expensive. Some 
methods also use chemicals extensively by which a large amount of 
sludge is produced and some chemicals are harmful for the environment. 
A country like Bangladesh, whose export earning is mainly depending on 
textile industry, cannot supply enough electricity to run the industry, let 
alone supply electricity to treat wastewater generated by the industry. But 
growing concern of pollution caused by the industry and strict 
environmental laws leaving no choice but to treat textile wastewater 
before discharging. Problems of treatment cost and power crisis are 
included in this research and an effort is made to solve these problems 
by a novel treatment method which is a combination of freezing 
technology and Microbial Fuel Cell technology. 

The objectives of the thesis work are to investigate the efficiency of 
freezing technology as pretreatment to separate color and organic 
pollutants from main stream and to investigate if Microbial Fuel Cell 
technology can remove color and Chemical Oxygen Demand (COD) 
from a concentrated stream. The experimental procedure consists of 
unidirectional freezing of a sample at two stages and then uses of the 
concentrated solution which is obtained after freezing in Microbial Fuel 
Cell as substrate. Three different types of samples were studied 
municipal wastewater, potassium permanganate (KMnO4) and orange 
juice. The experimental results have found that freezing technology has 
very high separation efficiency of color and organic matters from 
wastewater and Microbial Fuel Cell has also high efficiency of removing 
color and Chemical Oxygen Demand (COD) from concentrated 
wastewater while producing some electrical energy. Energy production 
by Microbial Fuel Cell is reported to be very small and hence leads to 
very poor energy balance which can be compensated by economic 
benefits of using pure ice and water produced during freezing.  

Since no such a study has been reported before, the research work is 
limited to use samples which are resembled to textile wastewater. The 
results and experimental data of this study can be a basis for the future 
research on original textile wastewater sample and other wastewaters 
which have similar properties like pharmaceutical wastewater and tannery 
wastewater. 
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SUMMARY IN SWEDISH  

Vår värld har nu mer än sju miljarder människor varav över två miljarder 
människor saknar adekvata sanitära förhållanden och mer än en miljard 
människor saknar tillgång till säkert dricksvatten. Dessutom har 
energikrisen också nyligen lagts till och med för att göra situationen 
sämre, medan många delar av världen inte har fått möjlighet att uppleva 
med el efter 232 års av dess upptäckt. Energibehoven av konventionella 
behandlingsmetoder av vatten och avlopp har också varit en del av 
problemen. Textilt avloppsvatten är en av de mest komplicerade och 
består av färg, organiska material, suspenderade fasta ämne och andra 
föroreningar. Textilt avloppsvatten kräver speciella behandlingsmetoder 
och många av dem är högt energikrävande och dyra. Några metoder 
använder också kemikalier extensivt som producerar stora mängder slam 
och många kemikalier är skadliga för miljön. Land som Bangladesh, vars 
exportinkomster är helt beroende av textilindustrin, kan inte leverera 
tillräckligt med el för att driva branschen eller betala levererad el till 
behandling av avloppsvatten som genereras av industrin. Med växande 
oro av föroreningar som orsakas av industrin och strikta miljölagar 
lämnas inget annat val än att behandla textilt avloppsvatten. De båda 
problemen av behandling för kostnader och elkrisen ingår i denna 
forskning och ett försök görs att lösa dessa problem genom en ny 
behandlingsmetod som är en kombination av frysnings teknik och 
användning av mikrobiologiska bränsleceller. 

Målen för examensarbetet är att undersöka effektiviteten av frysnings 
teknik som förbehandling för att separera färg och organiska 
föroreningar från huvudström och att undersöka om en mikrobiologisk 
bränslecell kan ta bort färg och Chemical Oxygen Demand (COD) från 
en koncentrerad ström. Det experimentella förfarandet bestod av 
enriktad frysning av ett prov i två steg och användning sedan den 
koncentrerade lösningen, som erhålls efter frysning i den 
mikrobiologiska bränslecellen som substrat. Tre olika typer av prover, 
kommunalt avloppsvatten, kaliumpermanganat (KMnO4) och 
apelsinjuice studerades. De experimentella resultaten har visat att 
frysningstekniken har en mycket hög avskiljningsgrad av färg och 
organiskt material från avloppsvatten och mikrobiologiska bränsleceller 
har också hög effektivitet för att ta bort färg och Chemical Oxygen 
Demand (COD) från koncentrerat avloppsvatten samtidigt som det 
producerar lite el. Energiproduktionen av mikrobiologisk bränslecell 
rapporteras vara mycket små och leder därför till mycket dålig 
energibalans, som kan ersättas av ekonomiska fördelarna med att 
använda rent is och vatten som bildas under frysnings experiment. 

Eftersom ingen sådan studie har rapporterats tidigare är forskningen 
begränsad till att använda prover som är liknande de med textilt 
avloppsvatten. De resultat och experimentella data för denna studie kan 
vara en grund för framtida forskning på äkta textilt avloppsvatten och 
andra avloppsvatten som har liknande egenskaper som avloppsvatten 
från läkemedelindustri och garveriavloppsvatten. 
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ABSTRACT  

Textile wastewater contains very high concentration of color, COD, suspended solids 
and other pollutants. Methods such as reverse osmosis, nano-filtration and 
ultrafiltration are known to be effective to remove some pollutants but these methods 
are very expensive. A new treatment approach which is the combination of freezing 
technology and Microbial Fuel Cell technology has been studied in this thesis work 
and seems to have great potential to remove color and COD from textile wastewater. 
Freezing splits a diluted stream into two different streams; one stream in which water 
is transferred into ice with a low pollutant concentration leaving a concentrated stream 
with pollutants. Microbial fuel cell uses the concentrated stream to convert 
biochemical energy into electrical energy. Three different types of substrates, KMnO4 
solution, municipal wastewater and orange juice, were studied. Freezing technology 
can produce high quality water by neutralizing pH-value; close to 7.0, removal of 
COD is more than 95% and separating color by almost 100%. Similarly MFC can 
remove color, and COD by 88.8% and 73.6% respectively.  The maximum generation 
of electrical power by MFC   was estimated to 1.03 mW/m2 of electrode area. The 
findings suggest that this new approach of textile wastewater treatment can be a cost-
effective way to remove pollutants from textile wastewater while generating some 
electricity. 

Key words: COD; Color; Freezing technology; KMnO4; MFC; Power 
generation; Textile wastewater. 

1. INTRODUCTION 
Textile wastewater is still remained as one of the most complicated 
wastewaters to treat because of the complex pollutants that it is 
composed of. Textile wastewater contains very high concentration of 
color, COD, suspended solids and others pollutants. Being a complex 
kind, textile wastewater requires most sophisticated and thus expensive 
treatment methods which are not affordable to textile industries in 
developing worlds. Moreover, textile industries are one of the most 
important and rapidly growing industrial sectors in many developing 
countries like Bangladesh, China, India, Pakistan, Turkey, Vietnam and 
many more. Due to growing concern of pollution caused by textile 
wastewater and updated environmental regulations, textile mills need to 
control and treat their produced wastewaters before discharging to water 
bodies. Methods such as reverse osmosis, nano-filtration and 
ultrafiltration are known to be effective to remove dyes and some other 
pollutants from textile wastewater (Shashank et al, 2011). But these 
methods are also known to be very expensive which make them difficult 
to incorporate in the treatment processes in textile industries in 
developing countries. Therefore, a new kind of treatment technology, 
which would be effective in terms of pollutant removal and affordability, 
is inevitable for this ever growing industry. 

A new treatment approach which is the combination of Microbial Fuel 
Cell and freezing technology has been studied in this thesis work and 
seems to have great potential for textile wastewater treatment. The new 
treatment approach consists of two stages of concentrated wastewater 
treatment. First the wastewater is pre-treated by freezing technology. By 
freezing the main stream wastewater is divided into two streams; ice and 
concentrated solution. The pollutants in wastewater get separated during 
the formation of ice and a concentrated liquid solution is obtained. Then 
the concentrated liquid solution is treated by microbial fuel cell (MFC) 
technology. When the microbial fuel cell treats wastewater biologically, it 
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removes color, organic matters, and produces electricity. A KMnO4 

solution, municipal wastewater and orange juice were studied in this 
thesis work in which KMnO4 solution was representing color in textile 
wastewater and the other two kinds were representing the COD or 
oxidant in textile wastewater. 

1.1. General objectives 

The main objectives of this thesis work were to know, 

 the efficiency of freezing technology as pretreatment to separate color 
and COD from textile wastewater  

 if a microbial fuel cell can be a means to remove color and COD from 
textile wastewater and to produce electricity 

2. BACKGROUND  

2.1. Textile wastewater 
Wastewater is a kind of water whose quality has been deteriorated by the 
human activities. Once the fresh waters are used in the production 
processes in industries, they are regarded as industrial wastewaters. 
Textile industries are among the few others which use a large amount of 
high quality water. In other words production cannot be imagined 
without using of water in textile industries.  The amount of water that 
needs to produce 1 kg of textile fabric has been estimated around 200 
liters (Leissner et al., 2005).  This huge amount of potable water turns 
into wastewaters and in many countries these wastewaters are discharged 
either as untreated wastewaters or treated effluent into various water 
courses. 

Textile industries produce varieties of wastewaters depending on the 
industrial process. The industrial processes are depended on the raw 
materials. Based on the basic raw materials of textile industries they are 
categorized into different types. The most commonly used raw materials 
are jute, cotton and animal fibers such as wool and silk and synthetic 
materials such as nylon, polyester and acrylic (Tüfekci et al., 2007).The 
industrial processes are also different for the different raw materials as 
some of the end products do not need to be colored but some are 
colored extensively. As mentioned by Heijnen et al., (2003), most of the 
output of the jute processing industry is used as packaging material and 
as carpet backing cloth. The carpet backing cloth is used as support for 
the user-surface of the carpet. There is no need for these end products to 
be dyed. On the other hand the output of the non-jute processing textile 
industry, which mainly consists of apparels, requires to be dyed. Dying 
and printing unit in textile processing industries use large volume and a 
variety of chemicals, dyes, and complex organic compounds which make 
the textile wastewaters very complicated to treat. 

2.2. Comparison of available textile wastewater treatment methods 
The methods that are available to treat textile wastewater include 
physical, chemical and biological methods. Some of them are effective in 
removing pollutants but some are not that efficient. A comparative study 
is shown in Table1 discussing their advantages and disadvantages. From 
this comparison it can be concluded that the methods that are available 
today are good at some cases and bad at some other cases. Some of the 
methods such as reverse osmosis, nano-filtration and ultra-filtration, as 
we know, are very expensive and many developing countries cannot 
afford the cost of installation and operation. A new treatment 
technology is needed. 
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2.3. New approach of textile wastewater treatment by freezing and 
microbial fuel cell 

2.3.1. Pretreatment by freezing 

Thermodynamics of freezing 

Freezing is the change of liquid state to solid state of water when the 
ambient temperature of water is lowered below freezing point. Without 
some exceptions most liquids freeze by crystallization and so does water. 
Crystallization is also a chemical solid liquid separation technique, in 
which mass transfer of a solute from the liquid solution to a pure solid 
crystalline phase occurs (http://www.tutorgig.info/ed/Crystallization). 
The crystallization of liquid or water is explained by the first-order 
thermodynamics or phase transition, which means that the equilibrium 
temperature of a system remains constant and equal to the temperature 
of melting point as long as solid and liquid coexist. According to the 
thermodynamics point of view melting occurs because of the entropy, S, 
gain in a system by spatial randomization of the molecules has overcome 
the enthalpy, H, loss due to breaking the crystal packing forces 
(http://www.tutorgig.info/ed/Crystallization). 

Crystallization is characterized by the two main events which are 
nucleation and crystal growth. In the nucleation step clusters are formed 
by the congregation of molecules which happens on the nanometer scale 
and the arrangement of the clusters is occurred in a defined and periodic 
manner that identifies the crystal structure. The crystal growth can be 
expressed as the successive growth of the nuclei that succeed in 
achieving the critical cluster size. Both thermodynamic and kinetic 
factors such as impurity level, mixing regime, vessel design, and cooling 
profile can have a major impact on the size, number, and shape of 
crystals produced. 

The freezing process has a tendency to compromise between minimizing 
energy and maximizing entropy. The ice molecules have lower energy 
than liquid water because their strong bonds to their neighboring 
molecules and because the ice molecules cannot move around they also 
have lower entropy. Dissolved solutes in water increase the entropy of 
the water molecules, and so the compromise between lowering energy 
and maximizing entropy occurs at a lower temperature. 

Table 1. Advantages and disadvantages of possible textile wastewater treatment 
methods (Ogunlaja et al., 2009). 
Processes Advantages Disadvantages 

Biodegradation Rates of elimination by oxidizable substances about 
90%. 

Low biodegradability of dyes. 

Coagulation-
Flocculation 

Elimination of insoluble dyes. Production of sludge blocking filter 

Adsorption on 
activated carbon 

Suspended solids and organic substances well 
reduced. 

Cost of activated carbon 

Ozone treatment Good de-colorization No reduction of the COD. 

Electrochemical 
Processes 

Capacity of adaptation to different volumes and 
pollution loads. 

Iron hydroxide sludge. 

Reverse osmosis Removal of all mineral salts, hydrolyzes reactive dyes 
and chemical auxiliaries. 

High pressure 

Nano-filtration Separation of organic compounds of low molecular 
weight and divalent ions from monovalent salts. 
Treatment of high concentrations. 

 

Ultrafiltration–
Microfiltration 

Low pressure. Insufficient quality of the treated 
wastewater. 

http://en.wikipedia.org/wiki/Crystallization
http://www.tutorgig.info/ed/Crystallization
http://www.tutorgig.info/ed/Crystallization
http://en.wikipedia.org/wiki/Nucleation
http://en.wikipedia.org/wiki/Crystal_growth
http://en.wikipedia.org/wiki/Nanometer
http://en.wikipedia.org/wiki/Crystal_structure


Shuronjit Kumar Sarker TRITA LWR Degree Project 12:39 

 

4 

As mentioned above crystallization occurs on the nanometer scale at 
molecular level. During crystal formation the solutes molecules get 
separated from the liquid feed stream. During the formation of crystals 
each molecule must fit perfectly into the lattice and normally impurities 
would not fit in the lattice which makes the crystals pure. However, 
sometimes impurities may also incorporate into the lattice and hence 
makes the crystals impure. 

Usages of freezing in wastewater treatment 

Freezing splits a diluted stream with respect to pollutants (as salt and 
organic materials) into two different streams; one stream in which water 
is transferred into ice leaving a concentrated stream with pollutants. 
Treatment of a concentrated stream makes it easier to obtain high 
removal efficiency with possibilities for product recovery. 

Rich et al., (2011) states concerning technical methods of freezing: “there 
are two kinds of freeze concentration processes, depending on whether 
cooling is operated by direct or indirect contact. 

In the first case, the refrigerant is brought in direct contact with the 
solution. The refrigerant can be the solution itself: heat is removed by 
flash vaporization of a water fraction under partial vacuum. This 
technique is called “vacuum freezing vapor compression” (VFVC). The 
cooling can also be produced by the expansion of a compressed and a 
cold gas directly injected in the solution. This technique is called 
“secondary refrigerant freeze” (SRF). In the indirect process cooling is 
conducted by re-circulating the refrigerant through a heat exchanger. 
Batch processes are then based on the formation of an ice layer on the 
cold surface of the heat exchanger, while continuous processes are 
suspensions of ice crystals, formed by scraping the ice layer deposited on 
the exchanger surface or formed by nucleation of ice in solution”. 

The following cost figures (U.S. dollars per m3 water removed) are given 
by Rahman et al., (2006) (data from 1999). 

Freezing-melting 

Fruit juice concentration   2.00 

Sugar production    1.32 

Desalting seawater    0.93 

Caustic soda concentration   1.06 

Black liquor concentration (for paper-pulp processing) 1.52 

Lorain et al., (2001) have shown that separation efficiency is close to 
100% of soluble organics in wastewater treatment by freezing. Gao and 
Shao (2009) have found that unidirectional freezing (UDF) can 
effectively remove pharmaceutically active compounds in water (up to 
99% in a two-stage UDF). The study was introductory and it was 
concluded: “although the practical application of freeze concentration 
(such as UDF) for removal of PhACs (pharmaceutical active 
compounds) from wastewater/water needs to be further examined, the 
technique seems promising, especially, if effluent reuse is considered. 
The obvious advantages of the process is that it is capable of generating 
high quality water without addition of chemicals, no formation of 
reaction byproducts, along with a high percent water recover. The same 
technique may also be used in laboratory analysis for quantifying of 
PhACs in various liquid samples. The concentration of the PhACs in the 
unfrozen liquid was increased to 2 to 4 times of that in the feed water in 
the single UDF and about 10 times in the two-stage UDF”. Freezing can 
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also be used for conditioning of sludge (Randall et al., 1975; Hu et al., 
2011). 

Large scale freezing is used in snowmaking for sports recreation areas 
and in ice halls. Dissolving of ice may be done by the addition of salts as 
applied on roads at slippery conditions. The produced ice is in general 
clean from pollution and, therefore, suitable for the production of 
potable water. Ice may also be transported and used for cooling 
purposes for instance to large buildings, shopping centers etc. (during 
summer time) and ice halls in winter time. There is an increasing market 
on centralized cooling (“fjärrkyla”). If heated or cooled water is 
produced by heat pumps electricity or energy must be supplied. For one 
kW of electricity used in the heat pump about 3 kW of heat may be 
transferred to the district heating system (STOWA, 2006). 

Energy calculation 

The energy demand for freezing by use of the Carnot cycle is given by 
METBD 330: Thermodynamics, Chapter 5: Second law of 
thermodynamics for ice machines. (http://engr.bd.psu.edu/davej/ 
classes/thermo/chapter5.html). 

 Ice machine (i.e. refrigeration system) has a COPr of 2.2 (COPr = 
Coefficient of Performance = Desired output, Qout/Required input, 
Win) 

 Water enters at 15 oC and ice at - 5 oC is produced at a rate of 8  kg/hr 

 Energy to form ice at - 5 oC from water of 15 oC is 384  kJ/kg 

Qout = (8 kg/hr) (384 kJ/kg) = 3072  kJ/hr, 

Win = 3072  kJ/hr/2.2 = 1396 kJ/hr = 0.3879 kW (~9.3 kWh/day) 

Comments: 

 8 kg/hr = 192 L water/day (about daily water consumption in 
households in Sweden 

 Daily energy use = 1396*24 = 33.500 kJ 

 Daily energy in wastewater as COD is approximately 1.900 kJ/p.e./d 

 The energy needed for freezing is thus much higher than the energy in 
wastewater 

 For a cost of 1 kWh of 1 SEK the cost for the consumer would be 9.3 
SEK/day (corresponding to 46.5 kr/m3) 

Energy consumption quoted by manufacturers for ice making for 
unspecified operating conditions, for icemaker and refrigeration 
machinery only, are about 40-60 kWh/tonne ice in temperate areas 
(http://www.fao.org/wairdocs/tan/x5940e01.hth). For 200 kg product - 
ion of ice this corresponds to 8-12 kWh. A program has been developed 
to calculate energy costs for commercial ice making (http://- 
www1.eere.energy.gov/temp/technologies/eep_ice_makers_calc.html). 

The energy requirement to freeze 400 ml of KMnO4 solution 

Specific heat of water is 4186 J/kg.0C. Specific heat of ice is 2006 
J/kg.0C 

Specific heat of water to ice is 334 KJ/kg. 0C 

Water volume= 400 ml 

At first stage 400 ml water at 15 0 to 00 water 

Q1= 400*4.1855*(15-0) =25110 Joule 

During 1st stage freezing 209 ml of water will be turned into-200 ice 

http://engr.bd.psu.edu/davej/classes/thermo/chapter5.html
http://engr.bd.psu.edu/davej/classes/thermo/chapter5.html
http://www.fao.org/wairdocs/tan/x5940e01.hth
http://-www1.eere.energy.gov/temp/technologies/eep_ice_makers_calc.html
http://-www1.eere.energy.gov/temp/technologies/eep_ice_makers_calc.html
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00 water to 00ice 

Q2=209*334= 69806 Joule 

00 ice to -200ice 

Q3=209*2.06*20= 8611 Joule 

During second stage freezing 209 ml water will reach 150 to -200 ice 

150 water to 00 water 

Q4= 209*4.1855*15=13120 Joule 

121 ml water at 00 will turn into 00 ice 

Q5= 121*334 =40414 Joule 

121 gm ice 00 will turn into -200 ice 

Q6=121*2.06*20= 4985 Joule  

Total energy required, ∑    = 162 KJ 

1 KJ = 2.78*10−4 kWh 

162 KJ= 45 Wh 

Different ways to get a better economy for freezing may include: 

 Recirculation back of produced ice to cool and partly freeze ice in a 
preceding stage 

 Use of produced ice for cooling of buildings so part of costs can be 
recovered. A demonstration building is situated in Beijing with produced 
ice in its basement (Clark, 2010) 

 Use of more cost-effective freezing methods as natural freezing or 
freezing just of concentrated streams.  

Swedish studies of freezing in wastewater treatment have mainly been 
concerned with freezing/thawing as a conditioning method for sludge. 
Studies have been performed both with artificial freezing (Halde, 1976; 
1980; Franceschini, 2010) and by natural freezing (Hellström, 1997, 
Hellström & Kvarnström, 1997, Hedström & Hanaeus, 1999, Kvarn- 
ström et al., 2000). Freezing technology for commercial use in Sweden 
for sludge handling is performed by the company FriGeo AB for 
instance hired to treat sludge in the Ragn-Sells AB treatment plant in 
Stockholm (Franceschini, 2010). An important part in freezing of sludge 
is the release of components from sludge as COD, ammonium and 
phosphate. The released component may be used for product recovery 
(Chen et al., 2001, Hu et al., 2011, McMinn, 2003, Wakisaka et al., 2001). 

2.3.2. Treatment by Microbial Fuel Cell technology 

History of Microbial Fuel Cell (MFC) 

Microbial fuel cell (MFC) is a rather new member in family of renewable 
energy from biomass by bacteria that demonstrates the interaction of 
bioelectricity generation phenomenon found in nature. M. C. Potter, 
Professor of Botany in the University of Durham in England first 
observed in 1911 that an electrical current can be generated by E. coli 
bacteria. He observed that when a cell with two compartments, of which 
one contained metabolizing microbes and another contained salt 
solution, is connected a potential difference can be created between the 
two compartments and then current can be obtained when a load is used 
(Potter, 1911). During the 20th century, scientists kept continuing to 
study, build and test MFCs. In 1931 a researcher called Barnet Cohen 
who built a number of half microbial fuel cells and connected in series, 
by doing this he was able to produce over 35 volts and 2 milliamps of 
current (Cohen, 1931). Due to such a small current generated by MFCs 
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and the cheap oil price during that period made it not a viable means of 
power generation. The function of a MFC was barely understood until 
1970s when M. J. Allen and then later H. Peter Bennetto both from 
King's College London studied how an MFC is functioned. Bennetto 
realized from his work in the early 1980s that fuel cell could be a possible 
method of generating electricity in developing countries. 

In the early 1990s the MFC has become an interesting area of research 
again in scientist communities. However, the early MFCs required 
chemical mediators, or electron shuttles, which were used to carry the 
electrons from the inside of the cell to the cell electrodes.  It took a while 
to develop mediator less MFCs. The breakthrough in MFCs occurred in 
1999 when it was recognized that mediators did not need to be added 
(Kim et al., 1999c; Kim et al., 1999d). Some studies have already shown 
the new and better ways of generating electricity and treating wastewaters 
by the MFCs. The first example of an operational pilot project has 
launched in Queensland, Australia by Foster’s Brewing company partner 
with University of Queensland and the Australian government in 
2007(www.microbialfuelcell.org). The energy generated by the MFCs in 
the pilot project is enough to power a single-family house while treating 
brewery wastewater producing carbon dioxide and clean water. 

Working principle of MFC  

The general principle of how a MFC works is described by the 
conversion of chemical energy, which is available in a bio-convertible 
organic substrate, into electricity. The Figure 1 shows a pictorial 
interpretation of a MFC. A typical MFC consists of anode and cathode 
compartments separated by an ion exchange membrane. The anode 
compartment contains organic substrate and is kept at anaerobic 
condition. In anaerobic condition acetic acid is produced from organic 

Fig. 1. Working principle of MFC (Logan, 2008). 

http://www.microbialfuelcell.org/
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substrate and bacteria consume that acetic acid to produce electrons, 
protons and carbon dioxide. Then the produced electrons are collected 
by an external electrode and transferred through an external electric 
circuit to the cathode while the protons are transferred through an ion 
exchange membrane to the cathode, where the electrons combine with 
protons and oxygen to form water (Min et al., 2004). The chemical 
reaction that takes place in anode chamber under anaerobic condition is: 

C12H22O11 + 13H2O ---> 12CO2 + 48H+ + 48e- 

And chemical reaction in cathode chamber under aerobic condition is: 

6O2 + 24 H+ +24 e- --->12 H2O 

Type of MFCs 

In general MFC are classified into two groups depending on the use of 
mediator which facilitates in transferring electrons. 

Mediator MFC 

Most of the MFCs are known to be electrochemically inactive. Chemical 
mediators or electron shuttles were routinely added to MFCs that 
resulted in electron transfer by bacteria and even yeast (Logan, 2008). A 
variety of chemical mediators were used to shuttle the electrons include 
thionine, methyl viologen, methyl blue, humic acid, neutral red and so on 
(Delaney et al., 2008; Lithgow et al., 1986). Due to the toxic behavior 
and cost, chemical mediators are normally no longer used in MFC. 

Mediator-less MFC 

The credit goes to the researchers at the Korean Institute of Science and 
Technology for the first mediator-less MFC. They have shown that a 
mediator-less MFC does not need any kind of toxic and expensive 
chemical mediator to transfer electrons. Some electrochemically active 
bacteria such as Shewanellaputrefaciens (Kim et al., 1999d) and 
Aeromonashydrophila (Pham et al., 2003) can transfer electrons directly 
from the bacterial respiratory enzyme to the electrode. 

Voltage and power generation by MFCs 

In a MFC the electrons are produced by bacteria during degradation of 
organic substrate. But bacteria not only need substrate to survive and 
grow up, they also need an appropriate electron acceptor that can take 
up the produced electrons. The collected electrons are then allowed to 
transfer through an electrical circuit which allows in observing the 
electrical source by measuring the potential difference between the 

Fig. 2. Typical municipal wastewater treatment processes. (http://courses 
.washington.edu/h2owaste/notes/Powerpoints%202009/Lecture%2015%202009%20R
evised.ppt).  

http://courses.washington.edu/h2owaste/notes/Powerpoints%202009/Lecture%2015%202009%20Revised.ppt
http://courses.washington.edu/h2owaste/notes/Powerpoints%202009/Lecture%2015%202009%20Revised.ppt
http://courses.washington.edu/h2owaste/notes/Powerpoints%202009/Lecture%2015%202009%20Revised.ppt
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electrodes. The current produced by an MFC is typically measured either 
by a volt meter or by a Multimeter by monitoring the voltage drop across 
a resistor. An MFC commonly achieve a maximum working voltage of 
0.3-0.7 V (Logan, 2008). 

The current produced by an MFC in laboratory is small, so current is not 
measured instead the voltage drop is measured and then using the 
Ohm’s law: Current=Voltage drop/Resistance, current is calculated. 
Making several MFCs and connecting them in series has proved to be a 
means to increase the output current. Microbial Fuel Cell (MFC) has 
potential to be used for different purposes, as it does for power 
generation. Harvesting electricity by MFC for power generation 
apparently has huge potential in terms of clean and renewable energy 
production. Theoretically any kind of biodegradable organic matter can 
be used in MFC for power generation. Knowing the amount of current, 
power is calculated by Joule’s law: Power = Current x Resistance. 

Wastewater treatment 

To know if an MFC can be used for wastewater treatment or not one 
must know how a typical wastewater treatment plant (WWTP) is 
constructed. A typical municipal wastewater treatment plant consists of a 
series of unit processes. A typical municipal wastewater treatment plant 
processes is shown in Figure 2. As it can be seen from the figure the 
treatment processes consist of three major treatment types: Physical 
treatment, Biological and Chemical treatment. 

The purpose of any wastewater treatment plant is to improve the quality 
of wastewater before discharge into water bodies. The quality of 
wastewater is evaluated by measuring the biochemical oxygen demand 
(BOD) in five days or rapid test of chemical oxygen demand (COD). 
BOD reflects what can be biologically removed and the COD tells about 
the amount of organic matter in water. It means that after treating the 
wastewater the BOD or COD value should be less than before 
treatment. A study by Abhilasha et al., (2010) suggests that the COD 
content of brewery wastewater can be reduced by 93.8% by MFC. In 
another study by Ghangrekar et al., (2006) tells “The MFCs performed 
well for COD and BOD removal from the wastewater, demonstrating 
the effectiveness of this device for wastewater treatment with COD and 
BOD removal efficiency about 90%”. 

In one study done by Min and Logan (2004) on wastewater with 
continuous flow system; they found that 58% COD removal in a 2-hour 

Fig. 3. Possible process of municipal wastewater treatment incorporated with MFCs.  
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hydraulic retention time, and 79% COD removal at a 4-hour hydraulic 
retention time. MFC can reduce the organic content of wastewater and 
at the same time can produce electricity. So, the MFC technology would 
be replaced the conventional biological treatment process in municipal 
wastewater treatment plant. But the question is if MFC can also be used 
to remove nutrients from wastewater or not. A little work has done on 
nitrogen and phosphorus removal by MFC. A study on cow-waste slurry 
by Yokoyama et al., (2006) measured 16% nitrogen removal and 30% 
phosphorus removal under conditions where 84% of the BOD was 
removed. Min et al., (2005b) studied swine wastewater and found that 
about 84% ammonia was removed with 86% soluble COD removal. 
These findings suggest that the MFC technology has potential to remove 
nutrient in textile wastewater treatment. The possible process of 
municipal wastewater treatment in addition with MFC technology that 
includes secondary treatment; biological treatment, and the tertiary 
treatment; and nutrient removal, can be replaced by MFC technology 
(Fig.3). 

Textile wastewater treatment by MFC 

Textile wastewater contains a large variety of dyes and chemicals that 
make the real environmental challenge for textile industries because of 
the chemical compositions. Dyeing and finishing processes in textile 
industries require the input of wide range of chemicals and dyestuffs and 
these are generally organic compounds of complex structures (Al-Kdasi 
et al., 2004). Major pollutants in textile wastewaters are suspended solids, 
chemical oxygen demand (COD), heat, color, acidity, and other soluble 
substances (Ahn et al., 1999). It has been documented by Pagga and 
Brown (1986) that the textile wastewater contains as many as 87 colors 
substances and 47% of these are biodegradable but rest 53% are non-
biodegradable. An example of textile wastewater properties is shown 
Table 2. 

COD removal 

From the above table it is clear that the textile wastewater has high 
concentration of organic matter as BOD5 and COD values are high. 
Now the question is- can MFC technology be used to treat textile 
wastewater?  The answer can be drawn from the findings of the study on 
MFC for wastewater treatment where in some studies up to 93.8% of 
COD removal was achieved. In theory, textile wastewater should also be 

Table 2. Properties of textile wastewater (Sheng et al., 1993; 
Tzitzi et al., 1994; Venceslau et al., 1994; Altinbas et al., 1995; Olcay 
et al., 1996; StanisŁaw et al., 1999; Gianluca et al., 2001; Arslan and 
Isil, 2002; Arslan et al., 2002, 2002; Georgiou et al., 2002; Mehmet et 
al., 2002; Ahmet et al., 2003; Metcalf and Eddy, 2003; Azbar et al., 
2004). 
Properties  Value 

pH 7.0-9.0 

BOD5 (mg/L) 80-6000 

COD (mg/L) 150-12000 

Total Suspended Solids (mg/L) 15-8000 

Total Dissolved Solids (mg/L) 2900-3100 

Chloride (mg/L) 1000-1600 

Total Kjeldahl Nitrogen (mg/L) 70-80 

Color (Pt-Co) 50-2500 
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treated by MFC technology because of the properties of wastewater. By 
this thesis work it would be proven that an MFC can be very effective in 
treating textile wastewater by reducing COD concentration significantly. 
A diluted orange juice was studied for this thesis work and the 
experimental results are documented in results chapter. 

Color removal 

Removing color from textile wastewater has been the major challenge in 
environmental societies because textile wastewater contains a numerous 
variety of dyes and chemicals. Dyes are mainly categorized into two 
groups: natural dyes and synthetic dyes. Natural dyes are mostly from 
plant sources – roots, berries, bark, leaves, wood, fungi, and lichens. 

Synthetic dyes are exclusively organic compound which were first 
discovered in 1856 by William Henry Perkin. The range of synthetic dyes 
includes acid dyes, azoic dyes and chrome or mordant dyes. Human have 
started to use textile dyes long before and plants based dyes that widely 
used in early days were wood, indigo, saffron, and madder. Al-Kdasi et 
al., (2004) has mentioned that the chemicals and dyes that are used in 
textile dying process are mostly organic compounds with complex 
structures.  

Due to complex nature, textile wastewaters are needed special attention 
for treatment. Today methods like adsorption, chemical treatment, 
membranes, photolysis, chemical oxidation, reduction and ion–pair 
extraction are used around the world. Those methods are quite costly 
and some of them are less efficient. Membranes as ultra-filtration, nano-
filtration and reverse osmosis are known to be very effective in the 
removal of dyestuffs but these are the most expensive methods for 
wastewater treatment. Since the dyes are organic compounds, MFC 
technology seems to be effective in reducing color concentration of 
textile effluents. But no record of such study has been found on color 
removal by MFC technology. Therefore, an attempt has been taken to 
remove color from a sample which was made with KMnO4 (Potassium 

Fig. 4. Procedure of this thesis work. 

 



Shuronjit Kumar Sarker TRITA LWR Degree Project 12:39 

 

12 

permanganate) in laboratory. KMnO4 is a highly oxidized inorganic 
chemical compound which makes intensely purple solutions with water. 
Since KMnO4 it is an oxidizing agent and can make color in water, it was 
therefore chosen for this thesis work. The findings of the experiments 
are described in the results chapter. 

3. METHODOLOGY  

The procedure of this thesis work includes 11 steps (Fig. 4). 

3.1. Idea building 
The idea about the work was gained by studying literatures which were 
selected based on the objectives of this work. The most studied literature 
on the area was: 

 Textile wastewater and treatment 

 Freezing technology 

 Microbial Fuel Cells (MFC) 

3.2. Materials collection 

3.2.1. Materials for freezing experiment 

Transparent plastic glass 500 ml each: 2 pieces 

Insulation materials: a pipe insulator with suitable diameter that suites 
with glass diameter were used in this case. Adhesive tape: 1 piece, Cotton 
textile: 1 piece with size of 50 cm x 50 cm. Fig. 5 shows freezing 
materials. 

3.2.2. Materials for MFC 

To make a MFC can be challenging when low-cost and high efficient 
materials come in to consideration. Since MFC currently can generate 
very low energy in comparison with the cost of materials needed to build 
it. An effort was given on selecting the right kind of material which was 
low-cost and could maximize power generation. 

Polyvinyl chloride (PVC) pipes: T-section = 2 pieces 3.5 cm diameter, 
Caps = 5 pieces 3.5 cm diameter, Straight pipe = 1 piece 10 cm, 3.5 cm 
diameter, Proton exchange membrane = 1 piece 3.5 cm diameter. A 
proton exchange membrane is shown in Figure 6. Carbon paper as 
electrodes 1 piece with size of 16 cm x 16 cm, Glue = 1 piece, Plastic 
glue gun = 1 piece, Electric wire = 2 pieces 30 cm each, Alligator clip = 
2 pieces. Picture of MFC materials is shown in Figure 7 and a built MFC 
in Figure 8. 

Fig. 5. Materials for freezing experiment (a) pipe insulator, (b) transparent 
plastic glass, (c) built arrangement. 
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3.2.3. Materials for substrates and others 

Potassium permanganate (KMnO4), Sodium chloride (NaCl), Municipal 
wastewater, Orange juice, Water, Sugar, Yeast. 

3.2.4. Freezing arrangement making 

Two pieces of pipe insulator whose diameter suite the glass diameter 
were taken and one side of these insulators were split along the length 
like the Figure 5(a). Then the glass, shown in Figure 5(b), was put into 
the pipe insulator and adhesive tape as well as cotton textile was warped 
around it in such a way that it prevents freezing of water from the sides 
of the glass. The reason behind the making of such insulator was that the 
experiment was intended to freeze the samples from one direction only 
which is from the top surface of the sample towards bottom of the glass. 

Table 3. Membrane specification (http://www.membranesinter 
-national.com/tech-cmi.htm). 
Functionality Strong Acid Cation Exchange Membrane 

Standard thickness 0.45±0.025 mm 

Electrical Resistance (ohm.cm2) 0.5 
mol/L Nacl 

<30 

Total Exchange Capacity(meq/g) 1.6±0.1 

Water Permeability (ml/hr/ft2)@5psi <3 

Mullen Burst Test strength(psi) ˃80 

Thermal Stability (0C) 90 

Chemical Stability Range(pH) 1:10 

Preconditioning Procedure Membrane should be preconditioned by 
emersion in 5% Nacl solution at 400C for 24 
hours to allow for membrane hydration and 
expansion. 

Fig. 6. Proton exchange membrane (http://www.membranesin 
-ternational.com/tech-cmi.htm). 

http://www.membranesin-ternational.com/tech-cmi.htm
http://www.membranesin-ternational.com/tech-cmi.htm
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Such freezing process is also called unidirectional freezing (UDF). The 
freezing arrangement is shown in Figure 5(c). 

3.3. MFC making 
To make an MFC, all the necessary materials were collected. First the 
proton exchange membrane was cut in circular shape so that the 
diameter is little bit less than the pipe diameter. The reason is that the 
diameter of proton exchange membrane increases when it is put in 5% 
NaCl solution for 24 hours. The instruction about preparing the 
membrane can be found in specification in Table 3. Then the membrane 
was attached on one side of the pipe by glue and was let it to be stiff 
enough to withstand the water pressure created in the pipe from the 
anode chamber. After that the pipe section was attached as it became like 
a connector between the two T-sections. All the necessary pipe openings 
were closed with pipe caps and then the plastic glue gun was used to 

Fig. 7. Materials for MFC (a) PVC T, (b) PVC pipe, (c) PVC 
cap, (d) Plastic glue gun, (e) Built anode chamber before 
attaching the membrane, (f) Cathode chamber with attached 
membrane, (g) Alligator clips, (h) Carbon electrode. 
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make the joints watertight. The electrodes were cut according to the 
length based on the depth of water in anode and cathode chambers. The 
required lengths of the electrodes in anode chamber and in cathode 
chamber were measured as 3 cm x 16 cm and 3 cm x 12 cm respectively. 
Once the electrodes were cut in desired lengths the alligator clips were 
attached at one end of both electrodes and subsequently the electric 
wires were connected to the alligator clips to connect to a load. A 560 
ohm resistor was used as for the load (Fig.7, 8). 

3.4. Substrate preparation 

3.4.1. KMnO4-substrate 

Making a Potassium Permanganate (KMnO4) based substrate consisted 
of two stages. At the first stage of making KMnO4-substrate (Fig. 9c), a 
KMnO4 solution was made with any particular concentration for freezing 
and the solution was frozen for a time period so that about 80% of the 
solution could become ice. At the second stage, yeast as bacteria and 
sugar as food for the bacteria were added to the unfrozen KMnO4 
solution which was about 20% of total volume. The yeast and sugar 
concentration in the solution were 10 g/liter and 20 g/liter, respectively. 

3.4.2. Orange juice substrate 

The orange juice that was used as a substrate bought from a shop. But it 
was diluted to such a degree so that its sugar content became 1 g per 100 
ml. The juice originally had sugar content of 9 g per 100 ml so it had to 
diluted 9 times. Then yeast was added to the diluted juice maintaining the 
concentration of 1 g of yeast per liter juice. The picture (Fig. 9d) shows 
orange juice substrate that has been used in MFC. 

Fig. 8. The built MFC. 
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3.5. Testing the properties of substrates 
The quality of wastewater is governed by some properties. The pH-
value, conductivity, color, and COD were considered for this thesis 
work. 

3.5.1. pH-value 

The pH-value tells us if the wastewater is acidic or basic and is based on 
the concentration of hydrogen ion (H+) in a given solution. The pH 
value has a scale of 0 - 14 and pure water has the pH value of 7 at 25 
degree Celsius temperature. If the pH value of a wastewater lies between 
7 - 0 the wastewater becomes more acidic as the value decreases towards 
zero. On the contrary if the pH-value lies within 7 - 14, the water 
becomes more basic as the value increases. The pH of the wastewater 
was measured by a standard pH meter. 

3.5.2. Conductivity 

The electrical conductivity of wastewater gives the information about the 
availability of inorganic, ionic elements or compounds in it. As the 
amount of inorganic, ionic elements or compounds in the wastewater 
increases, the conductivity also increases. Conductivity also increases 
with temperature; therefore most results are standardized at 25 degree 
Celsius and the electrical conductivity of pure water is 0.055  µS/cm at 
250 Celsius temperature. A standard conductivity meter was used to 

Fig. 9. (a) KMnO4 (http://www.gunnook.com-/content.php?313-
Survival-Usage-Of-Potassium-Permanganate) (b) Orange juice, 
(c) KMnO4 substrate, (d) Orange juice substrate. 

Fig. 10. Process of freezing experiment. 

 

http://www.gunnook.com-/content.php?313-Survival-Usage-Of-Potassium-Permanganate
http://www.gunnook.com-/content.php?313-Survival-Usage-Of-Potassium-Permanganate
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measure the electrical conductivity. The pH and the electrical 
conductivity of KMnO4-solution were measured both before and after 
freezing experiment. 

3.5.3. Color 

The color concentration of wastewater can be used to identify the type 
of wastewater effluents. The saturation level of color of the wastewater 
determines the level of purity of the wastewater. Several methods that 
involve using color charts can be used to categorize the type of effluent, 
the strength of the colloidal particles, as well as the level of suspended 
particles in a solution of a sample of industrial wastewater. Spectrophoto 
-meter is one of the best and correct ways to know the color 
concentration of industrial wastewaters. Determination of color 
concentration of a colored sample by spectrophotometer works on the 
principle of the amount of light of a given wavelength that is absorbed 
by a solution and increases in proportion to the concentration of the 
solution. 

The concentration of KMnO4 was also included in assessing the quality 
of KMnO4-solution before and after MFC-experiment. Since the main 
objective of the project work was to check if an MFC can reduce the 
color concentration of wastewater or not, it was very crucial to calculate 
the concentration of KMnO4 both before and after the MFC 
experiment. 

DR LANGE XION 500 Spectrophotometer was used in this thesis 
work and the procedure of using the machine to determine the color 
concentration can be found in Appendix. Once the absorption values 
were obtained, the color concentrations were calculated according to the 
Beer-Lambert law given below. 

Lambert-Beer law: 

Absorption, Abs = C * d * ε = log10 (Io /In) 

C = Concentration 

d = Path length 

ε = Molar extinction coefficient 

Io = Light intensity of the zero measurement 

In = Light intensity of the analysis measurement 

Similarly, concentration, C= Abs/ (d * ε). 

Fig. 11. Combination of freezing and MFC experiment. 
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3.5.4. Chemical Oxygen Demand (COD) 

The chemical oxygen demand (COD) is a kind of test which is used in 
environmental chemistry in order to measure indirectly the amount of 
organic compounds in water or wastewater. Generally the applications of 
COD give the indication of the amount of organic pollutants found in 
polluted water making COD a useful measure of water quality. The 
COD value is expressed in milligrams or grams per liter (mg/L), which 
indicates the mass of oxygen consumed per liter of solution of polluted 
water or wastewater. It was mentioned in the background chapter that an 
MFC can reduce the COD concentration of a solution. It is very 
important to measure the COD of substrates before and after the 
experiment with MFC in order to know if the MFC is working 
accordingly and if the quality of substrates improving or not. To measure 
the COD for this thesis work DR LANGE XION 500 
Spectrophotometer was used. The COD measurement procedure is 
shown in Appendix. Since the KMnO4-solution was composed of only 
water and KMnO4 it was not necessary to test COD concentration for 
the solution. But orange juice is an organic solution that made it 
necessary to test COD concentration both before and after the MFC-
experiment. 

3.6. Freezing experiment 

To know how effective the freezing technology is in dealing with the 
treatment of textile wastewater and household wastewater, two kinds of 
samples were considered. One was KMnO4 solution and the other one 
was municipal wastewater. Here KMnO4 solution was adopted as the 
colored textile wastewater and the municipal wastewater was mainly used 
to know the effectiveness of freezing technology in removing pollutants 
such as COD and other pollutants. It is of course not wise to consider 
the KMnO4 solution as real textile wastewater. But it would surely give 
an indication if freezing technology can be a means of treating textile 

Table 4 Properties of KMnO4 solution before and after freezing 

KMnO4 

solution 

Before 

freezing 

After first freezing 

(freezing time 8 

hours) 

After second freezing 

of ice melt water(A1) 

(freezing time 7 

hours) 

Value 

reduction 

Ice 

melt 

water 

(A1) 

Concen

-trated 

(B1) 

Ice 

melt 

water 

(A2) 

Concen-

trated 

(B2) 

Col. 2-Col. 

5 

pH-

value 
7.7 7.5 7.8 7.1 7.5 0.6 

Conduc-

tivity 

(mS/c) 

0.30 0.02 0.62 0.001 0.07 0.299 

Volume 

(ml) 
400 209 189 121 83  

Fig. 12. Samples before and after freezing (a) KMnO4 
(b) Municipal wastewater. 
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wastewater by removing color, COD, and others pollutants. 

The KMnO4 solution was made with a given concentration and the 
municipal wastewater was collected from the wastewater treatment plant 
at Hammarby Sjöstadsverk. Both samples were frozen for a period of 
time so that around 80% of these solutions became ice and the rest 
remained as concentrated liquid form. The ice and the concentrated 
liquid were separated and the properties such as pH, conductivity, COD 
and color concentration were tested. Then the ice melt water was frozen 
again in order to increase the degree of purity of treated water. After 
freezing the ice melt water for the second time the properties of both ice 
melt water and concentrated solution were tested again. A process 
diagram of freezing experiment is shown in Figure 10. 

3.7. The MFC-experiment 

Before using the substrates in MFC both KMnO4-solution and orange 
juice solution were prepared as described in section 3.4 ‘Substrates 
Preparation’. The MFC-experiment was started with KMnO4-subsbtrate 
and after finishing the experiment with KMnO4-substrate, orange juice 
substrate was used in the same MFC. The procedure of how the 
substrates were obtained after the freezing experiment can be seen in 
Figure 11. 

Table 5. Properties of municipal wastewater before and after 
freezing. 

M
u

n
ic

ip
a
l 

w
a
s
te

w
a
te

r 

Before 
free 
-zing 

After first freezing 
(freezing time 

8 hours) 

After second freezing of 
ice melt water(C1) 

(freezing time 7 hours) 

Value 
reductio-

n 

Ice melt 
water 

(C1) 

Concent 
-rated 

(D1) 

Ice melt 
water 

(C2) 

Concentra
-ted (D2) 

Col 2-
col 5 

pH-value 7.5 7.1 7.4 7.0 8.1 0.4 

Conductivi
ty (µS/cm) 

820 140 1490 54.6 620 765.4 

COD mg/L 546 122 1086 19.8 79.5 526.2 

Volume 

(ml) 
400 198 201 108 88  

Fig. 13. Freezing experimental results of KMnO4 sample 
(a) pH-value, (b) Conductivity (µS/cm). 
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Anode: 

The substrates were used in the anode chamber which was kept under 
anaerobic condition; with no oxygen present. 

Cathode: 

A salt solution was used in the cathode chamber of the MFC and it was 
kept open to allow getting enough oxygen from the air. 

3.8. Data recording 
During the MFC-experiment voltage and voltage drop across a resistor 
was recorded after every 24 hours. A 560 ohm external resister was used 
to get the voltage drop between anode and cathode. And then current 
and power were calculated according to the Ohm’s law and Joule’s law 
respectively. The experiments were terminated after reaching the optimal 
power generation point by the MFC. 

3.9. Testing the properties of the treated substrates 
The properties such as pH-value, conductivity, COD and color 
concentration were tested again for the treated substrates. A comparative 
study was carried out with the available data recorded before and after 
the MFC-experiments. 

3.10. Report writing 
Once the necessary experiments were carried out it was time to 
document the things that have been done for this thesis work. At least 
two well written thesis papers were studied to get the idea how the thesis 
paper has to be written. Finally, the thesis work was ended up by 
submitting the written report and presenting the research findings. 

Table 6. Concentration of KMnO4 before MFC-experiment. 
 

Wave length in nm Absorption Concentration in g/liter 

350 ˃3.50 ˃0.031 

375 2.870 0.025 

400 0.923 0.008 

425 0.477 0.004 

450 1.235 0.011 

475 3.100 0.027 

500 ˃3.5 ˃0.031 

Fig. 14. Freezing experimental results of wastewater samples before and after 
freezing (a) pH-value, (b) Conductivity (µS/cm), (c) COD (mg/L). 
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4. RESULTS  

This chapter will discuss about all the results obtained from the 
experiments and measurements that mentioned in the Methodology 
section. 

4.1. Freezing experimental results 
Since the main objective of the thesis work was to know if the freezing 
approach can be an effective way of pretreatment of wastewater 
originated mainly from textile industries, the properties such as pH, 
conductivity and COD will be enough to give the assurance of 
effectiveness of freezing. As it has already been discussed in the 
methodology part that there were two kinds of samples such as KMnO4 
solution and municipal wastewater were used in freezing experiment. 

4.1.1. KMnO4-solution 

The KMnO4 solution was made in laboratory representing the color 
textile wastewater without any other pollutants present in it except for 
color. Therefore only pH-value and conductivity were considered for 
KMnO4 solution and the obtained values are presented in Table 4. Color 
concentration was not tested as it was seen that there was no color in ice 
part after second stage freezing. Since the ice part did not contain any 
color after freezing, it was certain that all the pollutants; KMnO4, were in 
unfrozen liquid part. The pH value of ice melt water after second stage 
freezing was 7.1 that is close to the pH-value of pure water. The 

Table 7. Concentration of KMnO4 after MFC-experiment. 

Wave length in nm Absorption Concentration in gm/liter 

350 0.312 0.00274 

400 0.094 0.00083 

425 0.051 0.00045 

450 0.034 0.00030 

500 0.015 0.00013 

550 0.009 0.00008 

600 0.007 0.00006 

650 0.005 0.00004 

700 0.004 0.00004 

750 0.003 0.00003 

800 0.003 0.00003 

850 0.003 0.00003 

900 0.003 0.00003 

Fig. 15. KMnO4-substrate before and after MFC experiment. 
(a) Before experiment, (b) After experiment. 
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conductivity of the ice melt water after second stage freezing was 0.001 
mS/cm which was decreased by = (0.3-0.001)*100/0.3= 99.67% 
(Fig. 13). 

4.2. Municipal wastewater 
The municipal wastewater was collected at the inlet of the Hammarby 
Sjöstadsverk wastewater treatment plant representing a wastewater with a 
variety of pollutants including COD content. Therefore, COD 
concentration together with pH and conductivity were tested for the 
municipal wastewater before and after the freezing experiments and the 
results are shown in Table 5. A picture of sample before and after 
freezing is shown in Figure 12. As it can be seen in Table 5 the pH-value 
of wastewater is decreased from 7.5 to 7.0. Conductivity was reduced by 
765.4/820 = 93.33%. And the COD concentration was reduced by 
526.2/546 = 96.37% (Fig. 14). 

 

 

Table 8. Absorption of orange juice before and after MFC-
experiment. 

Wave length in nm Before MFC-
experiment 

After MFC-
experiment 

Reduction of 
absorption (%) 

Absorption Absorption 

400 1.680 0.447 73.39 

450 1.374 0.264 80.79 

500 1.111 0.179 83.89 

550 0.894 0.130 85.46 

600 0.764 0.103 86.52 

650 0.673 0.083 87.67 

700 0.577 0.068 88.21 

750 0.505 0.056 88.91 

800 0.460 0.047 89.78 

850 0.420 0.041 90.24 

900 0.384 0.035 90.89 

Fig. 16. Color (KMnO4) concentration before and after MFC-
experiment. 
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4.3. MFC-experimental results 

4.3.1. Color concentration of KMnO4-substrate 

It has already been mentioned in the methodology that the two different 
types of substrates: KMnO4-substrate and orange juice substrate were 
used in MFC-experiments. The concentration of KMnO4 in the 
unfrozen concentrated KMnO4-solution obtained after the freezing 
experiment was tested before MFC experiment. Table 6 shows the 
KMnO4 concentration before MFC-experiment at different wave 
lengths. The concentration of KMnO4 in the substrate was tested again 
after the MFC experiment. And the results are shown in Table 6. Values 
in Table 6 show that the absorption values decrease as the wavelength 
increase and at 425 nm wave length it is the lowest absorption value and 
increases again after this point. So the wave length 425 nm is considered 
to calculate the concentration of KMnO4 both before and after the 
MFC-experiment. The Figure 15 shows a sample before and after MFC-
experiment. 

Using the Beer Lambert law, the concentration is calculated as, 

Concentration = Absorption/ (Path length x Molar extinction co-
efficient) x Molar mass. C = Abs/ (d * ε)* Molar mass of KMnO4. 

Path length, d = 1 cm, 

Molar Extinction co-efficient of KMnO4, ε = 1.80 x 104  mol-1cm-1, 

At the wave length of 425 nm the concentration, 

Molar mass of KMnO4 = 158  g/mol, 

The concentration at 425nm wave length, C = 0.004  g/liter 

Looking at the Figure 16, it can easily be recognized that there is a 
distinctive difference between the absorption values before and after the 
MFC-experiment. Using the Table 6, the concentration value can be 
found as C = 0.00045 g/liter of KMnO4. Reduction of KMnO4 

Table 9. Properties of Orange Juice before and after the MFC-
experiment. 

Properties 
Before MFC 
experiment 

After MFC 
experiment 

Reduction 

(%) 

pH-value 4.15 6.07 1.92 

COD(g/L) 17.0 4.48 12.52 

Conductivity mS/cm 0.9 0.1 88.89 

Fig. 17. Properties of orange juice before and after MFC-
experiment, (a) pH-value, (b) Conductivity (µS/cm), 
(c) COD (mg/L). 

a b c 
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concentration after MFC experiment can be calculated as: Reduction of 
color concentration = 0.004 - 0.00045 = 0.00355 g/liter. Color reduction 
in percent =- (0.00355 / 0.004)*100 = 88.75% (Fig. 17). 

4.3.2. Color concentration of orange juice-substrate 

To know if the color of orange juice is reduced or not the absorption 
data were investigated because the calculation of color concentration 
requires molar extinction coefficient which was unknown for the orange 
juice. But examining the variation of absorption data corresponding to a 
particular wave length before and after the experiment, it would easily 
justify if the MFC is capable of reducing color concentration or not of 
organic solutions such as orange juice. According to Lambert Beer law, 
the concentration value of a given solution is directly proportional to the 
absorption value. So, if it is obvious that the absorption value of a 

Table 10. Power generation by MFC with KMnO4-substrate. 

Time 
elapsed 

(day) 

Voltage 
between two 

electrodes (volt) 

Voltage drop across 
R= 549 ohm 

register(volt) V 

Current 

(mAmp) 

I 

Power 

(mWatt) 

P 

1 0.02 

Not registered 
Ohm’ s 

law, I=V/R 
Joule’s law, 

P=V*I 

2 0.05 

3 0.062 

4 0.082 

5 0.095 

6 0.105 

7 0.150 

8 0.186 

9 0.221 

10 0.262 

11 0.292 

12 0.309 

13 0.314 

14 0.321 

15 0.327 0.076 0.1311 0.0094 

16 0.325 Started to decrease power generation 

Fig. 18. Voltage generation by MFC from KMnO4 substrate. 
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solution at certain wave length is less than the value found before the 
experiment then it can undoubtedly be said that the color concentration 
is decreased after experiment. The absorption values before and after the 
MFC experiment corresponding to various wavelengths of orange juice  

are shown in Table 8. The absorption values vary gently with the 
wavelengths and the maximum absorption value is found 1.68 against 
400 nm wavelength. The absorption values were decreased by minimum 
73.4% and maximum 90.9%. 

4.3.3. Power generation by MFC 

Power generation by MFC from KMnO4-substrate 

To calculate power voltage and voltage drop against the 560 ohm (549 
ohm according to the meter reading) resistor was registered. Then the 
amount of current and power generated by the MFC was calculated by 

Table 11. Power generation by MFC from orange juice substrate. 

Time elapsed 
(day) 

Voltage between two 
electrodes (volt) 

Voltage drop across, R= 
549 ohm register 

( volt) 

Current 

(mAmp), I= V/R 

Power (mWatt), 
P=V*I 

1 0.276 0.040 0.073 0.003 

2 0.278 0.042 0.077 0.003 

3 0.280 0.043 0.078 0.003 

4 0.282 0.044 0.080 0.004 

5 0.284 0.045 0.082 0.004 

6 0.286 0.046 0.084 0.004 

7 0.308 0.052 0.095 0.005 

8 0.321 0.056 0.102 0.006 

9 0.340 0.060 0.109 0.007 

10 0.375 0.066 0.120 0.008 

11 0.377 0.068 0.124 0.008 

12 0.393 0.076 0.1384 0.0105 

13 0.404 0.082 0.1494 0.0122 

14 0.375 0.075 0.1366 0.0102 

15 0.375 0.075 0.1366 0.0102 

16 0.415 0.096 0.1749 0.0168 

17 0.413 0.095 0.1730 0.0164 

18 0.401 0.085 0.1548 0.0132 

Fig. 19. Power generation by MFC from orange juice 
substrate. 
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the Ohm’s law and Joule’s law respectively. Table 10 shows the obtained 
direct voltage and the voltage drop during MFC experiment when the 
KMnO4-substrate was used. The amount of power generated by the 
MFC per square meter of the electrode can be calculated as follows. 

Area of the anode electrode = 15*3*2 = 90  cm2 

Area of the cathode electrode = 12*3*2 = 72  cm2 

The total area of electrode = 162 cm2 = 0.0162  m2 

The power generation per square meter of electrode is = 0.58  mW /m2 

Note: The maximum voltage was recorded 0.498 volt when half length 
of the cathode electrode was lifted up in the air and other half in the 
water. The Figure 18 shows power generation with respect to time from 
KMnO4-substrate. 

Power generation by MFC from orange juice substrate 

The power generation by MFC using the orange juice substrate is shown 
in Table 11. The maximum power was recorded on 16th day of the 
experiment which was 0.0168 mW. Since the same size of anode and 
cathode electrode were used, the power generation per square meter of 
the electrode becomes = 0.0168 / 0.0162 = 1.03  mW /m2 (Fig. 19). 

5. DISCUSSION AND CONCLUSION 

This chapter will discuss the findings by analyzing of the thesis work to a 
narrower view. The results are analyzed by taking the goals of the study 
into account. Looking back to the objectives of the study it is recollected 
that the main objectives of the study were to check the efficiency of 
freezing experiment to separate the color and COD from the textile 
wastewater and to check if an MFC can remove color and COD from 
textile wastewater. The freezing experimental results are quite satisfying 
as the quality of the wastewater was significantly improved. The pH 
value of both KMnO4 solution and wastewater was close to the value of 
pure water after second stage freezing. Freezing technology was seen as 
very effective to produce high quality stream as the COD and 
conductivity values in ice melt were reduced by more than 95%. 

At the same time the pollutants concentration in concentrated unfrozen 
liquid were increased which makes the MFC experiment more effective. 
The MFC experiment that was expected to remove the color and COD 
from textile wastewater and it did the work as the color was removed by 
more than 88%. Although the MFC worked as planned to remove color 
and COD but the energy generation was nearly zero compared to the 
energy needed to freeze the samples. 45.04 Wh of energy was needed for 
400 ml of water to freeze on two stage freezing but the highest energy 
output by MFC was estimated 1.03 Wh/m2 of electrode using the orange 
juice substrate. Although the energy balance is so worse but still the 
combination of freezing technology and MFC technology would be in 
great importance as the ice melt water can be reused in the textile 
industrial process and it has other economic benefits. 

In conclusion it can be said that this new approach of textile wastewater 
treatment can be a cost-effective way to remove pollutants from textile 
wastewater while generating electricity. But further study is needed on 
real textile wastewater to use this new approach for wastewater 
treatment. 
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7. APPENDIX  

Manual of DR LANGE XION 500 Spectrophotometer to measure the 
color concentration and COD is copied and pasted below  

7.1. Color concentration measurement 
Carrying out absorbance measurements: 
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7.2. COD measurement procedure 
 


