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S UMMARY IN S WEDISH
Manganföreningar har ofta använts vid avloppsvattenrening de senaste
decennierna. Användning av mikrobiella bränsleceller är en relativt ny
teknik som innebär en tvärvetenskaplig utveckling. Tillämpning av
mikrobiell bränslecellteknik är ett led i utveckling av hållbar energi.
Kombinationen av manganföreningar och biologisk bränslecellteknik ger
möjligheter att erhålla förbättrad oxidation av organiska föreningar i
rötslam. För att uppnå snabba och intensiva oxidationsreaktioner vid
anoden samt att uppnå en hög anodisk elektrodpotential behövs en
mycket reaktiv och kostnads-effektiv katod.
I detta examensarbete har två viktiga vägar använts vid FoU-arbetet:
Kemisk behandling och användning av mikrobiell bränslecell. Vid den
kemiska behandlingen undersöktes lämplig dosering av KMnO4
tillsammans med MgCl2 och CaCl2 vid behandling av rejektvatten från
rötkammare i Hammarby Sjöstadsverk. Baserat på de experimentella
resultaten erhölls bästa behandlingseffekten med 15 mg/L KMnO4 vid
behandling under sura och alkaliska betingelser med låg grumlighet och
lägsta COD-värde.
Vid studier med mikrobiella bränsleceller användes katod med och utan
MnO2 som katodisk katalysator för undersökning av cellernas förmåga
att producera el. Resultaten visade att när MnO2 användes ökade den
totala el-produktionen. Spänningen blev härvid negativ vilket innebär att
katoddel blev anoddel och anoddel blev katoddel. Eftersom det torde
vara första gången kombinationen av MnO2 och rötslam studerades bör
detta ytterligare analyseras och utvärderas.
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A BSTRACT
Manganese compounds have a high potential for treating wastewater, both for
utilizing its oxidation, flocculation ability and catalyst ability in anaerobic nitrification.
The promising use of manganese compounds (such as permanganate and manganese
dioxide) is regarded as an effective method of treating organic compounds in
wastewater from municipal and industrial wastewater. Now it is newly realized
possibilities to combine manganese compounds with Microbial Fuel Cell technology.
Aiming at reusing the biomass in anaerobic digested sludge for degrading organic
pollutants and simultaneously recovering electric energy, Single-chamber Microbial
Fuel Cell (SMFC) system was developed and investigated during the main
experimental part. Considering the electricity generation rate and characteristics of
cathode, MnO2 was used as the reactant on the cathode electrode; meanwhile, the
substrate types in anode compartment also were investigated and then extra sodium
acetate was added to investigate the power generation performance.
Two parts of the research were carried out during the whole project. The chemical
treatment part was mainly designed to find out the best dosage of KMnO4 in
flocculation when concurrent reacted with magnesium and calcium compounds when
treating reject wastewater from digester at Hammarby Sjöstadsverk. The other part
was studied to see whether it is possible to improve electricity generation by degrading
organic pollutants when MnO2 was used as a cathodic reactant in sediment microbial
fuel cell which consisted of anaerobic digested sludge from UASB.
Key words: Digested Sludge; Manganese Compounds; Microbial Fuel Cell;
Potassium Permanganate

1. I NTRODUCTION
1.1. General background
The fossil fuel crisis and continued exponential growth in human
population has created a corresponding increase in the demand for
sustainable energy as well as the earth's limited supply of freshwater.
Thus, renewable energy sources are at the center of attention globally as
an alternative to conventional methods of producing electricity from
fossil fuels; at the same time, protecting the integrity of water resources
and improving the technology of wastewater treatment are also essential
environmental issues in this century. Energy-generating systems based
on the fossil fuel impose a burden of greenhouse gases on the
environment and are thus problematic. Therefore, greenhouse gasesneutral systems such as wave-generators, solar panels, wind-generators,
breakwater generators, as well as microbial fuel cells (MFCs) become
extremely interesting to scientists. Based on Paradigm Shift in 21st
century, more and more attentions are shifted to energy recovery
technology from wastes.
On the other hand, although the water amount on the earth is abundant,
freshwater resource takes only a small portion, people are now facing
serious water pollution issues due to heavier pressure and burden human
being put into the environment all around the world, especially in
regions with limited water sources. According to UN-Water (2007)
projects, it is estimated that 1.8 billion people will live with water scarcity;
meanwhile, around 67% of the world will become water stressed areas by
2025. For the purpose of sustainable developing, avoiding water scarcity
and preventing worse degradation of water system, in addition to
precaution and regulation, technologies are urgently needed to improve
wastewater treatment for providing people with safe and high-quality
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water production. Among the requirements of high-standard receiving
water for potable use or non-potable uses such as agriculture irrigations,
satisfying removal efficiency of COD (chemical oxygen demand) is
required. With an ideal combination, Microbial Fuel Cell becomes the
most promising and interesting technology due to that it is one of the
most significant methods to recycle energy from sewage water and
organic solid wastes (Hong et al., 2010).
1.1.1. Organic contaminants in wastewater
Chemicals, for daily usage in residential, industrial and agricultural
purposes, can enter the environment in wastewater. These chemicals
include human and veterinary drugs (including antibiotics), hormones,
detergents, disinfectants, plasticizers, fire retardants, insecticides, and
antioxidants. Increasing concerns have risen for potential adverse human
and ecological health effects resulting from the production, use and
disposal of numerous chemicals that offer improvements in medical,
industrial, agricultural, and even common household conveniences.
Pharmaceuticals, hormones, and other organic wastewater contaminants
in water resources have significant human or environmental health
toxicity when entering the water system to disperse and persist to a
greater extent than first anticipated (Kolpin et al., 2002). The reason may
mainly be due to that most of them, e.g. industrial byproducts,
household chemicals, pharmaceuticals and other consumables as well as
biogenic hormones are released directly to the environment after passing
through wastewater treatment processes (via WWTPs, or domestic septic
systems) without design steps to be removed from the effluent.
1.1.2. Digested sludge
Digested sludge is generated when organic waste matter is subjected to
additional treatments, i.e. anaerobic or aerobic digestion after water
treatment.
Sludge is composed of by-products collected at different stages of the
wastewater treatment process showed in Figure 1. It contains both
compounds of agricultural value (including organic matter, nitrogen,
phosphorus and potassium, and to a lesser extent, calcium, magnesium
and sulphur), and pollutants consist of pathogens, organic pollutants and

Fig. 1 Typical wastewater treatment and digested sludge generation process (source:
Commission, 2001).
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heavy metals. In order to reduce its water content, presence of
pathogens or its fermentation propensity, sludge is necessary to be
treated by thickening, dewatering, stabilization, disinfection and in some
cases thermal drying before disposal or recycling. The purposes of
digestion mainly focus on reducing sludge water content, sludge volume
and global mass, and pathogen load, as well as stabilizing its organic
matter and reducing the generation of odors (Commission, 2001). The
anaerobic digestion is divided in three main phases:
1. Hydrolysis of the macromolecules in smaller components
2. Production of acidic compounds from those smaller compounds
3. Gasification, generating carbon dioxide and methane
The typical composition of digested sludge is listed in Table 1A in
appendix.

1.2. Risks caused by organic contaminants in wastewater
Human and environmental effects:
For human being, drinking-water standards or other human or ecological
health criteria have been established. Excessive concentrations could
expose human to disease. And surprisingly, little is known about the
extent of environmental occurrence, transport, and ultimate fate of many
synthetic organic chemicals after their intended use, particularly
hormonally active chemicals, personal care products, and
pharmaceuticals that are designed to stimulate a physiological response
in humans, plants and animals. Potential concerns from the
environmental presence of these compounds include abnormal
physiological processes and reproductive impairment, increased
incidences of cancer, the development of antibiotic-resistant bacteria,
and the potential increased toxicity of chemical mixtures (Kolpin et al.,
2002).
The risks of slowly or non-biodegradable organic substance could be,
for instance, decreased fertility of fish, mammals and birds;
defeminization and masculinization of female fish, gastropods and birds;
alternation of immune function in mammals and birds; decreased
hatching success in fish, turtles and birds, etc (Colborn et al., 1993).

Table 1. Requirements for discharges from urban WWTP (Directive 91/271/EEC).
Parameters

Concentration

Minimum percentage
of reduction

BOD5 at 20°C
without
nitrification

25 mg/l O2

70-90

Homogenized, unfiltered, undecanted
sample;
Determination of dissolved oxygen after
five days incubation at 20º ±1º in
complete darkness
Addition of nitrification inhibitor

COD

125 mg/l O2

75

Homogenized, unfiltered, undecanted
potassium dichromate sample

Total suspended
solids (SS)

35 mg/l (more
than 10000
p.e.*)
60 mg/l (200010000 p.e. )

90 (more than 10000
p.e.)
70 (2000-10000 p.e.)

θ Filtering of a representative sample
through a 0,45 μm filter membrane.
Drying at 105º C and weighing.
θ Centrifuging of a representative sample
(for at least five minutes with mean
acceleration of 2800 to 3200 g), drying at
105º C and weighing.

* p.e.= Population equivalent.
1 unit PE= 0.2 m3/d
1 unit PE=60 g BOD/d (Henze et al., 2002)
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For municipal potable water usage purpose, the legislations in Europe
have the requirements for discharged nitrogen from urban WWTPs (as
shown in Table 1).

1.3. Organic contaminants removal methods
Due to the characteristics of organic pollutants in the environment, the
threat to recipient water body could mainly be reduced by advanced
technologies such as nano-filtration and reverse osmosis (membrane
technology), ozone treatment, activated carbon and advanced oxidation
process (Suarez et al., 2009).
Membrane bioreactor
It is widely known that membrane bioreactor MBR and nano-filtration
are regarded as some of the most effective methods in removal of
organic substances in wastewater. MBR uses membrane package to
replace the secondary sedimentation tank in the bioreactor in order to
maintain high concentration of activated sludge; it can especially increase
the removal rate of non-biodegradable organic substances in the
wastewater significantly; decrease the occupied area of wastewater
treatment facilities, as well as reduce the amount of sludge volume by
retaining low sludge load.
The membrane bioreactor has all good removal effects on COD, NH4+N, suspended solids, and turbidity of a variety of high concentration
organic and non-biodegradable organic wastewater. Figure 2 shows the
effect of MBR treatment. However, it is not used in full-scale at
municipal wastewater treatment plants in Sweden, although in use in an
increasing number internationally.
Except for MBR, adsorption methods (e.g. activated carbon), ozonation
processes, as well as chemical oxidation are widely used to remove
organic contaminants in wastewater, while high costs render the
processes unfeasible globally, especially in economically underdeveloped
areas. Therefore, newly methods combine efficiency and low cost is in
great demand and significance to develop in future research in a
sustainable manner.
Oxidation and adsorption by manganese compounds
A novel chemical process which was promoted as a promising solution is
the usage of manganese compounds such as manganese dioxide (MnO2),
potassium permanganate (KMnO4) with quite high redox potential and
potassium permanganate composite (PPC), which is the combination

Fig. 2
Wastewater
before (right)
and after
(left) the
membrane
treatment
(source:
www.tulalipt
ribes.com).
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with KMnO4 and other inorganic compounds such as magnesium and
calcium compounds.
KMnO4 has strong ability of oxidizing and splitting organic matter
including non-biodegradable organic compounds such as PPCPs. It
could also oxidize Fe2+, Mn2+ ions in different valence states. At the
same time, it has the effect of removing odor and taste of potable water
(EPA, 1999).
MnO2 is commonly useful for its oxidization and adsorption abilities
towards organic compounds when being used in wastewater treatment. It
can work as a catalyst in oxidation process by ozone. Non-biodegradable
pharmaceutical organic compounds such as phenolic compounds
(Martins et al., 2007), meanwhile, COD and TOC (Alsheyab & Munoz,
2007) were also found to be effectively reduced by MnO2.
Microbial Fuel Cell usage in organic pollutant removing
During recent years, microbial fuel cell (MFC) has been proved to
become a promising biotechnology utilizing bacteria that are capable of
recovering electrical energy from organic matter. It can effectively
convert organic contaminants to clean energy (electricity) at normal
temperatures and pressures. Previous studies demonstrated that MFCs
can be used to harvest biologically generated electricity from organic
wastes such as wastewater, sediments and even rhizodeposits (Hong et
al., 2010). Due to this, MFC has great potential for its application in
wastewater treatment plants to simultaneously remove organic pollutants
in wastewater and produce energy (Li et al., 2010).

2. M ANGANESE COMPOUNDS APPLICATIO N
Back in the late 19th century and early 20th century, natural manganese
sand has started to be used as catalyst in removing iron and manganese
in groundwater. In the early 20th century, England was the first country
to use potassium permanganate as a water treatment agent to purify
water. After then, it was applied for the same purpose in the U.S.A and
Spain, etc. The main purposes of using manganese compounds are water
purification processes such as removal of iron, manganese and
deodorant, etc. And the scale of application is continuously increasing.
In U.S.A, the survey of ground water treatment plants in 1999 by the
American Water Association showed that over 36.8% of the water
treatment plants, which servicing more than 10,000 people, were using
potassium permanganate in purification (the proportion second only to
chlorine) process. In sum, around 21% of American population used the
water that was purified by permanganate. So far there are no detected
poisoning oxidized by-products to human after permanganate oxidation
process. Thus permanganate is regarded as a much safer oxidant than
chlorine, chlorine dioxide and ozone, etc. Furthermore, in recent years,
another novel oxidant with high efficiency developed based on KMnO4 Potassium Permanganate Composites (PPC). It combines KMnO4 and
some other inorganic salts together. By controlling certain reaction
conditions, PPC could improve the formation of hydrous manganese
dioxide as the reduction steady-state intermediate, thus strengthen the
oxidation, catalyst and adsorption reactions on organic compounds by
the chemical PPC. This decontamination technology is cost-efficient,
simple and easy to operate because it only needs to add in small amount
of PPC into the water without reforming the wastewater treatment
process; no need of additional large scale wastewater treatment
constructions.
5
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Prices of manganese compounds
Due to increasing production capacity and excess capacity of manganese
compounds, with annual production capacity estimated to be
approximated 134 million pounds, China becomes an attractive market
due to its size and price levels. According to the average quoted price
from Chinese market, for potassium permanganate, the latest price is
around US $2,200 - 2,500 / Ton; as for manganese dioxide, the latest
price ranges from US $100 / Ton to 2,000 / Ton. Due to relatively low
price of manganese dioxide, they are very promising to be large-scale
used in wastewater treatment process.

2.1. Review of KMnO4 and MnO2 in use
According to previous research, chemical coagulation experiments were
conducted for the optimal coagulation dosage of determination for
different coagulants such as ferric chloride (FC), PAC, PFS, aluminum
sulfate (AS) and ferrous sulfate. Successful experiments indicate that FC
had the highest COD removal efficiencies and was mostly chosen as the
coagulant for primary chemical coagulation before further treatment due
to its good performance. However, increasing attention was shifted to
manganese compounds for this step of reaction in recent years.
2.1.1. KMnO4
KMnO4 is a compound of manganese (VII) with molecular weight of
158.03, density of 2.073 g/cm3. The appearance is dark purple crystalloid
(as shown in Figure 3). It is stable under normal temperature, very
soluble in water and the solution is purple after mixing. For the soluble
Mn2+ ions in wastewater, the general way of removing manganese ions is
firstly to oxidize Mn2+ into higher states (mainly are manganese (IV)).
Due to the low solubility of manganese (IV) in natural water, it will
rapidly precipitate as sediments in the form of MnO2·2H2O (as shown in
Figure 4). In this way, the manganese ions could be easily removed. At
the same time, it has the catalysis-oxidation effect. It is mainly reflected
as: the strong oxidation ability of potassium permanganate can degrade
the non-biodegradable organic substances; meanwhile, it can destroy the
organic coat of the colloid surface, destabilize the stable colloid; at the
same time, the nascent hydrate manganese dioxide, which is produced
during the process of potassium permanganate oxidation, can absorb the
colloids to form dense flocs. The metasilicate which works as the

Fig. 3 KMnO4
powder (source:
http://www.
tajapi.com/
Potassium%20
permanganate.
htm).
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coagulant aid will continuously increase its degree of polymerization to
improve its ability of adsorption and bridging.
In neutral or slightly acidic conditions, KMnO4 could oxidize Mn2+ into
Mn (IV) very rapidly:
3Mn2  2KMnO4  2H 2O  5MnO2  2K   4H 

(1)

In accordance with the formula above, based on mass calculation, 1.9 mg
of KMnO4 is needed for oxidizing every 1 mg Mn2+. However, the
KMnO4 amount in need in practice is lower than the calculated figure
due to the fact that the intermediate reaction production--MnO2 is a
good adsorbent which could directly adsorb Mn2+ from the water, thus
reduce the amount of KMnO4 actually in use. When there are other
organic substances that easily been oxidized, the KMnO4 amount in use
will increase accordingly. Nonetheless, according to different water
quality, sometimes the flocculation reactions will also become difficult
thus need longer flocculation time, or extra treating agent should be
added in further. One efficient way would be increasing the pH level of
the treated water in which condition the MnO2 colloids prefer to form
and flocculate (Wang & Pan, 2009).
The reactions between KMnO4 and organic matter in water are
complicated, which include direct oxidation reactions, as well as the
adsorption and catalysis of trace organic pollutants by the intermediate
MnO2. Furthermore, the metastable state intermediate oxidation reaction
occurs at the same time (Gu et al., 2006). KMnO4 is also known as a
common algaecide. Adding KMnO4 (normal adding dosage is 1-3 mg/L
for reacting about 1-2 hours) could effectively improve the removal rate
of algae. The result shows that the UV adsorption decreases obviously,
which means that this method is much better than traditional prechlorination technology. Zhang et al. (2003) compared the reinforcement
coagulation effect of KMnO4 with PPC on removing algae and odor of
wastewater. Their conclusion showed that simple coagulation gave poor
purification results of algae and odor, even though it had certain removal
effects on algae; it had barely any effects on odor removal. KMnO 4 had
limited effect on odor removal. However, for algae type wastewater,
compared to KMnO4, addition of permanganate combined with the
addition of calcium and magnesium salts have much higher activity and
strengthening effects for purifying water, including the de-odorant

Fig. 4 MnO2
powder
(source:
http://en.
wikipedia.org/
wiki/MnO2).
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function. Permanganate reduces to manganese ions (acid solution) or to
manganese dioxide (alkaline conditions) and at the same time oxidizes
organic compounds as COD:
Half reaction of permanganate to manganese ions (acid solution):
MnO4   8H   5e  Mn2  4H 2O

(2)
Half reaction of permanganate to manganese dioxide (alkaline
conditions):
MnO4   2H 2O  3e  MnO2 (s)  4OH 

(3)
Half reaction of permanganate to manganese dioxide (acidic-Neutral
pH):
MnO4  4H   3e  MnO2 (s)  2H 2O

(4)

2.1.2. PPC (Potassium Permanganate Composite)
PPC is a novel and highly active oxidant which is developed based on
KMnO4. It is a combination of KMnO4 and certain other inorganic salts.
It has enhanced coagulation effect, i.e., focusing on reducing turbidity,
organic pollutants, as well as the chromaticity, fume, algae, chloroform
antecedent and mutagens, etc. which are caused by organic pollutants.
Based on traditional four steps flocculation technology, i.e. chemical
dosing, mixing, flocculation and agglomeration, it has been improved,
optimized and modified to focus on removing organic pollutants.
According to the strengthening flocculation treatment effects on highly
organic-wastewater-polluted surface water, PPC shows remarkable
strengthening flocculation efficiency to ameliorate the effluent quality.
When the dosage of KMnO4 is 0.25 mg/L, the polyaluminum chloride
(PAC) and aluminum sulphate dosages reduced by 30% and 40%,
respectively (Zhang et al., 2003). PPC treatment could have about equal
effect as dosage of KMnO4 and ozonation, but with better removal
efficiency on TOC. Meanwhile, it could decrease the generation of
chlorination by-products and the activity of mutagenic organics. From
the economic point of view, it could save the water cost by 0.016
RMB/m3 per month (Qin et al., 2007).
The mechanism: First of all, the oxidation of KMnO4. Due to its
relatively strong ability of oxidation, it could oxidize and destroy a
portion of organic pollutants, thus decrease the organic load for posttreatment. Furthermore, the adsorption and oxidation effect of nascent
state hydration manganese dioxide. Additionally, KMnO4 could have costrengthening effect with the other constituents in PPC.
Mg2+ as the inorganic Composites in the PPC
High-pH-Magnesium coagulation-flocculation in wastewater treatment
(Semerjian & Ayoub, 2003): pH=9.5, Mg2+ starts the coagulation
reaction:
Mg 2  2OH   Mg (OH ) 2 

(5)

When pH value is larger than 10.5, its coagulation effect was significant,
during the pH range from 11.0 to 11.5, it will complete coagulate. The
precipitation was gelatinous; it owns large adsorptive surface area, which
could work very well as coagulation and flocculation aid. Due to its
positive superficial charge, it could effectively adsorb colloidal particles
which have negative charge, for instance, CaCO3 flocs. It has the effect
of adsorption and agglomeration at the same time.
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Characteristics of PPC in oxidation processes for water treatment
Compared with other wastewater treatment technologies, as oxidizers,
KMnO4 and PPC are much easier to handle with relatively lower price
and excellent treatment effects (Gu et al., 2006).
1. Mn is a nontoxic element. Its compounds such as KMnO4 and MnO2
are also not poisonous. Plus, MnO2 could be effectively removed
after post processes such as coagulation, flocculation, deposition and
filtration, etc.
2. PPC is in the form of solid. So it is convenient for packaging,
transporting and storing.
3. The dissolving and dosing methods of KMnO4 and PPC are similar
with the way of solids coagulants, which could be directly dosed into
the water. This method is simple and could be easily auto-controlled
of exact dosing.
4. Manganese is an abundant element in nature; the preparation
technology of KMnO4 and PPC is relatively simple with lower price.
Additionally, the small dosage of them in the treatment makes sure
the regular application for WWTPs.
5. There is no need for the WWTPs to change the conventional water
purification processes when KMnO4 and PPC are used to remove
and control the organic pollutants in wastewater. Only simple
concurrent dosing KMnO4 and PPC together with coagulants were
adopted during the regular process.
6. From the economical point of view, a small load of PPC could
obviously strengthen and improve the outflow quality by enhanced
flocculation pre-treatment.
2.1.3. MnO2
There is a redox reaction which involves carbohydrate oxidation by
MnO2, and then followed by a re-oxidization reaction of Mn3+ with
dioxygen (Li et al., 2010), reactions are as shown below:
Organic substance(aq)+Mn4 (s)  e  Mn3 (s)  H 2O(aq)  CO2 ( g ) (6)
2Mn3 (s)  O2 ( g )  2Mn4 (s)

(7)

Adsorption mechanisms
Organic substances could be adsorbed and bound to the oxygen
vacancies of MnO2-catalysts. In alkaline solutions, the oxidation process
of potassium permanganate will come along with the production of
highly reactive intermediate products-nascent hydrated manganese
dioxide. The flocs growth can be promoted by the adsorption reaction,
in that way they can form dense flocs with the core as nascent hydrate
manganese dioxide.
The reasons why hydrous manganese dioxide can exhibit promising
adsorptive activity is due to its large surface area and the surface
hydroxyl groups, as shown in Figure 5. The adsorption of humic acid,
anions (e.g., arsenate, phosphate) and low biodegradable wastewater has
been investigated. Manganese dioxide formed from the compounds has
both catalytic effect on oxidation of organic material and also adsorption
properties. It is also possible that oxidation of manganese (II) ions to
manganese dioxide by bacteria may have a similar effect as the bacteria
during metabolism produce hydrogen peroxide and may adsorb different
organic materials (Rhoads, 2005).
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Fig. 5 Adsorption mechanism/steps of MnO2 (Tong et.al., 2003).
At low pH value, in acidic condition, the manganese dioxide will reduce
with half reaction as:
MnO2  4H   2e  Mn2  2H 2O

(8)
When Mn(IV) was added into the wastewater in acid condition, then the
previous reaction happened, where Mn(IV) is reduced to Mn(II); when
pH increased (alkaline condition), where the reaction of oxidation of
Mn(II) into Mn(IV) in the form of MnO2 happens.

3.

M ICROBIAL F UEL C ELL (MFC)
Renewable energy production is a longer-term prospect that requires
substantial technical and manufacturing advances. MFC systems have
been of great interest as a potential candidate for future alternative
energy production. The technology represents one of the oldest sources
of microbial energy today. However, due to recent discoveries and
improvements in fuel cell design, it has been the recent focus of MFCs
usage in wastewater application regarded as very useful and promising.
MFC technology is an emerging biotechnology that utilizes bacteria to
generate electricity from the degradation of organic substances, for
instance, acetate and glucose. MFCs are as diverse chemically as the
bacteria that power them. In MFCs, the oxidation reactions occur inside
the bacteria, and electrons must be transferred to the extracellular anode,
and then flow through an external circuit to react with an electron
acceptor such as oxygen. MFCs use biomass as the substrate (metabolic
oxidation-reduction reactions) and microorganisms as the catalyst,
exploiting whole living cells in an aim to gain energy.
Even though MFC is not a newly emerging technology, the idea of
applying it into practical usage by improving energy output is newborn.
MFC has proved the possibility of extracting energy from substrates
such as glucose, fructose, fibrinoid and cyanobacteria etc to convert to
electricity (Juan et al., 2010).
A typical MFC consists of two separate chambers, anaerobic anode and
aerobic cathode compartments, which can be inoculated with the
10
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substrate in the anolyte and various electron acceptors in the catholyte.
An example could be a rectangular box configuration, separated by a
cation-permeable membrane such as Nafion or single-chamber MFCs,
which are simpler, more compact, require less material for fabrication
and can be easily stacked in series or parallel to generate larger
currents/potentials than dual-chamber MFCs. Example could be
Sediment Microbial Fuel Cell (SMFC). They have attractive options for
scale-up (Lai et al., 2010).

3.1. Biological principles of MFCs
The MFCs require microorganisms to switch from their natural electron
acceptors such as oxygen and nitrate, to an insoluble electron acceptor,
the anode (Schamphelaire et al., 2008). In MFC, as shown in Figure 6,
each biological degradation process of organic matter is an oxidation
process. Under anaerobic conditions, it is possible to exploit the
degradation process for electron recovery. In normal microbial
metabolism, usually the glucose is oxidized by anaerobic conversion
when its electrons are released by enzymatic reactions. The electrons are
stored as intermediates to provide the living cell with energy to fuel the
reactions for maintenance and growth. When a substrate is anaerobically
oxidized in the anodic compartment to produce electrons the potential
decreases. At the same time, the potential increases in the cathodic
compartment due to the reduction of a reagent. The difference in
potential caused by the oxidation of a substrate at the anode and
reduction of a substrate at the cathode produces the current.
The simplified representation of the anode half-cell reaction involved in
the oxidation of glucose by a whole bacterial cell would be as follows:
C6 H12O6  6H 2O  6CO2  24H   24e

(9)

With the presence of oxygen, the respiratory chain eventually terminates
in the cathode half-cell reaction:
6O2  24H   24e  12H 2O

(10)

The organic substrate (electron donor) utilized at the anode varies from
simple carbohydrates such as glucose and acetate to more complex
compounds, such as starch, wastewater and sediment organic and
inorganic constituents (Schamphelaire et al., 2008).

3.2. Thermodynamic and kinetic theory of MFC
The Nernst equation is directly related to chemical equilibrium. Firstly,
change in Gibb’s Free Energy is equals to:

G  nFE

(11)

Where n = the moles of electrons formed in the reaction;
F = Faraday’s constant (96485 C/mol), it represents the charge that each
mole of electrons has;
E = Electrode potential (Volts).
In standard conditions (T=298K, P=1 atm), the equation is written as
the following:
(12)
G 0  nFE 0
Gibbs free energy now is directly correlated to the Nernst equation. The
reaction quotient (Q) is represented by the following:

aA  bB  cC  dD
Q

C c  Dd
Aa  B b

(13)
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The reagents represented could be in gaseous, aqueous, liquid or solid
form. For gaseous, partial pressure is used as reagent; for aqueous form
we use molar concentration (M); and for solids and liquids we use the
value of 1.
If in terms of redox reaction, we could state that:

Q

oxidized
reduced
It has been proven that:

(14)

G  G 0  RT ln Q

(15)

Therefore,
 nFE  nFE 0  RT ln Q where R  8.314 J /( mol  K )

(16)

By substitution, we can get:
RT
(17)
E  E 0 
ln Q
nF
The Nernst equation takes into account non-equilibrium conditions to
calculate potential.
Additionally, power (P) could be calculated by taking the total cell
potential ( Vcell  Vcathode  Vanode ) and multiplying it by the amount of
current produced (I) (Logan, 2008). The overall process is depending on
electron transfer between the anode and the cathode. If deposits of
energy rich substances are obtained at the cathode it may be changed to
an anode if energy supply (supply of electrons) are small at the anode
compared with the earlier cathode.

3.3. MFCs as a wastewater treatment technology
A treatment system based on a MFC provides a great opportunity to
develop the technology because the substrate is ‘free of charge’ and the
wastewater must be treated.
MFCs can integrate wastewater treatment with bioelectrical production,
i.e. it could not only treat wastewater, but also obtain electricity power at
the same time. Being able to convert oxidizable substrates to fully
reducing species, the COD of the effluent is reduced (Donovan, 2008).
Based on the reduction ability of cathode, and the characteristics of

Fig. 6 Overview of discussed oxidation strategies in sediments (source:
Reimers et al., 2006).
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accepting electrons and protons of organic pollutants in MFC, it is
possible to replace traditional final electron acceptors such as oxygen and
K3Fe(CN)6 by organic matters from natural resources such as domestic
or industrial wastewater. In this way we could realize effective usage of
cathodic chamber in MFCs, at the same time, furthermore improve the
environmental benefits of MFCs.
The cathodic chamber in MFC system works as an important path to
transfer electrons and protons. By modifying the structure, it is possible
to degrade biodegradable organic pollutants in the anodic chamber. At
the same time, in the cathodic chamber, it could realize removing some
of the non-biodegradable organic pollutants such as chloro-phenols
wastewater from industrial, cooperating with generating electricity
(Lyndon, 2010). MFCs can efficiently convert organic contaminants into
clean energy at normal temperatures and pressures, which holds great
potential for their application in wastewater treatment plants to
simultaneously treat wastewater and produce energy (Li et al., 2010).
Advantages of MFC application
When treating industrial wastewater, besides the reduction ability of
cathode in MFC, we also take advantage of the oxygen-rich environment
in cathodic chamber, which could provide very ideal degradation place
for aerobic bacteria. Thus it could form an A/O process system naturally
in MFC. If inoculating anaerobic and aerobic bacteria into the anodic
chamber and cathodic chamber, respectively, it could not only realize the
degradation effect of azo dyes, but also produce extra electricity at the
same time. In this way, the treatment range on non-biodegradable
organic pollutants of MFC is expended (Kalogo & Monteith, 2008).
Currently, methods for wastewater treatment utilize a filtration
procedure to remove large objects from primary wastewater; and then
employ an aerobic treatment of secondary wastewater to degrade the
biological content of the sewage. During this process, large amounts of
oxygen are pumped into secondary wastewater, at a large economical and
electrical cost, simultaneously creating what the industry refers to as
activated sludge. In essential, bacteria undergo aerobic respiration and
metabolize the waste components of the sewage, using it as a food
source.
MFCs could be used in a treatment system as a replacement for the
existing energy-demanding aerobic treatment; however, it is not known
yet about how to economically scale up an MFC or what the costs could
be if replace a conventional system with an MFC-based design. Scale-up
and materials issues are the greatest challenges in the application of
MFCs for wastewater treatment, but potentially, energy recovery at
WWTPs could lead not only to a sustainable system based on energy
requirements (an energy neutral wastewater treatment facility), but
possible to the production of a net excess of energy (Schamphelaire et
al., 2008).
Compared with other existing technologies of generating energy from
organic matters, MFCs have advantages both in function and operation.
First of all, it could directly convert substrate into electrical energy,
which ensures highly effective energy transformation rate. Secondly,
there is no need for waste gas treatment; because the main part of the
waste gas from MFCs is carbon dioxide (almost contains no usable
energy). Thirdly, MFCs could run effectively in room temperature, even
low temperature environment. Last but not least, there’s no need of
energy input for MFCs, only air contact could be sufficient for cathodic
compartment air supply.
13
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3.4. Modification of microbial fuel cell for treating digested sludge
Basically, energy can be harvested from naturally occurring electro
potential differences through the burial of an anode in sediment and the
immersion of a cathode in the overlying body of water (Reimers et al.,
2006). Similar applications are available in sludge treatment.
Microorganisms create reducing power in anaerobic sludge zone directly
through the oxidation of organic matter or through redox reactions
involving inorganic reduced compounds, such as sulfur species. The
cathodic reaction of the SMFC involves the reduction of high redox
electron acceptors, such as oxygen dissolved in the water body, or
manganese dioxide, as shown in Figure 6.
The main reactions that contribute to the generation of electrical current
includes: (i) the chemical oxidation of microbially produced reductants
such as humic acids, Fe2+ but especially sulfur compounds at the anode;
(ii) the microbial oxidation of organics such as glucose and acetate and
(iii) the microbial oxidation of S0 to SO42- (Schamphelaire et al., 2008).
Considering the limitations that will restrict the output of SFMCs and
also construct a proper structure for digested sludge, modifications are
figured out including:
1. Kinetics at the anode. By increasing the kinetics of microbial
reduction of the anode, the current densities at the anode could be
temporarily increased.
2. Cathode catalysis. MnO2 could be considered as cathodic catalyst
reactant due to its high potential (Li et al., 2010)
3. The content of organic matter in digested sludge is also a limiting
factor. Substrate such as acetate and glucose could be added after
successful starting of the MFC.

3.5. Manganese compounds application in MFCs
The idea of using bacteria in MFCs to capture electricity has been
around for some time, however, power production was very low and
required the addition of extracellular mediators to shuttle electrons from
inside to outside of the bacterial cell. Known newer systems adopt
mediator-less MFCs that employ biofilms due to the designation of
lower internal resistance. Maximizing power generation in MFCs will
require innovative flow pattern and increased electrode-electrolyte
interaction that minimize internal resistance. Additionally, finding
methods to increase the cathode potential, with oxygen as the electron
acceptor, could have a substantial impact on power generation.
Concerning enhancement of energy production in MFCs when treating
wastewater, attentions are mainly paid on substrate degradation, electron
generation and transfer in anode chambers (Nimje et al., 2009). Although
the oxygen in air working as the electron acceptor has relatively
significant advantages in costs and application values, considering the
effects of dynamic factors, the over-potential of the ORR cathode is
around -0.3~-0.45V. However, oxygen reduction and electron
acceptance in the cathode chamber have been found as the limiting step
for energy production due to the slow reaction kinetics of the oxygen
reduction rate (ORR).
Platinum (Pt) has been widely used as the cathode catalyst in MFCs for
its ability of accelerating the ORR and the electron acceptance. Metal Pt
has high chemical stability and high electrical catalyst activity; it performs
as the best ORR electrical catalyst both under acidic and alkaline
conditions. Nonetheless, due to its very high price, the usage of Pt is
14
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very limited. That is why researchers focus on developing cheaper ORR
catalysts (low cost non-Pt catalysts are needed to reduce the cost of
MFCs) with high efficiency, which is also an important research direction
of speeding up the application of MFCs. According to some reports,
materials such as pyr-FePc and CoTTMP, etc. has relatively better
catalysts, however, the preparation technology of them are very
complicated, they are not stable. Iron (II) and cobalt-based cathodes are
still not satisfied due to that they lack of long-term stability, even though
they were reported to have similar performance as platinum. MnO2 is an
ORR catalyst material with abundant resources and low price (which is
20 times less cost than of platinum catalysts), and proved to be very
effective when being used in metal-air cell, especially for zink-air cells.
Considering the cost of materials used to construct MFCs on a larger
scale, very large specific surface area for supporting bacterial biofilms is
needed. Moreover, the structure must be able to bear the weight of the
water and biofilms. Some materials such as carbon paper are not suitable
for scale-up because of lacking of durability or structure strength; ion
exchange membranes and platinum catalysts are not accepted because of
high costs. Based on all the requirements and previous researches,
manganese oxides are regarded as promising in MFCs technology (Jiang
et al., 2009) due to their excellent semi-conductivity and catalytic activity
in ORRs. Overall, the specific surface area of manganese dioxide is 50
m2/g, much higher than the platinum coated carbon cloth (18 m2/g);
besides, the MnO2 has the advantage of fast oxygen reduction rate and
conductivity (0.53 Ω-1cm-1) (Scott et al., 2008).
MnO2 could effectively catalyze the degradation of HO2-, which could
accelerate ORR kinetic process:
2
O2  e  MnO

 O2





(18)



O2  H 2O  e   HO2  OH 


2 HO2  O2  2OH 

According to the past research, manganese oxidizing bacteria have the
effects of microbially induced corrosion (metal or graphite surface
structure changes) which indicate electrochemical reactions occurred.
When manganese oxidizing bacteria deposit manganese oxides, the
potential of the electrode increases which leads to a several-hundred
millivolt increase in open circuit potential (Rhoads, 2005). The
mechanisms are explained by researchers through the following halfreactions:
MnO2 (s)  H   e  MnOOH (s)

Table 2. Cathodic potentials with varying divalent manganese
concentrations at pH=7.2 (Li et al., 2010).
MnO2 (s)  4H   2e  Mn2  2H 2O

E 0  1.28VSCE

[Mn2+]

Potential (VSCE)

1*10-3

0.2779

-6

0.3664

1*10-9

0.4549

1*10-12

0.5434

-15

0.6319

1*10

1*10
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MnOOH (s)  3H   e  Mn2  2H 2O

The overall reaction is:
MnO2 (s)  4H   2e  Mn2  2H 2O

(19)

 4
According to E  E 0  RT log [ H ]
2

2.3nF

[ Mn ]

When at pH value of 7.2, on the cathode when manganese dioxide is
being reduced, the manganese concentrations could be calculated, as
shown in Table 2.
From Nernst equation, it is possible to predict the divalent manganese
concentration in the fuel cell by the value of cathode potential and pH
value in cathodic compartment.
Since microbially deposited Mn2+ causes an increase in the electrode
potential in the cathodic direction and dissolution of deposited MnO2
requires 2 electrons, Mn2+ deposition can be used as a cathodic reactant
in a microbial fuel cell and the two electrons can be obtained by the
anodic reaction in substrate degradation (Rhoads, 2005).
Organic substances are absorbed and bound to the vacancies of MnO2
catalysts. The corresponding redox mechanism is considered to involve
carbohydrate oxidation by Mn4+ which is reduced to Mn3+ reaction;
furthermore, Mn3+ ions are re-oxidized by dioxygen reaction (Li et al.,
2010).

3.6. Microorganisms performances
In MFC design, bacteria gain energy by transferring electrons from an
electron donor, such as glucose or acetate, to an electron acceptor, such
as oxygen. The larger the difference in potential between donor and
acceptor, the larger the energetic gain from the bacterium, and generally
the higher the growth yield will be. In a MFC, bacteria do not directly
transfer their electrons to their characteristic terminal electrons acceptor,

Fig. 7 Magnification of Geobacter Microorganism (source:
http://teusje.wordpress.com/2010/05/03/geobacter-microbialfuel-cell/).
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but these electrons are diverted towards an electrode, i.e. an anode. The
electrons are subsequently conducted over a resistance or power user
towards a cathode and thus, bacterial energy is directly converted to
electrical energy.
3.6.1. Geobacter
Microorganisms such as Geobacteraceae can be responsible for this
oxidation, using Fe3+, Mn4+ or humic acids as electron acceptor in
natural conditions (Schamphelaire, et al., 2008). Geobacter species have
novel electron transfer capabilities and harvest electricity from waste
organic matter and renewable biomass; besides that, their impact on the
natural environment and their application to the bioremediation of
contaminated environments also attract great interests. For instance, they
can destroy petroleum contaminants in polluted groundwater by
oxidizing these compounds to harmless CO2. Base on improved
understanding of the functioning of Geobacter species, as shown in
Figure 7, it has been possible to modify environmental conditions in
order to accelerate the rate of contaminant degradation.
Besides, numerous species of microorganisms are capable of
metabolizing glucose in the anaerobic anodic chamber of MFCs, for
instance, Bacillus subtilis, Escherichia coli and Lactobacillus plantarum (Kiely et
al., 2011). For aerobic cathodic chamber, Bacillus species are thermophyllic
and alkaliphilic bacteria that can thrive in aerobic conditions to power a
MFC and be used in fuel cells to investigate the effect of temperature
and pH value. According to this microorganism, it is found that
temperature does not have a significant effect on the fuel cell efficiency
(between 20-70 degrees).
3.6.2. Manganese oxidizing bacteria (MOB)
Manganese oxidizing bacteria belong to the species beta Proteobacteria.
They are filamentous; chemoorganotrophs and gram negative. They can
live in freshwater and saltwater ecosystems (Rhoads, 2005).
Benefits
The oxidation of Mn(II) to Mn(IV) is thermodynamically favored under
aerobic conditions, with a negative free energy of approximately 16
kcal/mol (Nealson, 2006). Mn2+ causes problems of corrosion and leave
color residue in sinks in drinking water systems. By the oxidation of
manganese oxidizing bacteria, Mn2+ will become MnO2 as precipitation

Fig. 8 Schematic
diagram of
manganese
deposition and
re-oxidation
used as the
cathodic
reaction
(Rhoads, 2005).
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in water. Besides the manganese oxidizing bacteria could accept terminal
electrons for anaerobic bacteria to maintain their lifecycle of metabolism
by oxidizing organic carbon, as shown in Figure 8.
Problems
Due to its microbial corrosion characteristic, it would form manganese
oxides on the metal or stainless steel surface to cause pitting and cavities;
furthermore, it could result in downfall of hydroelectric power plants,
cooling water lines, heat exchangers and sewage treatment plants (Puig et
al., 2011).

4. P URPOSE OF PRES EN T STUDY
The main purposes of this research were divided into two parts:
1. Chemical treatment part: The aim of chemical treatment part is to
investigate and find out the BAT as well as best dosages of KMnO4,
MgCl2 and CaCl2 of the flocculation reaction using Jar tester, when
treating reject water from digester in Hammarby Sjöstadsverk
wastewater treatment plant.
2. Biological treatment part: The purpose of the biological process part
was to use MnO2 as the cathodic catalyst reactant in SMFC when
treating digested sludge. It aims at investigating if MnO2 are suitable
for improving electricity power generation when treating digested
sludge with both soluble compounds such as salts ammonium and
hydrogen carbonate as well as suspended organic substances that is
slowly biodegradable or non-biological degradable by adding into the
MFCs. During the observation, based on the mechanism of
sediment microbial fuel cell, the MFC in use was designed in similar
way as SMFC, except for substitute the sediment part into digested
sludge from UASB reactor in Hammarby Sjöstadsverk wastewater
treatment plant. Expectation would be:
 Possible use of MFCs to recover electrical energy from organic
matter in wastewater;
 Possible use of MnO2 working as the cathode catalyst due to its
high oxidation capacity; meanwhile, according to ORR kinetic
process, MnO2 should effectively catalyze HO2- degradation;
 Aside from producing electrical energy, designed MFCs can
enhance the oxidation of reduced compounds at the anode, thus
bringing about the removal of excessive or unwanted reducing
equivalents from submerged sludge with a low cost and a high
electrode potential and are of interest for reactor type MFCs.

5. M ATERIALS AND M ETHODS
All chemical compounds used were from Land and Water Resources
laboratory except for MnO2 and graphite powder which were extracted
from wasted batteries (methods were explained in Appendix II), PVDF
as well as NMR were provided by Applied Electrochemistry,
Department of Chemical Engineering and Technology.
The wastewater was picked up from reject digester in Hammarby
Sjöstadsverk and with a total COD-value varying between 1000 and
1500 mg COD/L.
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Monitor

Stir Bar
Whole Set

Fig. 9 Jar Tester sets used when treating reject digester supernatant from WWTP.
The digested sludge used during this study was from up-flow anaerobic
sludge blanket (UASB in Hammarby Sjöstadsverk), the VS value of
digested sludge in use was around 60 g/L. Typical parameters of
anaerobic digested sludge are shown in Table 1A in appendix.

5.1. Laboratory, equipment and materials
5.1.1. Jar tester
Jar testing (shown in Figure 9) is a test of the treatment chemicals used
in a particular water plant. It simulates the full-scale
coagulation/flocculation process in a water treatment plant and helps
operators determine if they are using the right amount of treatment
chemicals, and, thus, improves the plant’s performance with determining
which treatment chemical will work best with their system’s raw water
(Satterfield, 2005). It could provide system operators a reasonable idea of
the way a treatment chemical will behave and operate with a particular
type of raw water.
Jar testing entails adjusting the amount of treatment chemicals and the
sequence in which they are added to samples of raw water held in
beakers. After then the sample is stirred so that the formation,
development and settlement of flocs can be watched just as it would be
in the full-scale treatment plant. (Flocs forms when treatment chemicals
react with materials in the raw water and clump together.) The operator
then performs a series of tests to compare the effects of different
amounts of flocculation agents at different pH values to determine the
right size flocs for a particular plant. An underfeeding will cause the
sample in the beaker to look cloudy with little or no flocs and no settling
or very little. An overfeeding will cause dense fluffy flocs to form and
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will not settle well, meaning it stays in the suspension and floats. The
beaker looks like it has the appropriate dosage of alum (coagulant) will
have flocs that have settled to the bottom, and the water above it will be
relatively clear. Best way to determine which sample is the clearest would
be to check the turbidity of each beaker. If none of the beakers appear to
have good results, then the procedure needs to be run again using
different dosages until the correct dosage is found.
The jar testing process is generally summarized as follows:
1. For each water sample (usually raw water) a number of beakers are
filled with equal amounts of the water sample; record the
temperature, pH, turbidity, and alkalinity of the raw water before
beginning;
2. Each beaker of the water sample is treated with a different dose of
the chemicals;
3. Other parameters may be altered besides dosage, including chemical
types, mixing rates, aeration level/time, filtration type, etc.;
4. By comparing the final water quality achieved in each beaker, the
effect of the different treatment parameters can be determined;
5. Jar testing is normally carried out on several beakers at a time, with
the results from the first test guiding the choice of parameter
amounts in the later tests.
The bench-scale jar tester used in this study is shown in Figure 10.
As shown on the monitor controls, the stirring rate: low rates range from
10 to 50 rpm; high rates range from 100 to 400 rpm. It is the product
from KEMIRA® Company.
5.1.2. Microbial Fuel Cells (MFCs) built -up
Considering digested sludge MFC as the main reactor for treating
wastewater, digested sludge was proved to be possible worked as the
sediment in SMFC (Scott et al., 2008), MFC constructed in use was
shown in Figure 10.
pH Probe

Fig. 10 MFC
constructed
in use.
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electrode

External
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20

Use of Manganese Compounds and Microbial Fuel Cells in Wastewater Treatment

5.2. Overview of the experimental strategy
The laboratory scale reactors were operated since the second month of
this project, and the time duration was 6 months in total.
Parameters study of the reactor operation, as well as other main analysis
carried out during or immediately after each trial.
5.2.1. Chemical treatment process
In this study, two methods were tried and tested. As earlier described
PPC (Potassium Permanganate Composite) is a novel process and is a
combination of potassium permanganate and certain inorganic salts with
focus on coagulation and removal of organic substances. The studies
were planned as short term flocculation experiments (1-2 h residence
time) and, therefore, the experimental results were mainly expected to be
based on coagulation/flocculation followed by sedimentation in the
batch laboratory experiments. The chemical dosages and chosen pHvalues were such that main mechanism for removal of turbidity and
organic materials should be coagulation, flocculation and sedimentation.
1. Concurrent reaction using KMnO4 and MgCl2∙6H2O and CaCl2∙2H2O
2. First KMnO4, treating for 2 hours; followed by addition of
MgCl2∙6H2O and CaCl2∙2H2O.
5.2.2. Biological treatment process
Using MFC and combined manganese dioxide to treat digested sludge
was the main purpose of investment. Meanwhile, a reference MFC also
was built up for comparing the working effects (current and voltage
generation).

5.3. Physical parameters monitoring
5.3.1. Parameters description
Mainly purpose of monitoring physical parameters was to record
reaction conditions changes, and to keep the reactions under control.
Most importantly, optimum conditions for operation could be got by
monitoring.
pH

 ,


As the mathematical definition, pH   log H

where



was

denoted activity, which is defined as molar concentration (Gustafsson et
al., 2009). H+ refers to hydrogen ions (or H3O+) concentration in the
solution. The pH values range from 0 to 14, they represent the degree of
acidity and alkalinity of solution. During both parts of treatment, pH
value is an important parameter to provide suitable conditions for
chemical reactions as well as bacteria and biological reactions.
Temperature
Temperature, generally speaking, is not that sensitive during both of
chemical reactions and biological reactions. During the experimental
period, the room temperature ranged from 20°C to 25°C. The system
(wastewater in jar tester or MFC system) temperature was almost very
stable around 20°C to 21°C.
5.3.2. Measurements in laboratory-scale studies
The pH value and temperature was measured by pH meter, ORION
model 210A. The pH meter was calibrated by pH 4 and pH 7 buffer
solutions every time before using for tests.
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5.4. Chemical analysis
Chemical analyses were usually performed once per round for
supernatant after filtration of chemical treatment; for biological
treatment, chemical analyses were performed at the end of the whole
process.
5.4.1. Parameter description
COD
COD (chemical oxygen demand) is a measure on the stress or "load" of
a quantity of organic waste put on receiving water. In nature, pollution
load is the amount of dissolved oxygen that organic material will remove
from water while being converted to carbon dioxide and water by
microorganisms. It is the volume of oxygen equivalent to the mass of
strong chemical oxidant potassium dichromate that reacts with the
oxidisable organic substances in water under the working conditions of
the method.
This method involves the oxidation of organic matter by dichromate,
Cr2O72- ions with strong orange-yellow color. The dichromate ions are
consumed by the sample is determined by measuring the absorbance of
the remaining (excess) dichromate.
3CH 2O(aq)  2Cr2O7 2  16 H   3CO2 ( g )  4Cr 3  11H 2O
strongly orange-yellow

palely green

Mercury sulphate (used for preventing that the dichromate oxidizes
chloride ions to chlorine which could overestimate the COD analysis
due to that mercury ions could form an insoluble salt with chloride ions);
silver sulphate and sulphuric acid are specified as auxiliary reagents.
As the sum parameter that provides the most reliable information about
the oxidizing capability and biodegradability of organic pollutants in
wastewater, it is an indispensable element of wastewater analysis. It is the
most frequently mentioned monitoring parameter in European
legislation and serves as a design basis for the construction and efficiency
of sewage treatment plants. Its rapid availability and the narrow scatter
of the measurement results make it stand out against BOD. The often
discussed TOC provides clear information about the proportion of
carbon in the organic pollution, but not about the amount of oxygen

Fig. 11 Comparison of the chemicals used by the standard
method and the cuvette test (left) cuvette in use (1-1500ppm,
right).
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needed for biodegradation. Measuring COD by means of the LANGE
cuvette test is simple, reliable, affordable and environmentally
responsible.
Dr. Lange Cuvette Tests (HACH DR/2010 spectrophotometer) was
implemented during the research, as shown in Figure 11.

6. L ABORATORY - SCALE STUDIES
The laboratory-scale studies were carried out from the second month of
the thesis work.

6.1. Chemical treatment process - KMnO4 and composites treating
sewage water using jar tester
6.1.1. Experimental set-up and operation
Based on stoichiometric calculation (molecular weights of manganese=
55, potassium= 39, oxygen= 16, hydrogen= 1) of KMnO4 reduction to
Mn2+, theoretical use of potassium permanganate oxidized to Mn2+ to
oxidize 1 g of COD: 2/5(39 + 56 + 4*16)/16 = 4.0 g KMnO4/g COD
oxidized (for instance needed potassium permanganate would be around
2000 mg/L to completely oxidize 500 mg/L of COD and an addition of
50 mg/L could theoretically oxidize 12.5 mg/L COD). Manganese
dioxide has a large capacity for adsorption of different compounds
including organic materials. Use of for instance 50 mg/L potassium
permanganate will give theoretically 50 *(56 + 2*16)/ (39 + 56 + 4*16)
= 27.7 mg/L manganese dioxide. This amount has probably only a
minor influence of organic materials.
However, according to reality and based on preliminary experiments
conducted before hand, KMnO4 cannot get fully reduced even after two
weeks of reaction period when adding the correct (calculated) amount.
Furthermore, the intense purple color interfered with the
spectrophotometer reading on COD analysis resulting in unreliable
measurements (Hendratna, 2011). In this study, KMnO4 dosage was
adjusted from 50 mg/L to 15 mg/L when treating the sewage water
samples, as shown in Table 3. A low dosage of permanganate, calcium
and magnesium ions can, therefore, not have a large impact on COD
based on oxidation mechanisms even if MnO2(s) has catalytic oxidation
capacity.
Combined magnesium and calcium coagulation was prepared by using
MgCl2·6H2O and CaCl2∙2H2O. Based on previous study (Semerjian &
Ayoub, 2003), an effective phosphate removal by the concentration of
Mg2+ of 15 mg/L was chosen during the experiment. The concentration
of Ca2+ should also be 15 mg/L due to the ratio of Mg2+/Ca2+ was
chosen to be 1.

Table 3. The chemicals dosages and concentrations used in
both experiment 1 and 2.
compounds

1#
(mg)

Concentra
tion (mg/L)

2#
(mg)

Concentra
tion (mg/L)

3#
(mg)

Concentra
tion
(mg/L)

KMnO4

12

15

40

50

24

30

MgCl2∙6H2O

12

15

12

15

12

15

CaCl2∙2H2O

12

15

12

15

12

15
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During the chemical treatment part, two experiments were carried out:
1. Concurrent treatment with chemicals of KMnO4, MgCl2·6H2O and
CaCl2∙2H2O in high-pH value range from 10.5 to 11.0 for 1 hour.
2. Firstly, addition of KMnO4 into the wastewater, adjusted the pH
value to around 4.5 to 5.0, treating for 2 hours; then added in
MgCl2·6H2O and CaCl2∙2H2O, followed by pH adjustment to around
10.5 to 11.0, and then treating it for 1 hour (as shown in Table 4).
Except for the above steps, the following operations are the same, i.e.
letting the flocs settle down for about 1 hour before decanting the
supernatant for further tests. Adjust the concentration of KMnO4
according to the effects of previous one, either increase of decrease the
amount of KMnO4. Each experiment was conducted in two replicates.
6.1.2. Analytical measurements and sampling procedures
Simple bench-scale reactor was utilized. The sample COD values of
reject water from digester ranged from 406 mg/L to more than 1000
mg/L during the experimental periods). The value of 600 mg/L was
adopted.
The pH value, temperature and turbidity of the raw wastewater during
the processes were recorded, as shown in Table 4. COD analyses were
done by Hach Lange® cuvette tests, Hach Lange® Ion 500
spectrophotometer; Table 3 shows the COD values for both plans of
treated water.
Chemical analyses were carried out immediately after the reaction. Main
compounds and parameters monitored was COD value (filtered by 0.2
µm cellulose filter).
6.1.3. Results and discussion
Turbidity
The turbidity varied significantly due to different KMnO4 dosage and
different treatment methods. Generally speaking, the higher the
concentration of KMnO4, the darker treated water would be. In
experiment 1, when KMnO4 dosage was low at 15 mg/L, the sample in
the beaker looked cloudy with little flocs and little settling. On the
contrast, when KMnO4 dosage was 50 mg/L, there were dense fluffy
flocs formed and stayed in the suspension and floated for a very long
time. In experiment 2, for three different dosages of KMnO4, the
turbidities were satisfied, even though the colors of 50 mg/L KMnO4
were dark, after about settling for 12 hours, there were almost no flocs in
the suspension.

Table 4. Operation parameters setting for reactions in
experiment 1 and 2.
pH

Temperature(°C)

1# (C(KMnO4)=15mg/L)

10.6

21

2#( C(KMnO4)=50mg/L)

10.5

21

3#( C(KMnO4)=30mg/L)

10.6

21

1#( C(KMnO4)=15mg/L)

Acidic: 5.0
Alkaline: 10.7

22

2#( C(KMnO4)=30mg/L)

Acidic: 4.8
Alkaline: 10.6

22

3#( C(KMnO4)=50mg/L)

Acidic: 5.2
Alkaline: 10.7

21

parameters
Experiment 1

Experiment 2
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Fig. 12 Comparison of original wastewater and after treatment (right) with
concentration of 15 mg/L KMnO4 in experiment 2.
COD removal effects
From Table 5 and charts which showed the comparison of the COD
removal rates in accordance with different dosages of KMnO4 addition
in experiment 1 and experiment 2. It is easy to see, in experiment 1, the
COD removal effects increased as KMnO4 dosages increased, with the
highest removal rate when 50 mg/L KMnO4 was added in. However, it
had opposite trends in experiment 2. It was shown that up to 74% of
COD could be removed from the reject water by very low combination
of permanganate with calcium and magnesium ions (as shown in Figure
12 and Figure 13). Apparently, experiment 2 is much more efficient than
experiment 1, especially for the case of less dosage of KMnO4 usage.
Best dosages of KMnO4
According to all experiments from experiment 1 and experiment 2, the
results showed that experiment 2 have significantly better results of
treating the reject water from digester with least dosage (15 mg/L) of
KMnO4. The turbidity was high, and almost colorless (very slight yellow).
The COD removal rate was as high as 74.3%.

Table 5. COD values after treatment.
parameters
Experiment
1

Experiment
2

COD (mg/L)
1# (C(KMnO4)=15mg/L)

475

2# (C(KMnO4)=50mg/L)

297

3# (C(KMnO4)=30mg/L)

322

1# (C(KMnO4)=15mg/L)

154

2# (C(KMnO4)=30mg/L)

206

3# (C(KMnO4)=50mg/L)

298
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Optimal conditions such as pH value and temperature
In sum, the temperature did not affect that much during the whole
process of chemical treatment. The temperatures were stable around
20°C to 22°C. The best pH range of acidic reactions stage was 4.5 to 5.0
and of alkaline reactions stage was between 10.5 and 11.0.
Particles in suspension have surface charges that make the particles to
repel each other, which prevent flocculation and sedimentation. For
sedimentation to occur the particles must come together into flocks that
can be possible if the surface charge of the particles is neutralized.
Surface charge depends on pH-level of the solution. At low pH, the
particles take up protons and become positively charged and at high pH
they give of protons, which mean they get negatively charged. At a
certain pH-level, the particles has no surface charge (zero charge), by
then flocculation and sedimentation could occur at this optimal
conditions. However, the pH-level for zero charge is different for
different particles. It is determined by the chemistry of the particles and
their surfaces. Of course, flocculation can however be achieved by using
polymers with opposite surface charge that binds the particles together.
But due to above results from the researches, the pH-level in plan 2 (2nd
columns in the diagram) with KMnO4 concentration of 15 mg/L gave
the best conditions for getting close to zero charge. When KMnO4
concentrations increased, the situation for zero charge altered
accordingly.
Costs of treatment
If a price of permanganate is assumed to be 2500 US dollars per ton (or
2.5 US dollars per kg or 0.025 US dollars per g) the costs for adding 15 g
permanganate per treated cubic meter would be about 0.4 US
dollars/m3. If it is, further, assumed that the reject water flow is 5% of
the influent flow the costs based on permanganate costs per influent
flow in m3 would be about 0.02 US dollars. As permanganate is the most
costly chemical (compared with calcium and magnesium compounds) in
the combined chemical treatment it seems, as operation costs are
reasonable as well as easy application in existing plants, that the process
is well worth for future testing.

Fig. 13 Comparison of COD removal rate for both treatment
methods.
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Process as pretreatment of reject water
Based on assumptions of high removal of COD and low costs for
treatment it is reasonable to suggest the combined treatment by
permanganate, calcium and magnesium ions as an effective way of pretreatment of reject water for further treatment as by fuel cell technology
or use of deammonification.
Special research needs
The combined use of permanganate combined with salts may be
combined with biological fuel cell technology followed after the
pretreatment step. Separated manganese dioxide may be used as a source
for electron transfer from oxidizing bacteria and the separated liquid
from pre-treatment as a suitable source for further treatment by using
fuel cell technology.

6.2. Biological treatment part - MnO2 in MFC
Chemical compounds used were from Land and Water Resources
laboratory except for MnO2 and graphite powder which were extract
from wasted batteries, PVDF as well as NMP were provided by Applied
Electrochemistry, Department of Chemical Engineering and
Technology, KTH. The digested sludge was taken from UASB at
Hammary Sjöstadsverk. The VS of digested sludge was 66.07 g/L.
6.2.1. Laboratory-scale MFC design
The electrode materials that were chosen carbon cloth and graphite fiber
cloth; digested sludge from UASB located in Hammarby Sjöstadsverk;
and external resistance was chosen to be 950 Ω in reference MFC which
was the comparative sample without MnO2 catalyst layer on the cathodic
electrode. The main MFC painted with MnO2 catalyst layer on the
cathodic electrode was built with external resistance of 1050 Ω during
the whole procedure.
Catalyst cathode preparation
MnO2 powder mixed with graphite powder
Polyvinylidene Fluoride (PVDF, works as adhesive)
(Mass Ratio of mixed powder and PVDF= 85:15)

Fig. 14
Painted
cathodic
electrode
with MnO2
layer.
PVDF
Graphite+MnO2

NMP
Painted Carbon Cloth electrode

27

Junli Jiang

TRITA LWR Degree Project 11:16

N-methyl pyrrolidone (NMP, solvent for dissolve PVDF)
Mixing MnO2, graphite powder and PVDF as adhesive by the mass ratio
of 85: 15; and then added in NMP as the solvent to stir the mixture into
mash (it could be better if the mash could be dispersed by ultrasonic
machine). The carbon cloth was evenly painted with mash mixture on
both sides, followed by immediately drying at 105 °C for almost half an
hour, prepared for future use, as shown in Figure 14.
Anodic sludge nutrition composition
The nutrients for bacteria growth in the anodic sludge part: glucose (3.0
g L-1), NH4Cl (0.8 g L-1), NaHCO3 (2.5 g L-1), KH2PO4 (0.3 g L-1), KCl
(0.1 g L-1), MgCl2 (0.1 g L-1) and CaCl2 (0.1 g L-1) (Huang et al, 2007).
Catholyte composition
The catholyte was the supernatant of the original sludge, the buffer
solution contains: KCl (0.1 g L-1), NaCl (1.0 g L-1), and Na2HPO4 (2.75 g
L-1) and KH2PO4 (4.22 g L-1) (Feng et al., 2007).
Electrochemical measurement
During the whole process, the CHY 10 Multi-Meter was used both for
voltages and resistances measurements.
6.2.2. Digested sludge and sewage water characterization
The digested sludge was consisted of solid particles and liquids. Nonbiodegradable organic compounds were concentrated in the digested
sludge. Estimated VS of digested sludge in use was 66.07 g/L. The
supernatant COD value of the digested sludge was above 2000 mg/L
(estimated value).

Decreased pH of
Catholyte

Copper Wire
Erosion

Biofilm on
Cathode

Digested
Sludge

Recorded
Voltage

Fig. 15 MFC with MnO2 layer as cathode catalyst after treatment.
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6.2.3. Operational strategy
First of all, the anodic electrode was put inside digested sludge fed with
nutrients of 0.1M di-potassium hydrogen phosphate (K2HPO4)
(Ieropoulos et al., 2005) for the bacteria to grow for around 4 days.
Two SMFCs were constructed: reference MFC was built with regular
carbon cloth as electrodes; the main MFC was painted by MnO2 catalyst
layer on both sides of the carbon cloth electrode. Voltages were recorded
regularly (every 5 minutes) from the starting point until it became stable.
Then newly recorded were taken out when new significant changes
happened. Physical parameters in the reactor such as pH and
temperature were recorded before and during the process.
6.2.4. Results and discussion
Physical parameters
For the reference MFC, pH values of anodyne and catholyte immediately
after construction were 5.87 and 7.32, respectively. After reactions took
place for one week, pH values of anode compartment and cathode
compartment were measured again, which were 7.54 and 8.13,
respectively.
As shown in Figure 15, the MFC with MnO2 worked as the cathodic
catalyst, the pH values of the catholyte decrease constantly from 7.60 to
3.99 during the reaction process for over one week. The phenomenon
was odd and the opposite of the theory. Nonetheless, further experiment
repetitions and relative tests such as microscopy examination of the
bacteria group formed on cathode electrode, manganese dioxide amount
left on the cathode surface should be investigated.
Smelly gas was produced during the process, which could be H2S.
During the reduction of MnO2 to Mn2+ in low pH conditions, it would
be accompanied by H2S and Fe2+ production (Zhang et al., 2003).
The temperature varies from 20°C to 21 °C during the whole process.
Voltage and power generation
For the reference MFC, electrical current was generated, and enhanced
when an additional organic substances (sodium acetate) was added, as

Acetate 2mM

Fig. 16 Voltage generation over time in Reference MFC spiked with
acetate show by arrows.
29

Junli Jiang

TRITA LWR Degree Project 11:16

shown in Figure 16. Without electron microscopy, x-ray diffraction, PCR
examination, no sure conclusion could be drawn about whether the
anode surface had surface colonization of Geobacter increasing or not.
Changes of anode and cathode performance were considered as a
possibility of transferring of energy rich compounds (as manganese
dioxide) to the cathode. Given the demonstration of electricity
generation from digested sludge, modified MFC with MnO2 catalyst on
the cathodic electrode was evaluated. However, the voltage changing
trends were odd after running for 30 hours. And the pH value of
catholyte decreased continuously from 7.60 down to 3.99 (point A in
Figure 17). It turned out to have the anodic compartment and cathodic
compartment reversed. There was biofilm formed on the cathode
electrode surface, which means except for catalyst effect of MnO2, MOB
formed and electrochemical reactions of MnO2 and fermentation
occurred. The voltage of closed circuit kept on decreasing to -741mV
after a bacteria group fell from one end of cathode electrode. During the
whole process until it became stable, the voltage was negative, the
catholyte kept to be acidic. Since no similar previous studies had carried
out before, possible reasons for these phenomena could be:
1. Firstly, it started at 200 mV and the electrode at the surface was
cathode and the electrode at the bottom was anode due to higher
oxygen concentration at the surface. During the first around 24 hours,
due to reduction of MnO2 to Mn2+ taking places, the potential of
cathode increased, so the initial maximum voltage is larger than in the
reference MFC. With the reactions went on with time, biofilms
started to grow on the surface of cathode electrode resulted in
preventing oxygen to reach cathode electrode, then the potential
dropped. Furthermore, the oxidation of Mn (II) to Mn (IV) is
thermodynamically favored under aerobic conditions. At the same
time, Mn2+ started to be oxidized to MnO2, catalyzing by MOB.
According to the reaction, electrons generated accompanied with
oxidation, so then the potential dropped through 0, and cathode and
anode electrodes reversed. The step in the curve could be interpreted
that with the substrate depleting over time, the potential differences
enlarged accordingly.
2. Over-potential generated between cathode and anode compartment
due to polarization. When current passed through the circuit, due to
delay of electro-chemical reactions, the electrode potentials would
deviate from equilibrium potential. This would result in much lower
cathodic potential and much higher anodic potential. For instance,
when oxidation reactions took place on anodic electrode, if the
reaction of glucose degradation was not quick enough, then there
would accumulate more protons to make anode potential increase.
3. Fermentation took place to generate CH3COOH, which resulted in
smelly odor and H+ accumulation. Due to ion exchanges and
dispersion, H+ dispersed to catholyte and result in pH decreasing.
This must be further investigated.
4. Since it was single-chamber MFC, Complicated electrochemical
reactions took places. Ions could be transferred especially when gases
were produced. These gases could carry ions such as protons
upwards to the cathodic compartment. Due to delay of
electrochemical reactions, protons accumulated in catholyte, which
resulted in decreasing pH value.
Also, Mn2+ could produce electrons during its recycling circle. During
the re-oxidation process, electrons were produced, consequently, pH
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A

B

Fig. 17 Voltage generation over time of MFC with MnO2 catalyst
layer on cathode electrode.
value dropped. It is assumed that the ability of MnO2 of producing
electrons is larger than glucose, that’s why electrodes exchanged.
Electrode materials and surface area
In this study, the electrode materials used were carbon cloth (3 cm*10
cm). Different electrode materials have different morphologies,
structures and surface characteristics, at same time; they have different
potential “biocompatibility” with the bacterial populations in both
anodic and cathodic compartments.
It is important to have electrode material to be durable, easy to use, and
has a high surface area to volume ratio. For example, sponge-like surface
of Reticulated Vitreous Carbon (RVC) could help to achieve a higher
surface area to volume ratio, therefore to create higher amounts of
power. Graphite felt (fabric) also has high surface area to volume ratio;
however, the liquid would soak through the material and would tear
when the electrical clips were connected to the fabric (Rhoads, 2005).
Anode based on sodium acetate
The addition of sodium acetate was after the successful starting until
stabilized. It was mainly investigated in reference MFC which was
without MnO2 catalyst cathode. The electricity generation of MFC is due
to the electrons produced by microbes’ respiratory chain flow through
outside electric circuit instead of generating from ATP produced from
phosphate. The addition of acetate gives a rapid increase of voltage and
then a decline of the voltage. This result proves the possibilities to use
MFC as a tool for measurement of effects of additions of an energy
source to an established bacterial culture (including BOD, COD and
ammonium). Both working as the nutrients for bacteria growth, glucose
is a kind of fermentation-typed substrate which can be most easily
decomposed and absorbed. One of the intermediates is hydrogen gas
during the fermentation process. It could be easier used by CH4
producing bacteria growing on the surface of biofilm. In this way, it
could hardly get close to inner layer electricity generating bacteria, which
means they could not be absorbed nor utilized to generate electricity,
therefore the electricity generating rate is low.
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However, sodium acetate is different to act in a different way. It belongs
to the non-fermentable substrate group that could be directly used by
electricity generating bacteria. The consumption rate is high, so the
electricity generating rate is high accordingly (Juan et al., 2010).
Internal resistance problem
Proton transfer limitation was one of the most important factors that
affect the low electricity generation. During the dispersion process of H+
from bottom of the anodic digested sludge upwards to catholyte, there
was a lack of reactants around electrodes; at the same time, products
accumulated constantly. These phenomena all caused significant ohm
loss and concentration differences loss, which were also important
constitutes of inner resistance.
The general dynamics from figure 16 and 17 shows that better
understanding of these dynamics can in the future lead to development
of continuous devices for measurement and control of wastewater
treatment processes as well as using MFC technology for treatment and
energy recovery.

7. C ONCLUSIONS
A new system has been proposed for treatment of digester supernatant
based on the use of addition and use of manganese compounds. The
system consists of a low dosage of permanganate in combination with
calcium- and magnesium salts (PPC; potassium permanganate
composition) followed by treatment by microbial fuel cells with the help
of manganese compounds for electron and corresponding proton
transfer between anode to cathode. The studies are preliminary but
shows on many possible improvements on present wastewater treatment:
1. Low dosages of permanganate in combination with calcium and
magnesium ions can act as an efficient way to remove COD in
supernatant (reject water) from dewatering of digested sludge (up to
74%);
2. Coated cathode electrode by manganese dioxide can be an effective
way for microbial fuel cell treatment to treat wastewater and to
recover energy. The way to prepare cathode with mixed manganese
dioxide on carbon cloth could be a cost-effective way.

8. L IMITATIONS OF THE STUDY
There are several limitations of the study. For instance, there were no
complete tests on removal rate of TOC, TOT-N and TOT-P to ensure
final conclusion.
And during MFC runs, electrochemical parameters such as current and
power outputs should be better continually monitored on-line, while
wastewater parameters such as COD removal should be regularly
measured off-line.
In this study, SMFC system adopted normal carbon cloth as the
electrodes, which leaded to low power density level in general. This
could be modified and optimized, for example, optimize the distance
between two electrodes and volume ratio between anodic and cathodic
compartments, in order to increase power density.
No ways to test DO concentration in the experiment and providing DO
is another limitation. Power output with water sparged with pure oxygen
was about 20% higher than that obtained using air saturated water (Oh
et al., 2004).
32

Use of Manganese Compounds and Microbial Fuel Cells in Wastewater Treatment

Besides, the mixed powder of MnO2 and graphite was extracted from
waste batteries, so the purity was low.

9. S UGGESTION FOR F URTHER RES EARCH
After a deep examination of the results, several suggestions could be
promoted for both chemical treatment part and MFC part.

9.1. Chemical treatment
Suggestions for chemical part future research would be as follows:
 Removal efficiency of KMnO4 of different parameters:
 Pathogens
 Ammonium
 Phosphate
 Pharmaceuticals
 Addition of ferric compounds due to their oxidation and
precipitation abilities
 Laboratory-scale experiments to recover MnO2 by precipitating Mn2+
with O2
 Cost analyses and impact on the environment
 Considering the economical parameters, such as price of
compounds, smallest amount of chemicals needed in large
scale, incorporating both scientific and economical knowledge.
Generally speaking, combined use of oxidation, adsorption and
precipitation could be easily installed in existing plants and incorporated
in newly planned plants due to its advantages compared with traditional
design. So there is also possible to transfer laboratory scale experiments
to pilot-plant scale or full scale.

9.2. Future research of MFC in digested sludge treatment
Nowadays, research on MFC electrochemical system aiming at degrading
organic contaminants is still limited. The mechanism of corporation
between anode and cathode compartments, especially the utilization of
cathodic compartment has yet to be studied intensively furthermore.
Problems such as how to improve the ability of degrading organic
contaminants in the cathodic compartment and to enhance the MFC
electricity producing rate to the maximum are tough at the present stage.
In the future, focus will be put on effective combination of cathodic and
anodic compartments for processing much more complicated industrial
wastewater problems.
Based on basic electrical circuit knowledge, after putting five MFCs in
series, enhanced voltages with highest value of 1.020 volt had been
investigated, as shown in figure 18.
Meanwhile, the improvements that could be made to the design and
operation of the MFC can be divided into the following categories:
catalyst, material and design and stacking/scale-up considerations.
 During this study, the MnO2 powder in use is not with high quality,
plus the ratio between MnO2 and graphite powder is uncertain. It will
be good if there is pure MnO2 powder and graphite powder at hand.
Then further analysis of the catalyst MnO2 layer could be observed
during further research.
 Potassium permanganate or potassium ferrocyanide (K4Fe(CN)6)
could be considered to use as the electron acceptors in cathodic
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compartment. When ferrocyanide was used in the cathode, the
voltage was maintained at 400 – 420 mV regardless of the presence or
absence of Pt for surface areas ranging from 5.8 to 67.5 cm2 (0.25-3.0
times the anode surface area). Much larger working voltages and
power levels achieved with the ferrocyanide solution versus that
obtained with dissolved oxygen is most directly a function of the
greater working potentials of the cathode (Oh et al., 2004).
 The material of electrodes could be further researched, for instance,
graphite felt, platinum electrode, etc. Due to their different surface
areas, conductivity and pore size, they could perform very differently.
 Anode, as one of the most important factors which affect electricity
production, undertakes responsibilities of attaching microbial and
transferring electrons. Furthermore, it is a significant auxiliary means
of studying mechanisms of microbial electricity generation and
electrons delivery. Even though many materials could be used as
anodic electrode, there are significant differences between different
materials. For instance, carbon cloth, carbon paper, graphite bar,
graphite felt and foam graphite, etc. Due to the performance
differences in total surface area, porosity and inner pore-size
distribution, they will affect the properties of MFC accordingly.
 Rotating cathode was used for increasing the power production for
cathode performance of SMFCs due to the increasing contact with
oxygen availability. Sustainable power density outputs of 25 mW/m2
were achieved with a rotating cathode and with sucrose fed at the
anode. He et al. (2007) using a sediment MFC having graphite foil
electrodes (no Pt) to treat wastewater sludge. They found that the
cathode could be up to five times smaller than the anode to generate
optimum power (0.02 mW, 200 cm2)
 In addition, the distance between anode and cathode, as well as the
electrode materials also matter. The volume of anode and cathode
parts also could be considered as a factor which could affect the
electricity generation performance.

Fig. 18 Five MFCs (without MnO2 layers on the electrodes) in series.
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 The possibility of NMP toxicity should be further investigated. Since
NMP is known has the effect of mutagenic for bacteria and/or yeast.
 Investigate the concentration of glucose; try to reduce glucose
concentration to less than 2 g/L.
 Other sources such as vitamin water and fruit juice combined with
milk which could possible provide organic substrate (COD) for
bacteria to produce electricity, are suggested for further research.
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A PENDIX I
Table 1A. Impact of treatment on the digested sludge composition and properties [OTV
1997] (EU commission).
Digested sludge
Dry matter (DM)

g/L

30

Volatile matter (VM)

g/L

50

pH

-

7

C

%VM

49

H

%VM

7.7

O

%VM

35

N

%VM

6.2

S

%VM

2.1

C/N

-

7.9

P

%DM

2

Cl

%DM

0.8

K

%DM

0.3

Al

%DM

0.2

Ca

%DM

10

Fe

%DM

2

Mg

%DM

0.6

Fat

%DM

10

Protein

%DM

18

%DM

10

Fibers
Calorific value

kWh/t DM

3 000

Table 2A. Main chemical compounds in use.
Chemical Name
Chemical treatment part

Biological treatment part

Chemical
Formula

characteristics

Toxicity

Potassium
permanganate

KMnO4

odorless
Tm:240°C
ρ: 2703 kg/m3
Mn:158.034 g/mol

Leave behind a brownish
stain; non-toxic

Magnesium Chloride

MgCl2∙6H2O

TB: 1412°C
Tm:714°C
ρ: 2320 kg/m3
Mn: 95.211 g/mol

Not severe; rare in healthy
individuals with a normal
diet

Calcium Chloride

CaCl2∙2H2O

TB: 1935°C
Tm:772°C
ρ: 2150 kg/m3
Mn: 110.98 g/mol

Desiccating moist skin;
cause gastrointestinal
irritation or ulceration

Polyvinylidene
Fluoride

Tg: -35°C
Tm:140- 145°C
ρ: 1780 kg/m3

Non-toxic

-(C2H2F2)n-

Colorless liquid Mn: 99,14
g/mol
Tm: -24°C
TB: 202 °C
ρ: 1026 kg/m3

Mutagenic for bacteria
and/or yeast; Hazardous
in case of ingestion, of
inhalation. Slightly
hazardous in case of skin
contact (irritant,
permeator).

N-Methyl-2Pyrrolidinone
(Sciencelab, 2010)

C5H9NO
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A PENDIX II
There are two ways of preparing MnO2 powder:
1. Weigh 20 g MnSO4 to dissolve in 500 mL distilled water; then add in
10 mL strong aqua ammonia (NH3∙H2O), shake up; add in 90 mL
ammonium persulfate (NH4)2S2O8, stirring the solution when adding
in, then boiled it for 10 min; add in 1-2 drops of strong aqua
ammonia (NH3∙H2O); then still the solution until it becomes clear (if
not clear, add in suitable (NH4)2S2O8 until it becomes clear); then
vacuum filtration with Buchner funnel; after the filtration, wash the
products by (NH3∙H2O) for 10 times, and then hot water for 2 - 3
times, then H2SO4 for 12 times; at last, use hot water to wash it until
no H2SO4 reactions. → Dry the product in 110°C±5 °C for 3-4
hours.
2. A more economical method of producing MnO2 is to get the MnO2
from waste batteries: put the black mash in the beaker, use hot water
to stir and wash it for 2- 3 times (to remove soluble compounds such
as NH4Cl and ZnCl2). Then put the sediments onto the asbestos
gauge: firstly, low flame to dry the sediment, then increasing the
flame to burn the powder to remove carbon black and graphite by
oxidation (no over burning for long time because the MnO2 might be
decomposed, and temperature should be below 530°C). When there
is no more gas coming out, stop heating and cool down for a while;
add in one medicine spoon of KMnO4 to the powder, grind them
thoroughly and evenly. Again, heat up and burn the powder. If there
are some sparkles, it means that some part of the carbon is reacting
with KMnO4 until no sparkles.

Fig. 1A MnO2 and graphite powder mixture from waste
batteries.
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A PENDIX III
Operation processes of chemical treatment
Plan 1
Continuously stirred sewage water at 400 rpm for each beaker→
 add in 1# beaker with KMnO4 (15 mg/L) → add in with Mg2+ (15
mg/L) and Ca2+ (15 mg/L) continuously;
 add in 2# beaker with KMnO4 (50 mg/L) → add in with Mg2+ (15
mg/L) and Ca2+ (15 mg/L) continuously;
 add in 3# beaker with KMnO4 (30 mg/L) → add in with Mg2+ (15
mg/L) and Ca2+ (15 mg/L) continuously;
→Then pH adjustment in each beaker (by 10% NaOH) to 10.5 to
11.0→400 rpm for 30 minutes for reaction→ change the stirring speed
to 50 rpm for 30 minutes for flocculation→ still and settle for 40
minutes → The supernatant water was filtered through 0.2 µm
membrane filter, prepared for COD value tests.
Plan 2
Continuously stirred sewage water at 400 rpm for each beaker→ add in
KMnO4 to 3 beakers with different concentrations, i.e. 15 mg/L, 30
mg/L and 50 mg/L respectively → adjust the pH (by 20% HCl) to the
value between 4.5 to 5.0 → react for 2 hours → then add in with Mg2+
(15 mg/L) and Ca2+ (15 mg/L) continuously, followed by pH adjustment
(with 10% NaOH) to 10.5 to 11.0 → reaction for another 1 hours →
change the stirring speed to 50 rpm for 30 minutes for flocculation →
still and settle for 40 minutes → The supernatant water was filtered
through 0.2 µm membrane filter, prepared for COD value tests.
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