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SAMMANFATTNING  

Den här uppsatsen innehåller erfarenheter från experiment i 
laboratorium och fakta hämtad från litteraturen. Den handlar om studiet 
av mangansaltets förmåga att adsorbera och/eller oxidera restprodukten 
från avfallsvatten i reningsverk, eftersom tertiär rening inte kan avlägsna 
alla, för miljön och människan, skadliga och förorenande ämnen. 

 
Studien har gjorts i tre grundläggande steg. Till att börja med, för att 
förstå avancerad vattenkemi samlade jag material från litteraturen och 
läste kurser i ämnet. Detta för att skaffa mig den nödvändiga kunskapen 
för att kunna skriva den här uppsatsen. Nästa steg innebar att i 
laboratoriet utföra experiment för att pröva teorierna i praktiken och 
även för att göra nya slutsatser kring ämnet. Slutligen bearbetades och 
sammanställdes informationen i form av den här uppsatsen. 

  
Naturlig vattenkonsumtion börjar bli allt svårare i vissa delar av världen. 
Dessutom så återanvänds inte avfallsvatten och vattenbristen ökar 
därmed. Därför är återanvändning av avfallsvatten en viktig 
angelägenhet. Det är långt ifrån ett problem bara för människan utan 
avfallsvatten från vattenreningsverk är även ett stort miljöproblem, 
eftersom det innehåller stora kvantiteter av föroreningar, till exempel 
kväve och fosfor, vilka bidrar till övergödningen. Av den anledningen 
utvecklas ny teknik och nya komponenter används i den andra och 
tertiära behandlingen i vattenreningsverk. 

 
Mangandioxid användes som en absorbent samt oxidativt medel och 
andra manganföreningar (KMnO4) studerades också. Sedan ett 
preliminärt experiment hade utförts tillverkades flera sandfilter som 
bestod utav sand och MnO2 (svartbrunt pulver). För denna forskning 
har arbetet utförts vid två laboratorier: KTH Institutionen för Mark- och 
vattenteknik och Hammarby Sjöstadsverks pilotanläggnings 
laboratorium. Lovande resultat för minskning av fosfathalter påvisades 
under specifika förhållanden, såsom vid en hög MnO2 koncentration 
och höga pH värden (minskning med 86% på ”rent” vatten). 
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ABSTRACT  

New ways of phosphate and COD removal from wastewater were studied so as to be 
applicable as tertiary treatment in a wastewater treatment plant (WWTP). Manganese 
dioxide was used as an adsorptive and oxidative material and other manganese 
compounds (KMnO4) were also studied. After a preliminary experiment was done, 
several sand filters consisting of sand and MnO2 powder were constructed. For this 
research, the work was divided in two laboratories: KTH´s Department of Land and 
Water Resources and Hammarby Sjöstad Research Station´s laboratory. Promising 
results were gathered for phosphate removal, where its reduction is remarkable under 
certain conditions, such as high MnO2 concentration and high pH values (86% of 
reduction in already “clean” waters). 

Keywords: Adsorption; COD; Manganese dioxide; Phosphate  

1. INTRODUCTION 

1.1. General introduction 
Much has been written about wastewater treatment in the past years. A 
high level of quality has been reached due to two main factors: 
incorporation of BATs (Best Available Technologies) to water treatment 
processes and increment of policies concerning nutrient reduction. In 
this way, new methods are to be considered to follow this aim. New 
magnesium compounds have been studied, such as the so-called struvite, 
or Anammox bacteria have been developed, to mention some of them. 

Municipal wastewater is increasing worldwide with the population 
growth and the incorporation of several countries to modern sewage-
system installation. More than a waste, this water should be regarded as a 
source and should be reused. Moreover, wastewater contains 
contaminants that are not desirable for aquatic environment; those 
elements would arouse aquatic problems (Liang, 2009), such as oxygen 
depletion and excessive algae growth in the recipients, that is, the so-
called eutrophication, consisting on the excess of nutrients in the 
receiving water body with the posterior consequence of superior aquatic 
vegetation activity and oxygen reduction. It has gradually been 
recognized that the treatment efficiency must be very high in order to 
avoid the deterioration of the water quality in the recipient 
(Hultman, 2009). Therefore, the level of these nutrients in a wastewater 
treatment plant (WWTP) effluent must be controlled in order to keep a 
safe and balanced environment. 

European policies are getting more restrictive towards nutrient levels in 
effluents from WWTPs. That is the case of the Water Framework 
Directive (WFD) and the Baltic Sea Action Plan (BSAP). 

Furthermore, as wastewater increases in absolute terms, substances that 
may be difficult to be removed or even non-removable substances 
increase. That is the case of non-biodegradable and slowly biodegradable 
substances, which cannot be removed by the current methods and are 
released to the water-bodies. In this package, we find pharmaceutical 
substances or organic metals, just to make a rough mentioning. It is 
dangerous to keep these substances in the water cycle and therefore they 
should be eliminated. 

For all these issues new methods are to be applied. 

Little has been said about the role that manganese compounds such as 
manganese dioxide (MnO2) or permanganate (MnO4-) could play in 
modern WWTPs in the mid-term. It is believed that these compounds, 
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alone or in conjunction with others, can be an adequate solution for this 
matter. 

Concerning the removal of non biodegradable substances from an 
aqueous composition, it is preferable that a minimum amount of 
chemicals are added, as well as an increasing recycling of the reactive 
compounds is acknowledged. Moreover, it is a necessity for a process to 
combine both environmental issues and economical feasibility. 

Nowadays, WWTPs utilize microorganisms to convert the organic 
substances in the sewage into harmless materials. However, further 
treatments may be applied to reach even cleaner water. Plus, according 
to Hultman & Plaza (2009) wastewater treatment still must consider 
environmental effects based on emission to receiving water, for sludge 
disposal, and into the air. 

1.2. Objectives 
The aim of this research is to reduce the phosphorus and COD 
concentrations from the effluents in WWTPs, as well as to try to remove 
non-biodegradable and slowly biodegradable substances in the same 
water. 

2. HISTORICAL BACKGROUND  

Current wastewater treatment and collection is a result of historical and 
scientific discoveries. Since the Roman Empire until today, getting 
through the first comprehensive sewage system by Engineer 
Chesborough in Chicago, healthy water came through the removal of 
bacteria to avoid the so-called “water-borne” diseases. For that, onsite 
system regulations are applicable. 

In the late 80´s a Task Group at IAWPRC from different European 
countries was established to look into likely changes in the water quality 
sector regarding the end of the century. It was called “Water Pollution 
Control AD 2000” and their conclusions led to some of our current 
technologies and policies. 

Europe has witnessed the last two decades a growing water stress, both 
in terms of water scarcity and quality deterioration, which has prompted 
many municipalities to look for a more efficient use of water resources 
(Bixio et al, 2005). In that way, wastewater is now regarded as a reliable 
alternative water source because it can be used both for irrigation and as 
fertilizer agent for agriculture. One of the ways to reduce the impact of 
water scarcity and pollution is to expand water and wastewater reuse 
(Gesap, 2010). However, the requirements for wastewater treatment in 
many places are much focused on the removal of organic biodegradable 
materials and nutrients rather than on the mentioned reuse of water. 

Another matter to deal with is economics: according to Hultman (2009), 
improvements in process technology and operation lead to more cost-
effective treatment plants and savings in chemicals and energy. 

To sum up, it seems that there is a convenience of continuing with the 
improvements, studies and experiments on new technologies to gather 
the best wastewater treatment in order to be reused and to fulfill sanitary 
requirements. 
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3. WATER QUALITY 

Water Quality is a term used to describe the biological, chemical and 
physical characteristics of water and its general composition. These 
attributes affect water's ability to sustain life and its suitability for human 
consumption (USGS, 2010). 

3.1 Water contaminants and their sources 

Rivers´ water chemical and biological composition is determined by two 
main conditions. On the one hand, the dissolution and drag of natural 
substances inherent from the fields where it has flowed; on the other, the 
receiving effluents with diverse content, due to human activity. 

Among the principal group of contaminants the following are included: 

 Oxygen demanding matter: it is considered as everything that can be 
oxidized in water with molecular oxygen consumption. This is 
normally biodegradable organic matter but it also includes certain 
inorganic compounds. Oxidation reactions of this kind may be 
carried out both microbiologically and by use of chemical oxidation 
agents (Horan, 1990). 

 Nutrients: generally speaking, nitrogen and phosphorus present in 
rivers and lakes. 

 Pathogen organisms: microorganisms coming from wastewater that 
contains bacteria, viruses and protozoa due to human and animal 
excrements. 

 Suspended solids (SS): they are the organic and inorganic particles 
that are dragged by wastewater in a water flow. They cause turbidity 
in many superficial waters. 

 Inorganic salts 

 Metals and toxic compounds: coming from both agricultural and 
urban environments. 

 Heat 

3.2 Effects of oxygen demanding wastewater 

These are the factors that affect the consumption of oxygen for the 
degradation (Table 1) of the organic matter (OM): 

3.2.1 Organic materials 

 Biochemical oxygen demand (BOD): its measurement is based on the 
premise that all OM in water oxidizes to CO2 and H2O by 
biodegradable matter and oxygen consuming microorganisms. 

 Total Organic Carbon (TOC): indicates the fraction of a sample that 
is carbon part of organic links (carbonates, bicarbonates and carbonic 
acid are excluded). This parameter gives an idea of the average 
oxidation state of carbon; thus, it has a relative utility when estimating 
the contaminant effect.  

 Chemical Oxygen Demand (COD): it is a test of oxidation of OM by 
reaction with a strong oxidant in acidic environment. It should be 
acknowledged as the theoretical oxygen consumption to oxidize all 
the OM in the sample to CO2. For a certain amount of TOC, COD 
may differ according to the degree of reduction or oxidation of the 
OM. These three indicators have advantages and drawbacks 
(Table 1). 

 Dissolved oxygen curve: graphical representation of the DO 
concentration with time in a water body (Gentili, 2009). 
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3.2.2 Inorganic components 

 Nitrification: organic matter not only contains carbon. There are 
some compounds, such as proteins that contain nitrogen, which may 
be oxidized with molecular oxygen consumption. Due to the fact that 
mechanisms and reaction rate are different from those of carbon 
oxidation, it is considered in a separate way: Nitrogenated oxygen 
biochemical demand (NOBD). 

 Nutrients effect: nutrients contribute to spoil water quality because 
they produce an excessive plant growth. Plants have C, N, P and a 
variety of trace elements (oligoelements) within their tissue in order 
of abundance. When there is the enough amount of all these 
nutrients plant growth is possible. If the availability of some of them 
is limited, their growth is prevented. 

 The effect of nitrogen in detriment of environment can be summed 
up as: 

 NH3-N is toxic for fish at high concentrations. 

 Ammonia (NH3) in low concentrations and nitrate (NO3
-) 

contribute as nutrients for an excessive algae growth. 

 NH4
+ to NO3

- conversion fall into a great consumption of 
dissolved oxygen. 

 Phosphorus most harmful effect consists on its position as vital 
nutrient for plant growth. 

 The normal or abnormal growth of nutrients in water (mainly in 
nitrate and phosphate) is called eutrophication. 
 

 

  

Table 1. Relative merits of the tests available for the 
determination of oxygen demand (Horan, 1990) 

Test Advantages Disadvantages 

BOD Simple, popular. Used in the 
majority of design equations. 
Familiar to most engineers. 
Produces information on both 
carbonaceous and nitrogenous 
demand 

Long period of incubation. 
Reproducibility poor 
(±15%). Susceptible to 
inhibition by many 
industrial wastes 

COD Simple inexpensive apparatus 
required (traditional way). 
Comparatively rapid (data 
available within 3 h). Good 
reproducibility (±5-10%) 

Expensive apparatus 
needed (modern way). 
Does not oxidize 
ammonia. Many non-
biodegradable organic 
compounds exert an 
oxygen demand. 
Interference from high 
concentrations of chloride 
ions 

TOC Comparatively rapid (3 h). 
Reproducibility excellent (±3-6%) 

Expensive apparatus and 
skilled technician needed. 
Little comparative data 
available 
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4. STEPS IN A WASTEWATER TREATMENT PLANT (WWTP) 

Collection and treatment of wastewater is an inescapable necessity for 
the conservation and rational use of hydraulic resources. WWTPs are 
designed in order to remove contaminants progressively, optimizing each 
and every step to obtain the highest efficiency at the lowest cost (Fig. 1). 
Some of the steps are included to ease posterior steps. It is remarkable 
that the following is applicable just for urban wastewater, and has some 
differences with the treatments used for industrial wastewater. 

4.1 Preliminary treatment 

Raw sewage water delivered by the sewers to a treatment works will 
contain appreciable amounts of floating materials (such as wood, rags, 
paper and faecal material), as well as heavier solids such as grit and large 
suspended solids. It is necessary to remove these at an early stage in the 
treatment process in order to prevent damage to mechanical equipment 
such as pumps and aerators, and also prevent the blockage of pipes and 
valves. The removal of these materials is known as preliminary treatment 
(Horan, 1990). 

4.2 Primary sedimentation 

Sewage which has been subjected to preliminary treatment has had the 
majority of large solid and floating material removed. However, it will 
still contain a high concentration of suspended particles in the size range 
of 0.05-10 mm, and these are known as settable solids (Horan, 1990). 

The physical mechanism is sedimentation: fluid particles nearly at rest are 
accelerated to their terminal velocity. Particles with a sufficient size reach 
the bottom of the tank in a reasonable time period, joining others which 
already precipitated to form sludge. 

It is not essential for settable solids to be removed before biological 
treatment, and indeed many biological unit operations are designed to 
operate without the provision of primary sedimentation. However, a 
well-designed sedimentation tank can remove 40% of the BOD in the 
form of settable solids. The advantages of this are that it reduces the 
BOD load to the next stage of treatment and thus permits smaller 
reactor sizes, with consequent lower power consumption (Horan, 1990). 

4.3 Secondary treatment 

Over one-third of the water reclamation schemes rely on secondary 
treatment (Bixio et al, 2005). 

Fig. 1 General scheme of an advanced WWTP 
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The aim of secondary treatment is to reduce the oxygen demand of an 
influent wastewater to a given level of purification. This is generally such 
than on discharge to a receiving water the treated waste will have no 
detrimental effect on the environment (Horan, 1990). 

Some of the SS and a large amount of organic matter (OM) escape from 
the settler (primary sedimentation). They are the focus of secondary 
treatment, normally biological. 

There are several ways of removing OM (dissolved or in suspension) 
from water (Eq. 1): 

 Reduce it to methane: methane is released into the atmosphere 
because it is not very soluble. This matter leads to anaerobic 
biological processes. 

 Oxidize it to CO2 throughout chemical or biological oxidation: 

OM + microorg + O2  products + new microorg + energy              (1) 

As any chemical reaction, OM oxidation is a process that works towards 
equilibrium. To shift the equilibrium in regard to oxidize OM high 
concentrations of both OM and oxidizer are contemplated. Due to a 
high cost, biological processes (aerobic in this case) are used, by 
intensifying the natural process of oxidation with atmospheric oxygen 
industrially dissolved in water 

4.3.1 The activated sludge process 

A large number of biological unit operations are available to achieve the 
aerobic oxidation of BOD (Fig. 2). These all have two essential features 
in common, in that a reactor is required to contain the organisms which 
will affect the BOD removal and a mechanism is required to ensure that 
there is always a residual oxygen concentration (Horan, 1990). 

Biological processes follow common principles of reaction 
thermodynamics (Rana, 2004). Broadly speaking, contaminants 
(substrate) consumption is exothermic and cells turn the biggest part of 
this energy into chemical energy, as ATP. Cellular growth (synthesis) is 

 

Fig. 2 Schematic diagram of a conventional activated sludge plant 
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commonly endothermic and consumes this chemical energy, as well as 
structural molecules and minor components. 

The activated sludge process is a suspended growth system comprising a 
mass of microorganisms constantly supplied with organic matter and 
oxygen (Horan, 1990). These microorganisms grow in flocs, which 
transform OM into new bacteria, CO2 and H2O. Some of the flocs are 
removed as excess sludge, whereas others are recycled back to the 
aeration tank so as to gather enough biomass to get efficient BOD 
removal. There must be an accurate calculation of the recirculation rate 
ratio in order to achieve the best BOD removal. 

Once treated, wastewater has already low concentrations of SS and OM, 
but keeps very high microorganisms concentrations (around 108-1010 
microorganisms/100 mL). To prevent discharge of this microbiological 
pollution to the environment a disinfection process may be made, 
oxidizing OM with a chemical oxidizer, chlorine or, more recently, 
ozone. Some of the microorganisms are also recirculated to the process 
(Fig. 3). 

 

4.4 Sludge treatment 

Sludge formed in primary and secondary sedimentations is mixed and 
gathered in a digester to form biogas or either is dewatered and may after 
that be burnt. 

4.5 Tertiary treatment 

Also called effluent polishing, tertiary treatment consists of any practice 
beyond secondary treatment, which provides a final treatment stage to 
enhance the effluent quality before being discharged to the receiving 
environment. 

4.5.1 Water reuse 

The effluent from a WWTP is normally rejected directly to a river or 
another water recipient. It is illogical, especially in areas with water 
shortage, that water is wasted in that way. Thus, alternative uses can be 
set for treated wastewater. Some of the most important are: irrigation for 
agriculture and gardens (backyards); recirculation for purification (not 

 
Fig. 3 Activated sludge scheme, where Q: wastewater flow;  
QRS: recycled flow 



Unai Reyes  TRITA LWR Master Thesis   

 

8 

very common due to high additional costs); injection into coastal 
aquifers to avoid saline intrusion. 

Two areas are defined by the use of reused water: Israel and California 
(and other southern states of the USA). 

4.5.2 Nutrient removal 

Effluent from secondary treatment might not always fulfill discharge 
criteria. This is normally reflected by the presence of undesirable loading 
of nutrients in effluent, for instance nitrogen and phosphorus 
compounds. Additional treatment, usually referred as advanced 
wastewater treatment, is adopted (Fig. 4). In this process nitrogen and 
phosphorus are removed to an acceptable level. Remained dissolved 
organic solids are removed in further stages (Peavy et al, 1985). 

Several countries apply a phosphorus and nitrogen standard for sewage 
effluent discharges. 

According to Directive 91/271/EEC concerning urban wastewater 
treatment – discharge to sensitive areas: 

 P < 2 g P/m3 (10,000 - 100,000 PE) 

 P < 1 g P/m3 (>100,000 PE) 

 

4.5.2.1 Nitrogen removal 

Ammonium-nitrogen removal is needed because of two reasons: it is 
toxic for aquatic life and it demands oxygen. The EPA classifies „low 
strength‟ effluent as having a total nitrogen (TN) concentration of less 
than 50 mg N/L, which is five times the threshold for drinking water. 

In raw municipal wastewater, nitrogen concentration is in the range of 
15-50 mg/L. It mainly exists in the form of organic nitrogen (approx. 
20%) and ammonium (NH4

+) (approx. 80%). Organic nitrogen exists in 
both soluble and particulate forms. Both of them are transformed to 
ammonium by microorganisms in biological treatment (Liang, 2009). For 
N removal nitrification-denitrification biological processes are often 
used. 

 Fig. 4 General scheme of a WWTP taking advanced treatment into consideration 
(Levlin, 2009) 
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Nitrification is a microbial process by which reduced nitrogen 
compounds (primarily ammonium) are sequentially oxidized to nitrite 
and nitrate (EPA, 2002). In the first step of nitrification, Nitrosomas 
(ammonia-oxidizing bacteria) oxidize ammonium to nitrite (NO2

-) 
(Eq. 2). In a further step, Nitrobacter (nitrite-oxidizing bacteria) oxidize 
nitrite to nitrate (NO3

-) (Eq. 3). This is carried out by strictly aerobic, 
autotrophic bacteria. 

NH4
+ + 3/2 O2  NO2

- + 2 H+ + H2O + energy (Nitrosomas)           (2) 

NO2
- + ½ O2  NO3

- + Energy (Nitrobacter)                                       (3) 

Nitrifying bacteria are sensitive and susceptible to a variety of conditions. 
Nitrification, thus, is affected by the concentrations of NH4

+ and NO2
-; 

dissolved oxygen concentration; temperature; pH (normally around 7.5-
8.6). 

Denitrification is the microbial reduction of nitrate to N2 gas. It is 
sometimes referred to as “dissimilatory” nitrate reduction because it 
occurs in association with the decomposition of organic matter. The 
process follows Eq. 4: 

NO3
- + 5/8 CH3COO-  ½ N2 + 10/8 CO2 + 1/8 H2O + 13/8 OH-

(4) 

It is therefore necessary to create an anoxic area in the process to allow 
the denitrification of the nitrified effluent, and carbon source is needed. 

4.5.2.2 Phosphorus removal 

Of the nutrients which are capable of supporting luxuriant growths of 
algae in a receiving water, phosphorus is rate limiting, and a 
concentration of 10 µg/L is required before algal growth will occur. 
Consequently, if the small concentration of phosphorus which is present 
in sewage effluents can be removed, then algae will not be able to 
flourish, regardless of the nitrogen concentration (Horan, 1990). 

Phosphorus is, in many cases, the most critic compound. Its removal can 
be carried out by two ways: chemical, by phosphate precipitation, or 
biological (Fig. 5), by removal of phosphorus-laden sludge. 

Barnes & Wilson (1978) expose that it was common to make use of the 
very low solubility of calcium hydroxyapatite (Ca5OH(PO4)3) by using 
lime precipitation methods; or either use Alum (Al2(SO4)3.18H2O) to 
remove PO4

3- by a combination of co-precipitation and adsorption of 
the aluminum hydroxide floc. 

 

Fig. 5 Simple set up of a phosphorus biological removal step 
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However, nowadays biological removal of phosphorus is used in modern 
WWTPs (Fig. 6). 

In this process bacteria take up large amounts of phosphate. The 
phosphate is used by the bacteria as an energy reserve which, under 
anaerobic conditions, can be used to pick up substrate. Regeneration of 
the phosphate reserve takes place under aerobic conditions as well as 
under anoxic conditions. It is therefore a cyclical process, where the 
bacteria alternately release and take up phosphate (Henze et al, 1997). 

The mechanism by which phosphorus is stored and released is associated 
with energy release. In the anaerobic area, bacteria use their inherent 
polyphosphates as a source of energy, as there is no oxygen in the 
environment. In the next phase, the aerobic, bacteria get oxygen from 
the environment to survive and hence, polyphosphates are transferred in 
its cell. The difference between the polyphosphate released and brought 
in the molecule is, indeed, the percentage of phosphorus removal 
(Fig. 7). 

 

Fig. 6 Phosphorus removal mechanism in P-storing bacteria (Levlin, 2009) 

 
Fig. 7 Enhanced phosphorus uptake observed in activated 
sludge when transferred from anoxic to aerobic conditions 
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The equilibrium reaction by which the molecules exchange energy with 
the environment releasing and taking polyphosphate is shown below 
(Eq.5): 

ATP + (PO4)n           ADP + (PO4)n+1                                                  (5) 

4.5.2.3 Phosphorus recovery 

At current extraction rates, reserves of phosphate rock that are 
economically recoverable with today´s technology will last less than 100 
years. In addition to resource limits, phosphate rock has high heavy 
metal content, giving rise to hazardous wastes when processed 
(Renman, 2009). 

Therefore, it is of high interest that removed phosphate from wastewater 
is reused and seen as resource, more than as a waste. There are different 
ways to achieve this, such as filter well with reactive materials or 
industrial more sophisticated processes (calcium phosphate pellets, iron 
phosphate or the so called struvite). 

4.5.3 Disinfection 

Untreated waters contain a number of harmful pollutants which give the 
water color, taste and odor. These pollutants include viruses, bacteria, 
organic materials, and soluble inorganic compounds, and these must be 
removed or rendered harmless before the water can be used again 
(Cheremisinoff & Cheremisinoff, 1987). 

In the previous steps OM, SS and some inorganic compounds have been 
removed. However, viruses and bacteria are now the object of the 
analyses. That is, selective destruction of disease-causing organisms. 

For disinfection, chlorination, UV radiation and ozonation techniques 
(among others) are used (George, 2003). 

Furthermore, in recent years, their adoption as regular tertiary treatment 
processes has increased markedly (Barnes & Wilson, 1978). 

  

 

Fig. 8 Manganese dioxide 
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5. THEORETICAL BACKGROUND 

5.1 MnO2 and manganese compounds 

This text refers to two of the most known and used manganese 
compounds, which have at the same time been used to perform the 
experiments. 

5.1.1 Manganese dioxide and potassium permanganate 

Manganese(IV) oxide (MnO2), with a CAS No. 1313-13-9, and most 
known as manganese dioxide (Fig. 8), is a very stable inorganic substance 
(melting point of 553 ºC) that works as an oxidant in many reactions, 
such as the oxidation of allylic alcohols in organic synthesis. However, 
the oxidation power of this compound is rather low compared to those 
of traditional oxidizing substances (hydrogen peroxide, ozone…). It also 
serves as a good adsorbent, because of its high surface area. The 
adsorption of different substances, such as humic acids, wastewater with 
low biodegradable material and/or some anions (phosphate) has been 
investigated. 

Being able to work as an oxidant, other compounds have stronger 
oxidizing power. Froelich et al (1979) stated that the biogeochemical 
paradigm for OM decomposition based on the oxidant yielding the most 
free energy, ranks the oxidants in the following order; O2, NO3

-, MnO2, 
Fe2O3, SO4

-2 and CO2 reduction. 

Even though it is almost insoluble in water, its solubility increases with 
the decrease of pH (Savenko, 1985). This is the case of exposure to very 
high concentrations of such strong acids as HNO3, H2SO4 or HCl, and 
throughout a slow reaction. 

Most of the reactions where MnO2 is involved are related to its redox 
potential (it takes advantage of its numerous valences). Due to the fact 
that it is a solid compound, the reaction with a reagent may probably 
take place at, or close to the surface. 

Although it may not be a direct reagent, this black solid works as a 
catalyst in many chemical industrial processes, like the ozonation of 
phenol or the water oxidation of ammonia. Like the rest of catalysts, it 
accelerates a certain reaction´s rate to a higher value than the expected of 
the same reaction without the catalytic substance. 

Some articles discuss the oxidative and adsorptive properties of this 
compound. MnO2 is a well-known solid phase oxidant, and its surface 
redox reactions with xenobiotic organic chemicals have been extensively 
studied (Wang et al, 1999). The degradation of some substances is 
known to happen faster when there is MnO2 in the environment. In 
addition, this chemical is shown to adsorb organic compounds and 
metals, thereby ensuring its possible use for the removal substrate of 
noxious environmental agents in water. It can also be used as a catalyst 
for oxidation of both OM and nutrients in wastewater, helping other 
stronger oxidizers. 

Electrochemical oxidative treatment of MnO2 catalysts for water 
purification significantly increases the effectiveness of removing organic 
pollutants from water even if the catalyst surface is saturated with 
difficultly oxidizable organic substances (Matskevich et al, 1982). 

As far as it is concerned, manganese(IV) oxides have negative surface 
charges near neutral pH values and are thought to have a limited capacity 
to adsorb anions. Little work has been done on the adsorption of anions 
on manganese oxides. The surface charge on manganese(IV) oxides 
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could be reversed by exchange of H+ on the surface for metal ions from 
solution (Yao & Millero, 1996). 

Manganese dioxide is the precursor to potassium permanganate 
(KMnO4), which is prepared via aerobic oxidation (Eq. 6). 

MnO2 + 2 KOH + ½ O2 → K2MnO4 + H2O                                     (6) 

This last compound is a potent oxidizer often used as a disinfectant. It is 
also very useful when oxidizing organic compounds linked by a double 
bond. Strong purple color may linger in the solution if the sample is not 
reacted (too much permanganate added). Its oxidation reactions are not 
exothermic and therefore it is relatively safe to handle. 

5.1.2 Dealing with manganese compounds 

Numerous reactions may occur simultaneously when dealing with 
manganese compounds, as it is a multiple-valence component. Hence, 
permanganate reactions are different depending on the pH range. 

MnO4
- + 1 e- ↔ MnO4

-2 (pH =12)                                                       (7) 
MnO4

- + H2O ↔ MnO4
-2 + OH- + H+ (pH = 9)                                 (8) 

4 MnO4
- + 4 H+ ↔ 3 O2 (g) + 2 H2O + 4 MnO2 (s) (slightly acidic)     (9) 

2 MnO4
- + 3 Mn+2 + 2 H2O ↔ 5 MnO2 (s) + 4 H+ (acidic)               (10) 

MnO4
- + 8 H+ + 5 e- ↔ Mn+2 + 4 H2O (pH = 3.5)                           (11) 

MnO4
- + 2 H2O + 3 e- ↔ MnO2 (s) + 4 OH- (3.5 < pH < 12)           (12) 

It can be seen that at low pH values permanganate changes to Mn+2 with 
organic materials, whereas it does change to MnO2 at neutral pH values. 
Plus, low pH is most favorable to reduction of MnO2 to Mn+2 
(Shuhua, 2004). 

It seems that KMnO4 not only deals with the degradation of organic 
species (dissolving them) but, at the same time, is reduced to MnO2 
(which is likely to be used as an adsorbant). This black solid shows 
adsorptive reactivity towards the intermediates. Plus, humic acids might 
be easier to adsorb at low pH values. 

Here there is a proposal of a non-biodegradable substance removal 
process from an aqueous composition:  

 React Mn(IV) (MnO2 – insoluble) with one or more non 
biodegradable substances at a pH no lower than 1 and no higher than 
7.5, yielding a Mn(II) compound and one or more non biodegradable 
fragments. 

 Oxidize the Mn(II) compound formed in the first step to yield MnO2 
at a pH no lower than 7 and no higher than 10, in the presence of 
microorganisms 

 Taking advantage of microorganisms, degrade the non biodegradable 
fragments formed previously in the first step. 

 In the three cases, used microorganisms should be able to withstand 
the different pH conditions. 

An advantage of this process is that formed Mn(II) does not need to be 
removed from the solution but instead is returned to superior oxidation 
states (III/IV), which are insoluble and hence easier to remove (probably 
at the same time as microorganisms are removed). 

5.2 Interaction of manganese with the nitrogen cycle 

The following text refers only to literature and it is not based in any own 
experiments. 

Although manganese is not a very much used compound in wastewater 
treatment in the biological stage, there is some literature concerning this 

http://en.wikipedia.org/wiki/Potassium_permanganate
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issue. Recently has been discovered that manganese can help to perform 
a better activity of the activated sludge process in natural environments. 

The conversion of combined nitrogen (ammonia, nitrate, organic 
nitrogen) to dinitrogen (N2) in marine sediments, an important link in 
the global nitrogen cycle, is traditionally assumed to take place only via 
the coupled bacterial nitrification-denitrification process (Luther et al, 
1997). However, there is field and laboratory evidence that the 
mentioned nitrogen can also be produced by the oxidation of ammonia 
and organic nitrogen with MnO2 in air (Fig. 9). 

As explained before, ammonia is normally oxidized aerobically to nitrate 
by nitrifying bacteria and afterwards reduced anaerobically to gas 
nitrogen by denitrifying bacteria through the so called nitrification-
denitrification process. In any case, alternative pathways to the formation 
of N2 may also be taken into consideration; i.e. Mn+2 in water dissolution 
may be oxidized to reduce NO3

-. 

As Luther et al (1997) claim, there is field evidence consistent with the 
reduction of NO3

- to N2 by dissolved Mn+2. It seems to be as 
thermodynamically favorable as the oxidation of NH4

+ and organic-N by 
MnO2 in the presence of oxygen. 

Manganese compounds might then be used in a similar process that take 
place in a WWTP. What is more, MnO2, once reduced to Mn+2, could 
also be recycled after being reoxidized to MnO2 by O2 in a catalytic cycle. 
Laboratory experiments should be made in order to discuss the 
functionality of this idea. 

Thermodynamic calculations show that N2 formation is possible at 
standard conditions via several reactions between manganese and 
nitrogen species over a wide range of environmentally occurring pH 
(Luther et al, 1996). 

In the same way, Luther & Popp (2002) state that manganese oxides are 
strong environmental oxidants recently found to be involved in the 
nitrogen cycle. Of the several possible reactions with reduced nitrogen 
species, the reduction of MnO2 by nitrite has only received marginal 

 

Fig. 9 (a) Schematic representation of the classical nitrogen cycle in 
marine sediments dominated by coupled nitrification-denitrification.  
(b) The nitrogen cycle in marine sediments modified to include reactions 
between N and Mn species (Luther et al, 1996). 
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attention. Yet, this reaction might explain why nitrification can occur in 
the absence of O2, observed in both sediments and water columns 
(Luther & Popp, 2002). 

All this literature makes it reasonable, to some extent, that observations 
in natural environments could be transferred to laboratory scale and in a 
further step, could be industrially used in a WWTP. 

5.3 Adsorption and ion exchange 

Two ion exchange mechanisms are discussed. 

5.3.1 Introduction 

Adsorption is the selective collection and concentration onto solid 
surfaces of particular types of molecules contained in a liquid or a gas. By 
this unit operation, gases or liquids or mixed systems, even at extremely 
small concentrations, can be selectively captured and removed from 
gaseous or liquid streams using a wide variety of specific materials 
known as adsorbents. The material which is adsorbed onto the adsorbent 
is called adsorbate. Two mechanisms involved are chemical adsorption 
and physical adsorption (Cheremisinoff & Cheremisinoff, 1993). 

If liquid or gaseous molecules reach the surface of an adsorbent and 
remain with no chemical reaction, then there is a physical adsorption. 
However, if there is a chemical reaction and chemical bonds are formed 
in the interaction, the phenomenon is called chemical adsorption. 

Water may contain in varying concentrations dissolved salts which 
dissociate to form charged particles called ions. These ions are the 
positively charged cations and negatively charged anions that permit the 
water or solution to conduct electricity and are therefore called 
electrolytes. Electrical conductivity is thus a measure of water purity, 
with low conductivity corresponding to high purity (Cheremisinoff & 
Cheremisinoff, 1993). 

Since the exchange capacity of ion-exchange materials is limited, they 
eventually become exhausted and must be regenerated (Cheremisinoff & 
Cheremisinoff, 1993). 

5.3.2 MnO2 as possible alternative for adsorption 

Recent studies have demonstrated that MnO2 may be a viable alternative 
to activated carbon for tertiary treatment, due to its adsorption capacity. 
It has been proven that some organic substances that are difficult to 
remove from wastewater and get through all the steps in a WWTP with 
no variation, may be reduced or removed significantly by the action of 
MnO2. What is more, manganese dioxide can also remove some 
substances, such as low hydrophobic micropollutants which have to be 
removed down below the µg/L level, that are not possible to be 
removed by activated carbon. 

Rudder et al (2003) state that the removal of pharmaceuticals and 
personal care products (PPCPs) is generally neglected in municipal 
wastewater treatment plants. They have worked with endocrine-
disrupting compounds (EDCs), which are responsible for hormonal 
imbalance in aquatic life as well as for cancer and immunological and 
neurological dysfunctions in humans. 

A new strategy in the removal of bioactive low concentration 
compounds (EDCs and PPCPs) from wastewater could be the 
implementation of a supplementary bio-catalytic step after conventional 
treatment (Rudder et al, 2003). 
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For this purpose, manganese dioxide was studied as an oxidative removal 
substrate, with promising results.  

Regarding economics, the use of a MnO2 bioreactor may be an 
advantage. The self-regenerating cycle of MnO2 seems to be possible. 
This can make this treatment cost-effective, because in this way the 
matrix does not have to be replaced (Rudder et al, 2003). 

Another study was carried out by Kunde et al (2009). They oxidized 
Bisphenol A (BPA), which is an ubiquitous environmental contaminant 
with endocrine disruption potential, exploring the efficacy and 
mechanisms of its removal in aqueous solution. 

The exceptional efficiency of MnO2 in removing BPA represents a 
potential use of MnO2 to treat waters containing phenolic and aniline 
compounds (Kunde et al, 2009). By playing with the MnO2 
concentration and with pH, this group of researchers managed to 
remove almost 100% of the BPA content in the prepared water. 

A last study comes from the hand of researchers Yao & Millero (1996), 
who studied the adsorption of phosphate on manganese dioxide in 
seawater as a function of pH, temperature and salinity. They claim that 
manganese oxides can act as important adsorbents of phosphate in 
natural waters, as well as in surface sediments, when they are present at 
higher concentrations that other reactive constituents, such as iron and 
aluminum oxides. 

All this laboratory work shows that MnO2 has both oxidative and 
adsorption power that should be exploited in further studies. The 
interest of these 3 studies is the application of the research and 
knowledge in an industrial process (WWTP), if natural water conditions 
are imitated. 

5.4 Removal of pharmaceutical rest products 

Pharmaceuticals and some household products are a potential threat to 
health and environment. Rest products from pharmaceuticals must be 
released from the human body in a water soluble form (often as 
conjugates). Many of the pharmaceuticals are only biodegradable to a 
small extent and due to their water solubility only removed to a minor 
extent by chemical precipitation (Hultman & Plaza, 2009). 

Many pharmaceutical substances are included in the non-biodegradable 
group substances. With the current sanitation systems, they are not well 
removed and therefore they are released to the water bodies and 
sometimes even recirculated as drinking water (Fig. 10). This situation 
falls into a complicated scenario; on the one hand, these substances are 
quite expensive and difficult to remove, but on the other, they are not 
wanted in the streams. Therefore, the floor has been opened for 
discussion of this subject. 

Human pharmaceuticals are consumed in high quantities worldwide; the 
consumption is in the range of tons per year per pharmaceutical 
compound depending on the size of a country. The expectations are that 
these amounts will only keep increasing (SWITCH, 2008). 

Once pharmaceuticals are consumed, they are released through urine and 
feaces both as parents (the original composition has not been changed or 
metabolized) and metabolites (the original composition has changed due 
to metabolizing processes). In both cases these substances will enter the 
aquatic and terrestrial environments. 
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The presence of several pharmaceuticals in Sewage Treatment Plants´ 
(STP) effluents has been confirmed in Germany, The Netherlands, 
Switzerland, United Kingdom, France, Greece, Sweden, Italy, Spain, the 
United States, Brazil and Australia (Castiglioni, 2006). This assertion, 
combined with the fact that there are also measurable concentrations of 
these substances in surface waters (X-ray contrast media, few pain killers, 
antibiotics, anesthetics...) makes the future engineers deal with the 
problem, as a last step of a WWTP. 

With an easy equation, the predicted environmental concentration of 
pharmaceuticals in surface water can be estimated, taking into account 
human metabolism: 

 

 

 

Where: 

A – amount of pharmaceuticals (active substance) used per year 
(kg/year) 

R – removal (%) in man and sewer 

P – number of inhabitants 

V - dilution factor in the environment (10 often used) (Stuer-
Lauridsena, 2000) 

Transformation of pharmaceuticals during treatment has been studied. 
Conventional biological treatments seem to be inefficient, since 
pharmaceuticals are found, as said before, in STPs and surface waters. 

     

 

Fig 10. Exposure routes of human pharmaceuticals in the 
environment (SWITCH) 
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For this exact reason, removal of pharmaceuticals in a WWTP must be 
optimized, playing with the sludge age; the hydraulic retention time and 
wastewater dilution; or the reactor configuration; as well as combining 
traditional methods with new compounds. Several transformation 
methods have been discussed. Amongst them, biodegradation, ozonation 
and the rest of tertiary treatment processes, sorption onto sludge, 
stripping (volatilization) or chemical oxidation (where MnO2 might take 
a referenceable place). 

6. PRELIMINARY EXPERIMENT  

This experiment was performed together with Aileen Hendratna, also a 
Master Thesis student at KTH Department of Land and Water 
Resources Engineering, during February-March 2010 in Stockholm. It 
gives an analysis of the behavior of different substances when being used 
as oxidants. 

6.1 Background 

Organic materials in wastewater are removed by oxidation. Providing 
enough oxygen supply, readily biodegradable COD will be oxidized to 
CO2 and removed from the system. However, slow or non-
biodegradable organic materials are not removed by this process. It is 
assumed that strong oxidants such as MnO2 and/or KMnO4 would 
break down the large and more persistent organic molecules so that they 
can be more easily biodegraded. MnO2 could also work as an adsorbant. 

A preliminary experiment to find out the behavior of strong oxidants in 
removing organic compounds was conducted. 

6.2 Water used 

The water tested for the experiment was supernatant from Bromma 
WWTP. Sludge was added (10% volume) to make sure that there were 
enough bacteria for oxidation to take place. The chemicals/oxidants 
used were HNO3, MnO2 and KMnO4. Manganese compounds were 
already presented, and HNO3 is known to be a strong oxidant (lowers 
pH value to acidic). 

6.3 Set up 

Three 500 mL bottles were set up on top of 3 magnetic stirrers. The 3 
bottles were closed with cap equipped with tubing for gases to escape 
from system.  

The amount of chemicals added was more than the required based on 
stoichiometry (stioichiometric calculations were based on an assumption 
that the average COD value of incoming wastewater is about 642 mg/L).  

The set up were as follows: 

1. Supernatant (360 mL) + sludge (40 mL) + HNO3 (1.1 g) 
2. Supernatant (360 mL) + sludge (40 mL) + MnO2 (2.0 g) 
3. Supernatant (360 mL) + sludge (40 mL) + KMnO4 (2.0 g) 

6.4 Stoichiometric calculations 

Calculations on chemicals needed were performed taking redox 
equations into consideration, as follows: 

Calculations of HNO3 needed: 

 1/5 NO3
- + 6/5 H+ + e-  1/10 N2 + 1/10 H2O + ¼ O2 

 ½ H2O  ¼ O2 + H+ + e- 
 ______________________________________________ 

 1/5 NO3
- + 1/5 H+  1/10 N2 + 1/10 H2O +1/4 O2 
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Calculations of MnO2 needed: 

 ½ MnO2 + 2 H+ + e-  ½ Mn+2 + H2O 

 ½ H2O  ¼ O2 + H+ + e- 
 ____________________________________ 

 ½ MnO2 + H+  ½ Mn+2 + ½ H2O + ¼ O2 

 

Calculations of KMnO4 needed: 

 1/5 MnO4 + 8/5 H+ + e-  1/5 Mn+2 +4/5 H2O 

 ½ H2O  ¼ O2 + H+ + e- 
 ___________________________________________________ 

 1/5 MnO4 + 3/5 H+ + ½ H2O  1/5 Mn+2 + 4/5 H2O + ¼ O2 

6.5 Analytical method 

Baseline/initial analyses were done for supernatant + 10% of sludge 
(without chemical addition). These water samples were analyzed for the 
following parameters: TOC, COD, tot N, NH4-N, NO3-N, NO2-N. The 
water samples from the 3 bottles were taken and analyzed for the same 
parameters after the experiment went on for 7 and 14 days. 

6.6 Results 

Results for the first preliminary experiment (Table 2 and 3) were 
gathered after 7 and 14 days. Only TOC and COD were accepted as the 
most important and therefore posted. 

6.7 Discussion 

 Total phosphorus (soluble and particulate) would also be interested 
to be analyzed. Oxidation and adsorption power of manganese 
compounds towards phosphorus is also an interesting matter of 
study. 

 The reduction of COD is considerable in the first 7 days. However, 
there is an increase in the next sample analysis (14 days) probably due 
to hydrolyzed OM particles in the fluid. 

 TOC increases probably due to the same reason exposed above. 

 Other parameters, such as tot-N did not give promising results. 
 

Sample COD (mg/L) at t = 0 COD (mg/L) at t = 7d COD (mg/L) at t = 14d 

Supernatant+sludge10% 525   

#1 Sntn+sludge+HNO3  396 (24.6%) 447 (14.9%) 

#2 Sntn+sludge+ MnO2  364.5 (30.6%) 417 (20.6%) 

#3 Sntn+sludge+ KMnO4  error* 1003* 

Note: * unreliable measurement, possibly absorbance interference due to dark purple color by KMnO4 

 

Table 2. Results for COD removal 

Sample TOC (mg/L) at t=0 TOC (mg/L) at t = 7d TOC (mg/L) at t = 14d 

Supernatant+sludge10% 489   

#1 Sntn+sludge+HNO3  614 (-25.6%) 590 (-20.7%) 

#2 Sntn+sludge+ MnO2  872 (-78.3%) 855 (-74.8%) 

#3 Sntn+sludge+ KMnO4  993 (-103.1%) 1007 (-106.0%) 

 

Table 3. Results for TOC removal 
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6.8 Second preliminary experiment 

6.8.1 Water used 

The water tested for the experiment came from two sources, the inlet of 
Hammarby WWTP and the outlet of Line 1 Hammarby Sjöstadsverket-
pilot plant (aerobic activated sludge) (Fig. 11 and 12). Since the outlet 
water is quite clean, sludge was added (10% volume) to make sure that 
there were enough bacteria for oxidation to take place. The 
chemicals/oxidants used were HNO3, MnO2, and KMnO4. 

6.8.2 Set up 

Six 500 mL bottles were set up on top of 6 magnetic stirrers. The 
amount of chemicals added was based on stoichiometry and an 
assumption that the average COD value of incoming wastewater is about 
642 mg/L. 

The set up were as follows: 

1. Inlet (400 mL) + HNO3 (0.6 g) 
2. Inlet (400 mL) + MnO2 (1.4 g) 
3. Inlet (400 mL) + KMnO4 (0.8 g) 
4. Outlet (360 mL) + sludge (40 mL) + HNO3 (0.6 g) 
5. Outlet (360 mL) + sludge (40 mL) + MnO2 (1.4 g) 
6. Outlet (360 mL) + sludge (40 mL) + KMnO4 (0.8 g) 

6.8.3 Analytical method and problems found 

 Baseline/initial analyses were done for inlet water and the mixture of 
outlet+10% sludge (without chemical addition). These water samples 
were analyzed for parameters: TOC, COD, tot N, NH4-N, NO3-N, 
NO2-N, PO4-P. The water samples from the 6 bottles were taken and 
analyzed for the same parameters after the experiment went on for 3 
and 24 hrs. 

 Before running Dr. Lange cuvette analyses, all water samples were 
filtered through 0.55 mm filter. 

 The amount of chemicals added was based on stoichiometry that 
took only a certain possible reactions into consideration, but 
neglecting other reactions that might have also occurred. 

 There were precipitates in all flasks, but in flasks #2 and #5, it might 
have been just MnO2 that was insoluble. 

 
Fig. 11 Hammarby Sjöstadsverket´s Line 1: Aerobic treatment with activated 
sludge and biological nitrogen – and phosphorus removal (Levlin, 2009) 
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 pH = 2 in flasks #1 and #4 means that biological reaction might not 
occur. Therefore, buffering the solution was suggested (or adding less 
HNO3). 

 Suspended solids and/or precipitates were removed from the samples 
before being analyzed. 

 This time, phosphate analyses were included. 

6.8.4. Results on second experiments 

After second preliminary experiment was done the following results were 
gathered (Table 5 and 6): 

 

 

 

Sample PO4-P (mg/L) at t = 0 PO4-P (mg/L) at t = 3 h PO4-P (mg/L) @ t = 24h 

INLET  3.72   

#1 INLET + HNO3  8.07* (over) ** 

#2 INLET + MnO2  2.67 1.29 

#3 INLET + KMnO4  2.08 0.699 

OUTLET + sludge 1.55   

#4 OUT+sludge+HNO3  2.29 2.54 

#5 OUT+sludge+MnO2  0.522 ** 

#6 OUT+sludge+KMnO4  0.659 ** 

Note: * unreliable measurement, the method selected for analysis was over the range 

          ** analyses could not be made on these higher and lower ranges due to unavailable new method 

 

Table 5. Results for total phosphorus removal 

Sample pH 

at t = 0 

pH 

at t = 4 d 

EC (mS/cm) 

at t = 0 

EC (mS/cm) 

at t = 4 d 

T (
o
C) 

at t = 0 

T (
o
C) 

at t = 4 d 

INLET  8.00  0.83  15.4  

#1 INLET + HNO3 2.27 2.26 4.3 4.32 16.1 14.9 

#2 INLET + MnO2 7.26 6.95 0.75 0.72 16.0 15.1 

#3 INLET + KMnO4 7.85 7.97 2.07 1.95 16.2 15.3 

OUTLET + sludge 7.42  0.57  13.8  

#4 OUT+sludge+HNO3 2.21 2.13 5.35 5.30 14.3 15.8 

#5 OUT+sludge+MnO2 6.63 6.50 0.55 0.52 15.1 18.7 

#6 OUT+sludge+KMnO4 7.31 7.49 1.95 1.84 14.4 16.6 

 

Table 6. Results for pH, Conductivity and Temperature 
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6.8.4 Discussion 

Even though different parameters were measured, those believed to be 
the most important are discussed. 

 COD 

 INLET WATERS 
 All the flasks were closed and only a small hole was made 

to let the gases go out, but no external oxygen was 
supposed to come in the bottles. Thus, the dissolved 
oxygen had been consumed by the organic matter, that is, 
there was a reduction of the COD. It must be taken into 
account that unreliable measurements were made in case 
of KMnO4 treated water due to the strong purple color of 
the permanganate. 

 It is remarkable that KMnO4 solubilizes particulate 
organic matter and hence masks COD removal efficacy. 

 OUTLET WATERS 

 Again, hydrolyzed particles might be interfering in the 
experiment. 

 Total phosphorus (suspended and soluble phosphate) 

 It has precipitated with the KMnO4 and has been adsorbed by 
the MnO2 

 In case of HNO3 treated water samples, the phosphate 
concentration increases. The protons may have some 
interaction and remove the phosphate from the organic matter. 

 pH, conductivity and temperature 

 pH changes dramatically in case 1, where a high concentration 
of protons has been added. 

 

Fig. 12 Picture of the real plant 
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 Regarding the rest of the cases, pH, µ and T have no 
significant change. 

 Promising results were not found in nitrogen removal. Therefore, this 
branch was neglected. 

6.8.5 Further studies 

Due to the problems found, another experiment was performed taking 
into consideration the following statements: 

 NaHCO3 or a similar base may be added to HNO3 treated water 
samples with the intention of buffering the acidity caused by HNO3. 
Therefore, pH would always be kept no lower than 5 and no higher 
than 9. 

 Less KMnO4 should be added to lighten the strong purple color of 
this compound in aqueous solution. This could lead to a readable 
solution for the Dr. Lange equipment. 

 It was suggested to increase the amount of sludge content in both 
inlet and outlet water. 

6.9 Third preliminary experiment 

Another experiment that incorporated these suggestions was done 
afterwards. 

6.9.1 Water used 

The water tested for the experiment came from the same two sources, 
the inlet of Hammarby Sjöstadsverket and the outlet of line 1 pilot plant 
(aerobic activated sludge). However 10% volume of sludge to the inlet 
water and 30% volume of sludge to the outlet water were added. The 
chemicals/oxidants used were the same: HNO3, MnO2, and KMnO4. 
HNO3 and 10% NaOH were added drop by drop alternately to 
neutralize the pH of samples treated with HNO3. KMnO4 was also 
added much less to reduce the intensity of the color. 

6.9.2 Set up 

The set up were as follows: 

1. Inlet (400 mL) + HNO3 (0.5 mL) + 10% NaOH (0.45 mL) 
2. Inlet (400 mL) + MnO2 (1.4 g) 
3. Inlet (400 mL) + KMnO4 (0.1 g) 
4. Outlet (360 mL) + sludge (40 mL) + HNO3 (0.5 mL) + 10% 

NaOH (0.45 mL) 
5. Outlet (360 mL) + sludge (40 mL) + MnO2 (1.4 g) 
6. Outlet (360 mL) + sludge (40 mL) + KMnO4 (0.1 g) 

6.9.3 Problems found 

 The amount of KMnO4 added was very low (0.1 g) and created a 
light pink solution. After 24 hours, the pink color disappeared 
indicating the KMnO4 was used up sometime during that period. 
Filtration of this both KMnO4 treated water samples was also 
noticeably much slower. 

 The initial TOC and COD concentrations of inlet water were very 
low, much lower than the previous experiment. It might be due to 
snow melt that might have added the sewage volume but at the same 
time diluted the pollutants. 

6.9.4 Results on third experiment 

Results for the last preliminary experiment are shown (Table 7, 8 and 9). 
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Sample COD (mg/L) at t = 0 COD (mg/L) at t = 3 h COD (mg/L) at t = 24 h 

INLET +sludge 10% 180   

#1 IN+sludge+ HNO3  180 (0%) 146 (18.9%) 

#2 IN+sludge+ MnO2  129 (28.3%) 100 (44.4%) 

#3 IN+sludge+ KMnO4  185 (-2.8%) 308 (-71.1%) 

OUTLET + sludge 30% 51.4   

#4 OUT+sludge+HNO3  85.6 (-66.5%) 64.9 (-26.3%) 

#5 OUT+sludge+MnO2  45.9 (10.7%) 51.5 (0%) 

#6 OUT+sludge+KMnO4  105 (-104.3%) 180 (over) (> -250.2%) 

 

Table 7. Results for COD removal 

Sample PO4-P (mg/L) at t = 0 PO4-P (mg/L) at t = 3 h PO4-P (mg/L) at t = 24 h 

INLET +sludge 10% 4.6   

#1 IN+sludge+ HNO3  6.04 3.50 

#2 IN+sludge+ MnO2  3.18 1.37 

#3 IN+sludge+ KMnO4  2.04 4.25 

OUTLET + sludge 30% 2.06   

#4 OUT+sludge+HNO3  2.65 5.5 (over) 

#5 OUT+sludge+MnO2  0.451 (under) 0.995 

#6 OUT+sludge+KMnO4  1.26 3.01 

 

 

Table 8. Results for total phosphorus removal 

Sample pH 

at t = 3 h 

pH 

at t = 1 d 

EC 
(mS/cm) 

at t = 3 h 

EC 
(mS/cm) 

at t = 1 d 

T (
o
C) 

at t = 3 h 

T (
o
C) 

at t = 1d 

#1 IN+sludge+ HNO3 8.94 7.48 2.60 2.60 16.7 15.9 

#2 IN+sludge+ MnO2 7.37 6.53 0.69 0.66 15.6 16.2 

#3 IN+sludge+ KMnO4 7.99 7.99 0.79 0.80 16.4 16.3 

#4 OUT+sludge+HNO3 8.10 7.73 2.49 2.51 15.3 16.1 

#5 OUT+sludge+MnO2 6.57 6.41 0.53 0.53 14.9 16.5 

#6 OUT+sludge+KMnO4 7.03 7.41 0.66 0.66 15.5 18.2 

 

Table 9. Results for pH, conductivity and temperature 
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7. METHODS  

This project consists of three main experiments. The first one, a 
preliminary experiment to understand the adsorptive and oxidative 
properties of some oxidants (MnO2, KMnO4 and HNO3); in second 
place, a battery of constructed sand filters to analyze the adsorptive 
behavior of MnO2 as a function of concentration; a last one, which helps 
to gather information of the adsorptive behavior of MnO2 as a function 
of pH. 

7.1 Preliminary experiment 

Different waters coming from Stockholm´s WWTPs were used to 
analyze the oxidative and adsorptive properties of the three substances 
mentioned above. The procedure was as follows:  

 Preparing the waters with different mixtures of sludge.  

 Letting them stir taking samples in settled time-periods.  

 Filtrating the samples so as to get accurate measurements.  

 Taking advantage of Dr. Lange equipment to get results of different 
parameters (specified in Point 9).  

 Posterior discussion of results and discussion on the feasibility of the 
experiment. 

Three batches of experiments were done following these criteria and 
with slight changes from one to another. 

7.2 MnO2 dependency with concentration 

Several sand filters were constructed with different concentrations of 
MnO2, but maintaining the same amount of sand (Fig. 13). For each, the 
following procedure was established: 

 Around 110 g of sand were mixed with 5/10/15/20 g of MnO2 in 
the sand filter. 

 Water was pumped continuous and discontinuously from a vessel of 
approximately 10 L through the sand filters and was then collected in 
a 500 mL beaker. Water flow differs between 20 and 28 rpm 
depending on the sand filter. 

 Aluminum foil was wrapped around the sand filter so as to prevent 
light from initiating algal growth or photodegradation of MnO2. 

 pH was controlled at all time with a pH-meter. 

 Effluent samples from the filter were collected and filtrated through a 
0.45 µm and 50 mm of diameter membrane filter (mixed cellulose 
ester). Afterwards, they were saved in the fridge for posterior analysis. 
Influent samples were also gathered and analyzed. 

 Analyses were focused on phosphorus adsorption and COD 
reduction and were done using Dr. Lange and Aquatec equipments. 

 After this first experiment, similar criteria were followed reducing the 
sand amount to 60 g and adding 10/15 g of MnO2 

7.3 MnO2 dependency with pH-value 

Similar sand filters were used, this time maintaining the same 
concentration of MnO2 added (7 g) and varying the pH value of the 
water used from pH = 3.50 to pH = 9.50, at different time-intervals. 

The procedure was the same as the followed in the previous experiment. 
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7.4 Measurements 

7.4.1 pH-value 

It is an indicator of the acidity of a substance and it is determined by the 
free hydrogen ions number (H+) in it. The result of a pH measurement 
comes from the comparison between the number of protons (H+) and 
the number of hydroxyl ions (OH-). 

Water pH varies between 0 and 14 and it is calculated as the negative 
logarithm (base10) of H+ 

pH = -log10 [H+]                                                                                 (13) 

pH was measured with a pH meter. 

7.4.2 Conductivity (µ) 

Water conductivity is defined as its ability to conduct electricity. As the 
presence of too many cations and anions (conductive substances) is not 
desirable in water, the lower the conductivity, the better the water quality 
is. It is often measured in milliSiemens/cm (mS/cm) and the range in 
waters can differ from 5.5*10-4 mS/cm (ultra-pure waters) to 50 mS/cm 
(seawater). 

Conductivity was measured with a conductivity meter.  

7.4.3 Rest of parameters 

Rest of parameters, COD, TOC, NO3
-… and their calculations are 

gathered in the appendix. 

8. RESULTS  

8.1 Phosphorus and COD removal with concentration 

After finalizing the lab work all results were gathered. The first batch of 
results deals with the behavior of MnO2 as an adsorptive compound 
towards a change in concentration. With the same amount of sand added 
to the sand filter, the phosphorus adsorption capacity of manganese 
dioxide augments with the increase in its concentration (Fig. 14 & 15). 

In all the cases the maximum adsorption arrives in a short time-period 
(less than 4 hours). 

 

Fig. 13 General set up 
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The following chart shows the COD and PO4
- reduction in the first 90 

minutes (Table 10), as well as the maximum phosphorus reduction, in a 
comprehensive way. It is noticeable that maximum COD reduction 
values are not possible to be shown due to a lack of raw data. 

Another experiment, lowering the sand concentration in the sand filters 
to approximately 60 g, was made (Fig. 16, 17 and Table 11). 
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PO4-P & COD removal - 110 g of sand 

[MnO2] (g) COD red in first 90 min (%) PO4-P red in first 90 min (%) Max PO4-P red (%) 

20 15.5 69.2 70.2 

15 13.4 71.5 78.5 

10 3.6 34.9 67.9 

5 5.8 36.1 36.2 

 

Table 10. Raw data for total phosphorus and COD removal at different 
MnO2 concentrations 
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Fig. 16 Behavior of phosphorus removal with time (at a given MnO2 
concentration) 

PO4- & COD removal - 60 g of sand 

[MnO2] (g) COD red in first 90 min (%) PO4- red in first 90 min (%) Max PO4- red (%) 

15 50.0 44.0 62.9 

10 4.3 32.6 43.0 

 

Table 11. Raw data for total phosphorus removal and COD removal at 
different MnO2 concentrations 
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8.2 Phosphorus and COD removal with pH 

The second battery of results is related to the behavior of MnO2 as an 
adsorptive compound towards a change in concentration (Fig. 18, 19, 20 
and Table 12). With the same amount of MnO2 (7 g) and sand (60 g) 
added, the inlet water is treated both with NaOH and H2SO4 to get 
different pH values. 
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Fig. 17 Behavior of COD concentration with time (at a given MnO2 
concentration) 
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PO4- & COD removal vs. pH 

pH COD red in first 45 min (%) 
COD red in first 2 h 
(%) 

PO4- red in first 45 min 
(%) 

Max PO4- red 
(%) 

9.50 -5,9 -17.6 78.2 83.6 

7.50 0.0 10.0 57.0 59.3 

6.80 0.0 0.0 40.2 41.8 

3.50 43.8 62.5 53.8 57.9 

 

Table 12. Raw data for total phosphorus removal and COD removal at 
different MnO2 concentrations 
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8.3 Adsorption rates 

Adsorption is often represented by Langmuir or Freundlich equations 
(or adsorption isotherms). At a given temperature, adsorptive materials 
present a similar behavior and draw a similar-shape plot: a semi-curve 
that is over the equilibrium line for adsorption, and under this same line 
for desorption (Fig. 21). 

Freundlich equation is given by: 

q = Kf * cn                                                                                          (14) 

Where  q: adsorbed mass per unit of adsorbent 

                          c: concentration of the adsorbed substance in the fluid 

                           Kf and n: constants (vary with T and c) 

Transferring the data obtained for 15 and 20 g of MnO2 added in the 
first batch of sand filters (Fig. 22) similarities with the example of a 
Freundlich curve given before can be seen. 

 

Fig. 21 Freundlich adsorption isotherm example (wikipedia) 
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A similar analysis was made plotting the rate of PO4-P consumed in the 
sand filter vs. time (Fig. 23). 

9. DISCUSSION AND CONCLUSIONS  

After data exposure, the following discussion is made: 

 In all the experiments the saturation of the sand filter (the point in 
which there is no more MnO2 surface area that can be used to adsorb 
the phosphate) arrives very soon, probably because the amount of 
MnO2 added is not sufficient for longer experiments. 

9.1 Phosphorus and COD removal with concentration 

 Regarding phosphorus and COD removal, the highest value works 
both in the first 90 min and as a maximum with the 15 g sand filter. 
If a deeper analysis is made, it can be seen that initial phosphate 
values are not common for the different sand filters, owing to the 
fact that initial waters come from different dates. Therefore, it is easy 
to understand that the most efficient sand filter is the one with the 
highest MnO2 concentration. On the other hand, the least efficient is 
that one which has a lower MnO2 concentration. 

 Concerning phosphorus removal, the three first cases show a nice 
reduction percentage (close to 70%). However, it seems that 5 g of 
MnO2 are not enough to reach a nice removal percentage, at least 
with that sand concentration. 

 Focusing on COD removal, the reduction values are pretty low in all 
cases, probably due to the fact that there is a dearth of 
microorganisms, that is, the effluent from the WWTP is quite clean in 
biodegradable material. Had microorganisms been added to the 
environment, the removal efficiency of COD would have been much 
higher. In other words, the mechanism in which COD is oxidized by 
microorganisms is not working now. Nevertheless, this existing 
reduction might be explained by adsorption of non-biodegradable or 
slowly biodegradable material. 
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 A second batch of experiments was done reducing the sand 
concentration to 60 g of sand per sand filter. The expected 
adsorption percentage was higher than the one obtained before. 
However, this was not what happened (Table 11). A possible reason 
is the pH. In the next section MnO2 behavior at different pH values 
is discussed. Broadly speaking, the higher the pH, the better 
phosphate removal. The pH in the inlet water to the sand filter in this 
batch of experiments is 6.60. In the same way, the pH in the same 
batch was a little bit higher. For that exact reason could this behavior 
have happened. 

 The retention time of the water in the sand filter is quite low. If 
pump speed is settled at 22.0 rpm and taking advantage of Fig. 28 in 
the Appendix: 
y = 102.89x                                                                                   (15) 
Yielding: 
x = 22.0/102.89 = 0.21 mL/s                                                       (16) 

9.2 Phosphorus and COD removal with pH 

 There is elimination of phosphorus at every pH through adsorption 
(probably chemical adsorption). The percentage of adsorption 
behaves proportionally with the pH. At high pH values, this number 
is higher, whereas low pH values lead to lower adsorption 
percentages. For pH values under 7.50, the adsorption percentage is 
not very high due to the MnO2 concentration, which is around 7 g of 
compound per 60 g of sand. 

 At very low pH values, there is a slight increase on the phosphate 
removal, probably due to the fact, again, that H2SO4 is now helping 
the system with oxidation activity. 

 COD removal is only remarkable at very low pH values. It can be 
explained by the addition of H2SO4, which oxidizes the organic 
matter. Humic acids might also be easier to adsorb by MnO2 at those 
pH values. 

 pH behaves similarly in all the cases. There is a starting forced value 
(3.50, 7.50 or 9.50); a change of pH during the running time; and a 
pH auto-adjustment to the first value when the filter is saturated. 

10.  FURTHER STUDIES  

After a deep examination of the results, further studies are 
recommended to improve the viability in the application of the 
experiment. 

 Removal efficiency of manganese dioxide and permanganate of 
different parameters: 

 Organic materials 

 Phosphate 

 Ammonium 

 Pharmaceuticals 

 Pathogens 

 Recovery system (Fig. 24) 

 Laboratory scale experiments to try to recover MnO2 by 
precipitating Mn+2 with O2. Recirculation of Mn+4 

 Recovery of adsorbed/ion exchanged materials (dissolution or 
chemical oxidation). 
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 Transfer of laboratory scale experiments to pilot-plant scale or full 
scale. 

 Cost analyses and impact on the environment 

 It is suggested an economical study (feasibility) of the research 
be done. Viability of the project taking economical parameters 
into consideration, such as price of compounds, amount of 
chemicals needed (at large scale), incorporating both scientific 
and economical knowledge. 

 Use of manganese compounds as an alternative pathway to obtain 
dinitrogen. Totally different from the research done, but interesting 
and promising, according to literature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24 Example of possible regeneration system of permanganate and 
manganese dioxide  
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Hammarby Sjöstadsverket´s homepage: www.sjostadsverket.se 

 

http://www.aiche.org/
http://www.nesc.wvu.edu/
http://www.environ.se/
http://www.ncsu.edu/
http://www.arizona.edu/
http://www.valt.helsinki.fi/
http://www.sjostadsverket.se/
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APPENDIX I-EXPERIMENTAL INSTRUCTIONS  

  Down flow Bioreactors (DBRs) or sand filters 

In order to be able to discuss the results, several identical DBRs with a 
volume of approximately 125 cm3 were constructed. 

   Materials 

Various materials were used during the research work and most of them 
came from different sources. 

Municipal wastewater was collected from Hammarby WWTP in the city 
of Stockholm, Sweden. Treated water, such as supernatant and sludge, 
was obtained from KTH-IVL Hammarby Sjöstadsverket pilot plant. 

Different chemicals were used: 

 Manganese(IV) oxide (MnO2) was supplied by Professor Mona 
Johansson at the KTH Chemistry Department. 

 Potassium permanganate (KMnO4) was gathered from Monica 
Löwén from the KTH Department of Land and Water Resources. 

 Sulfuric acid (H2SO4) in a concentration of 65% and sodium 
hydroxide (NaOH) were used to change the pH values of the studied 
waters, and were also taken from KTH-IVL Hammarby 
Sjöstadsverket pilot plant. In this same place some of the experiments 
were done. Dr. Lange equipment was used to obtain data for 
different parameters: NO2-N, NO3-N, tot-N, PO4-P, COD and TOC 

 Sand: 0.2 mm in size; washed and clean; contains only quartz as an 
impurity; specially made for sand filters. 

The following materials were used to make the sand filters: 

 8 cm diameter sand filter was used. Height of mixture reached about 
2.5 cm. 

 The sand filters were made taking advantage of a thick plastic tube, 
covered by two different filters: firstly, a double layer consisting of 
two 9 cm Munktell® filter papers; lastly, a cover up of a Schleicher & 
Schuell® folded filter with a diameter of 150 mm. 

 A peristaltic pump was used to pump the effluent up through the 
hose. 

   Analyses for different samples 

Depending on the sample and date, different analyses were made. 
However, all of them can be found in the following list: total COD, 
NO3

-, NH4
+, TOC, PO4

3-, pH, conductivity. 

Filtrated samples were stored in the freezer, whereas non-filtrated 
samples were put in the refrigerator. When suspended particles in 
wastewater get into the freezer, they get frozen and when they are 
brought again to room temperature, they break and let some reactions 
happen. That is the reason why samples must be filtrated before being 
stored in the freezer. 

  Different COD and phosphorus determination methods 

   Dr. Lange equipment 

Total phosphorus / Ortophosphate: phosphate ions react with 
molybdate and antimony ions in an acidic solution to form an antimonyl 
phosphomolybdate complex, which is reduced by ascorbic acid to 
phosphomolybdenum blue (company leaflet). 
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   Aquatec system – Flow injection analyzer 

 

 

 

1. The sample is aspirated by the peristaltic pump (A) through the 
sample aspiration tube (B). 

2. The sample fills the loop (C) during a period of time determined by 
the system. 

3. The sample is introduced into the carrier stream (D) by the rotary 
injection valve (E). 

4. The carrier stream transports the sample plug to one or more 
merging points in the Chemifold® where the reagents (G) are added. 

5. The merging points can be seen from the front of the cassette. 
6. The sample plug becomes colored as a result of the chemical reaction 

taking place between sample and reagents. This color change is 
detected in a photometer located at the rear of the 5400 Analyzer. 

Determination of phosphate: Ammonium molybdate reacts with 
ortophosphate to form the heteropoly molybdophosphoric acid, which is 
reduced in a second step to phosphomolybdenum blue by stannous 
chloride in a sulphuric acid medium. The intensive blue color of the 
formed heteropoly compound is measured at 690 nm (Löwén, 2010). 

 

Fig. 25 Schematic view of the FIA 
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   Traditional method 

1. Pipette 20 mL of sample solution into a 50 mL flask. 
2. Add 1 mL 4.5 M H2SO4 and 4 mL 0.002 M KMnO4. Dilute 0.02 M 

to 0.0002 M KMnO4 just before titration as potassium 
permanganate´s sustainability is short at low concentrations. 

3. Cover the flask with aluminum foil and place it in a dark space. 
4. Place the flask either in a boiling water bath or directly on a hot plate. 

Make sure it does not boil vigorously. Boil it for exactly 20 minutes. 
Cool the flask in cold water.  

Reaction: MnO4
- + 8 H+ + 5 e-  Mn+2 + 4 H2O                        (17) 

Permanganate (VII) is reduced to manganese divalent, while the 
organic material is oxidized. 

5. Add 2 mL 0.1 M KI (surplus) (this solution gives a yellow color) and 
5 drops of indicator. The solution turns green. 

Reaction: 2MnO4
- + 16H+ + 15I-  2Mn+2 + 5 I3

- (yellow) + 8H2O 
(18) 
Permanganate (VII) which has not reacted previously now is reduced 
to manganese divalent with regard to iodine ions. In the meanwhile, 
the iodide oxidizes to triiodide. 

6. Fill a burette with 0.01 M Na2S2O3 and titrate immediately. This will 
provide the color change. 

Dark Green  Dark Blue Light Blue  Transparent 

Reaction: I3
- + 2 S2O3

-2  3 I- + S4O6
-2                                         (19) 

Triiodide reduces to iodide with regard to tiosulphate 
7. Record the volume of Na2S2O3 wasted. Calculate and enter the 

amount of organic materials as mg KMnO4/L or as mg O2/L 

 

 

 
 

Fig. 26 Example of raw data from the FIA 
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APPENDIX II  -  MISCELLANEOUS  

Pictures of the experiments are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 27 
Effluent from 
L1 getting 
through the 
sand filter 

 

Fig. 28 Prepared water at different pH values getting through the sand filter 
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   Pump calibration 

The pump was calibrated to change data in rpm to mL/s. 
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Fig. 29 Pump calibration curve 


