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SUMMARY IN SWEDISH  

Fastläggning av fosfor i reaktiva filtermaterial – faktorer som påverkar 
sorptionskapaciteten  

 

Fosfor är ett essentiellt ämne för allt levande, det är en av byggstenarna i vårt DNA 
och den viktigaste beståndsdelen i den energibärande molekylen ATP. Genom 
historien har människan återfört fosfor till jordbruket, genom att bränna grödor eller 
använda gödsel, för att på så vis öka avkastningen på skörden. Idag använder vi 
istället kommersiella gödningsmedel med höga koncentrationer av fosfor, vilket fås 
genom extraktion av fosfor från fosfatrika bergarter. Dessa bergarter är dock 
begränsade och vi närmar oss nu den punkt då lättillgängliga och högkvalitativa källor 
snart kommer att ta slut och inga fosfatrika gödningsmedel kan då tillverkas. 
Eftersom jordens befolkning hela tiden växer skulle bristen på sådana gödningsmedel 
få katastrofala följder, såsom svält. För att undvika detta är det därför viktigt att till så 
stor del som möjligt återanvända den fosfor som passerar genom samhället och 
släpps ut i våra avlopp. De enskilda avlopp som finns i Sverige idag har ofta 
undermåliga rening och de svarar tillsammans för cirka 20% av fosforutsläppen. 
Genom att komplettera dessa anläggningar med reaktiva filtermaterial kan direkta 
fosforutsläpp till ytvatten förhindras. Filtermateralen byts ut efter en viss tids 
användning och kan sedan användas i jordbruket som gödningsmedel och på så vis 
recirkuleras fosforn.  

Effektiviteten hos reaktiva material påverkas av flera parametrar, såsom pH, specifik 
yta och hydrauliska egenskaper hos materialet, distribution av avloppsvattnet och 
dess sammansättning. För att jämföra den fosforavskiljande kapaciteten hos tre olika 
material har därför två olika kolonnförsök med avloppsvatten från hushåll utförts. 
Det första försöket inkluderade filtermaterialen Polonite och hyttsand (BFS) och var 
ett försök i pilotskala som genomfördes i två etapper; med avloppsvatten 
innehållande höga respektive låga koncentrationer av organiskt material. I detta 
försök undersöktes effekten av organiskt material på fosforavskiljningen hos de två 
materialen, dessutom studerades även avskiljningen av indikatorbakterier 
(Enterokocker) och organiskt material (TOC). Det andra försöket genomfördes på 
laboratoriet med avloppsvatten med höga koncentrationer av organiskt material. I 
detta experiment jämfördes den fosforavskiljande kapaciteten hos Polonite och 
Sorbulite i ett recirkulerande system där det filtrerade vattnet återcirkulerades till den 
inkommande vattenvolymen. Parametrarna som undersöktes var, förutom 
fosforavskiljningen, även avskiljningen av bakterier (E.coli och Enterokocker), kväve 
och TOC.  

Resultaten från studierna visade en högre avskiljning av fosfor då avloppsvatten med 
låga koncentrationer av organiskt material användes. Dessutom hade Polonite en 
högre kapacitet för avskiljning av såväl fosfor/fosfat och bakterier jämfört med såväl 
BFS och Sorbulite. Sorbulite visade en högre avskiljning av TOC och kväve jämfört 
med Polonite, som i sin tur hade en högre avskiljning av TOC jämfört med BFS. 
Såväl Polonite och BFS visade en högre procentuell avskiljning av bakterier då 
avloppsvatten med höga koncentrationer av organiskt material användes. Då de 
numerära resultaten visade på en lägre bakteriehalt vid användandet av avloppsvatten 
med låg koncentration organiskt material tillskrivs detta dock till den högre 
koncentrationen av bakterier i avloppsvatten med hög koncentration av organiskt 
material. För att säkerställa en god avskiljning av såväl fosfor som bakterier, samt 
förlänga livstiden för filtermaterialet, bör därför avloppsvattnet förbehandlas så att 
BOD7 understiger 20 mg/L.   
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SUMMARY  

Phosphorus is an essential component in all living organisms; it is one of the 
components of the DNA and the key element in the energy supplying molecule 
adenosine triphosphate (ATP). Throughout the history, humans have been recycling 
phosphorus to agriculture; thereby increasing the yield, examples of this includes the 
burning of plants and the use of manure. Today, we rely on commercial fertilizers 
with high concentrations of phosphorus. The manufacturing of these products 
include extraction of phosphorus from phosphate rock. However, phosphate rock is 
a limited and non-renewable resource and the reserves are declining. The population 
on our planet in constantly increasing, hence the shortage of fertilizers would have 
consequences of catastrophic measurements, the most obvious being starvation. In 
order to avoid this scenario it is of uttermost importance to reuse the phosphorus 
that passes through our society and is subsequently released in the wastewater. The 
inadequate small-scale wastewater treatment facilities in Sweden of today are 
contributing with 20% to the release of phosphorus. By implementing the use of 
reactive filter materials in these systems, direct release of phosphorus to the recipient 
can be prevented. After a period of time these materials have to be exchanged, and 
they can thereafter be used as fertilizers, thereby re-cycling the phosphorus back to 
agriculture.  

The effectiveness of the reactive materials is affected by several parameters, such as 
pH, specific surface area, hydraulic properties of the material and the characteristics 
and distribution of the wastewater. In order to compare the phosphorus retention 
capacity in three different materials, two experiments utilizing septic-tank wastewater 
was conducted. The first was a pilot-scale-experiment that included Polonite and 
blast furnace slag (BFS) as filter materials. This experiment was conducted in two 
phases, using wastewater with high respectively low concentrations of organic matter. 
The study investigated the effect of organic matter on the phosphorus retention 
capacity in the materials; additionally the reduction of indicator bacteria 
(Enterococci) and organic matter (TOC) was studied. The second experiment was 
conducted at the laboratory, using wastewater with high concentrations of organic 
matter. In this study, the phosphate retention capacity in Polonite and Sorbulite was 
investigated in a re-circulatory system, where the treated wastewater was re-circulated 
back to the influent volume of water. The additional parameters investigated in this 
experiment were the removal of nitrogen and TOC as well as the retention of 
indicator bacteria (E. coli and Enterococci).  

The results showed that Polonite performed better compared to the other materials 
with regards to the removal of phosphate, total phosphorus and bacteria. Sorbulite 
had a higher removal rate of TOC and total inorganic nitrogen (TIN) compared to 
Polonite, which in turn removed more TOC than BFS. Furthermore, both Polonite 
and BFS had a higher phosphorus retention capacity when using wastewater with low 
concentrations of organic matter. These two materials showed a higher percentage 
reduction of indicator bacteria when using wastewater with high concentrations of 
organic matter. However, since the results showed that the bacteria count in the 
effluent was lower when using wastewater with low concentrations of organic matter, 
the higher reduction rate was therefore ascribed to a higher concentration of bacteria 
in wastewater with high concentrations of organic matter. Therefore, the conclusion 
was drawn that low concentrations of organic matter is preferable also in respect of 
bacteria reduction. In order to ensure a high removal of phosphorus and bacteria, as 
well as to prolong the lifetime of the filter material, the wastewater should be pre-
treated to obtain a BOD7 value below 20 mg L-1.  
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ABSTRACT  

Small-scale wastewater treatment facilities and on-site residential treatment and disposal 
systems release substantial amounts of phosphorus to recipient waters due to the lack of 
innovative technologies in wastewater treatment. It is therefore of great importance to 
develop and optimise reactive filter materials for removal and subsequent reuse of 
phosphorus from these systems. In addition, the factors that could impede field 
implementation of filters to prevent further pollution should be considered. The 
phosphorus removal capacity of filter materials is dependent on several parameters, some 
of which are considered in this thesis. Three different materials, Polonite, blast furnace slag 
(BFS), and a novel material (Sorbulite) were compared for their removal capacities of 
phosphorus, bacteria and total organic carbon (TOC). Polonite and Sorbulite were also 
investigated for their ability to remove nitrogen. Furthermore, the effect of different 
organic loadings on the removal of phosphorus and bacteria in Polonite and BFS was 
studied using pre-treated and untreated wastewater. The results showed that Polonite 
performed better than the other materials with regard to removal of phosphate, total 
phosphorus and bacteria. The superior performance of Polonite is probably attributable to 
its higher pH. Sorbulite had a higher removal rate of TOC and total inorganic nitrogen 
(TIN) than Polonite, which in turn removed more TOC than BFS. Both Polonite and BFS 
performed better with regard to bacteria and phosphorus removal when using treated 
wastewater. The results show the importance of effective removal of organic matter prior 
to the filter in order to ensure high removal of phosphorus and to prolong the lifetime of 
the materials. A combination of filters connected in series, with e.g. Sorbulite as a first 
material to reduce TOC and TIN, followed by Polonite as the second to remove 
phosphorus, would provide efficient treatment of wastewater in small-scale systems. 

Key words: Column experiment; substrates; Polonite, blast furnace slag, 
Sorbulite, phosphorus, Enterococci, E. coli, total organic carbon, 
nitrogen, organic load 

1. INTRODUCTION  

Phosphorus is an essential component in all 
living organisms; it is one of the 
components of DNA and the key element in 
the energy-supplying molecule adenosine 
triphosphate (ATP). Since phosphorus is 
essential to all life, it cannot be replaced by 
other elements and therefore has no 
substitute in food production (Cornel and 
Schaum, 2009). Today, the use of 
phosphorus fertilisers in agriculture is having 
to increase in order to produce more food 
for the growing population. At present, 80-
90% of the phosphate rock that is mined is 
used for food production and by 2050 the 
production will have to increase by 70% to 
meet the demand (Cordell et al., 2009). Since 
phosphate rock is a limited and rapidly 
declining resource, it is of great importance 
to implement a more sustainable use of 

phosphorus. This is especially crucial when 
taking into consideration that only 20% of 
the mined phosphorus reaches the food that 
we consume, due to losses through e.g. 
mining, erosion and runoff, no recycling of 
phosphorus-rich waste and accumulation of 
excessive phosphorus in soils, etc.  

Most of the phosphorus that is consumed by 
food is excreted and the global population 
excretes around 3 million tons of 
phosphorus annually through urine and 
faeces (Cordell et al., 2009), thereby making 
wastewater an important source of 
phosphorus. The Swedish Environmental 
Protection Agency has stated a long-term 
objective to recycle the nutrients from 
sewage to land without risks for the 
environment or health. One of the 
milestones for this objective is that 60% of 
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the phosphorus in sewage must be recycled 
to productive land by 2015 (SEPA, 2002). 
Significant research has been undertaken to 
investigate how to recover phosphorus from 
wastewater (Greaves et al., 1999; Gustafsson 
et al., 2008; Bird and Drizo, 2009; Cornel 
and Schaum 2009; Renman and Renman 
2010; Vohla et al., 2011).  

The on-site treatment of wastewater with 
reactive filter materials presents an 
opportunity not only to remove but also to 
recycle phosphorus from wastewater 
(Johansson, 1998). Substantial, world-wide 
research has proven the phosphorus 
removal capacity of such materials 
(Johansson Westholm, 2006; Vohla et al., 
2011). The main purpose of such materials is 
to remove phosphorus from wastewater to 
concentrations according to effluent criteria, 
such as the limit applied in Sweden of 1 mg 
total phosphorus per litre. Investigations of 
these materials differ greatly; the majority 
have been studied using synthetic solutions, 
while few have been tested using real 
wastewater. Many of these materials are 
alkaline and several full-scale systems have 
shown that a successive pH drop with time 
is correlated to a decrease in the efficiency of 
phosphorus removal. There is also reason to 
suspect a corresponding effect of organic 
load, which can vary significantly depending 
on the pre-treatment of the wastewater. 
Organic load, including bacteria, might 
prevent the removal of phosphorus by the 
filter material, thus reducing its lifetime 
considerably. Laboratory experiments (van 
der Houwen et al., 2003; Alvarez et al., 2004) 
have shown that the presence of organic 
ligands can prevent the formation of calcium 
phosphate, which is one of the most 
important mechanisms for the removal of 
phosphorus (Gustafsson et al., 2008). Hence, 
there is a need for research on the influence 
of organic matter on phosphorus removal in 
these materials and how it affects the 
lifetime of the filter.  

Contamination of groundwater by on-site 
wastewater containing pathogenic 
microorganisms was described over 20 years 
ago (Craun, 1985; Yates and Yates, 1988). 
Furthermore, disposal of wastewater to 

recipient waters is common and thereby 
implies a human health risk. In order to 
detect contamination of wastewater in 
recipient waters and thereby avoid outbreaks 
of contagious diseases, faecal indicators are 
used. According to the National Food 
Agency in Sweden (2012), the main 
organisms used to detect contamination 
from sewage are Eschericia coli and intestinal 
Enterococci. Furthermore, the spent 
materials from wastewater filter systems are 
intended for recycling of phosphorus to 
agriculture (Renman, 2008; Cuccarella, 2009) 
which constitutes an additional reason to 
investigate the fate of bacteria in these 
materials. 

In order to evaluate the recycling of 
phosphorus from wastewater treatment to 
agriculture using filter materials, several 
studies have been performed. Kvarnström  
et al. (2004) reported almost all inorganic 
phosphorus in filter materials used in 
infiltration basins and subsurface wetlands 
to be easily soluble and mobile. This was 
consistent with findings by Gustafsson et al. 
(2008) that the phosphorus bound in 
different filter materials is in the form of 
tricalcium phosphate, thus indicating that 
some of the phosphorus is plant-available. 
Bird and Drizo (2009) showed that spent 
steel slag materials from old filters treating 
wastewater can be used as an effective slow 
release phosphorus source and that when 
applied to arable land, P-enriched slag did 
not pose any environmental risks. Other 
investigations have also shown that filter 
materials used in treatment of wastewater 
have potential as fertilisers (Hylander et al., 
2006; Cucarella et al., 2007; Cucarella et al., 
2008; Cucarella et al., 2009; Kõiv et al., 2012). 
Moreover, Jenssen et al. (2005) reported low 
concentrations of metals in filter materials, 
while Jenssen et al. (2010) showed that 
Filtralite-P from filter beds met Norwegian 
regulations on reuse in agriculture with 
regard to heavy metals and pathogens. 
Although further research is needed in terms 
of efficiency and safety in recycling of 
phosphorus through different kinds of 
substrates, the results obtained to date 
indicate the possibility for more sustainable 
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use of phosphorus by recycling reactive filter 
materials to agriculture.  

1.1. Scope and objectives 

The scope of this thesis was to investigate 
and further enhance the phosphorus 
removal capacity of reactive filter materials 
used for on-site wastewater treatment. The 
overall context was how this technology can 
be improved in order to contribute to the 
recovery and sustainable recycling of 
phosphorus. This aim is consistent with the 
Swedish long-term objective of recycling 
nutrients from sewage to land without risks 
for the environment or health.  In the light 
of this target, the thesis also considers the 
bacteria removal capacity of the materials, in 
order to enable sanitary safe recycling of 
phosphorus from wastewater treatment 
facilities. Furthermore, in order to reduce 
the footprint of the filters when applied in 
real-life situations, and therefore minimise 
their costs, the „worst case scenario‟ was 
selected for operating filters, i.e. small 
volumes of filter materials and high 
hydraulic loadings. 

The main objective of this thesis was: 1) to 
study and compare the removal of 
phosphorus, bacteria and total organic 
carbon (Papers I and II) in three different 
filter materials. Additional objectives 
included: 2) investigation of the impact of 
organic matter loading on the removal of 
phosphorus and bacteria (Paper I); 3) 
comparison of pollutant removal 
performance by a new material (Sorbulite) 
with that of two materials that have already 
been tested in field situations in Sweden and 
the US; and 4) use of a new methodology as 
a tool for laboratory selection of filter 
materials to treat wastewater (Paper II). The 
removal of nitrogen in two of the materials 
was also examined to a limited extent (Paper 
II). 

 

2. BACKGROUND  

2.1. The use of phosphorus  

Throughout history, humans have been 
growing crops and also, although not always 
knowingly, recycling phosphorus back to the 

soil, thereby gaining higher yields and 
consequently more food. Examples of this 
include the burning of plants and thereby 
release of previously plant-unavailable 
phosphorus to crops, as performed by 
hunter-gathers 40 000 years ago. In China, 
human excreta have been used to increase 
crop yields for at least 5 000 years and 
during the medieval period in England, the 
nobility allowed peasants to graze sheep on 
their land in exchange for the sheep 
droppings. However, this recycling of 
phosphorus has changed over time. During 
the Industrial Revolution, many people 
moved to cities, causing the population 
density to increase. Outbreaks of diseases, 
such as cholera, also increased, mainly owing 
to the poor management of excreta. This 
was an important milestone in the Sanitary 
Revolution, which resulted in a shift in the 
mode of disposal of human waste, and the 
phosphorus recycling society became a 
phosphorus through-put society (Ashley  
et al., 2011).  

Soil degradation in Europe in the 17th and 
18th century led to a search for fertilisers in 
order to increase crop yield. The discovery 
and mining of phosphate rock in the 20th 
century caused the use of fertilisers to grow 
exponentially (Ashley et al., 2011). Since the 
use of the fertilisers saved millions of people 
from starvation, today we cannot produce 
enough food without these fertilisers 
(Cordell et al., 2009). Phosphate rock is the 
collective name for all natural calcium 
phosphates and deposits found in the 
Earth‟s crust throughout the world. 
However, high rate phosphate rock is mainly 
found in five parts of the world; North 
Africa, the US, South Africa, Russia and 
China (Driver et al., 1999). Phosphorus has a 
biogeochemical cycle of several million 
years. Consequently, in the human space of 
time, no formation of phosphate rock will 
take place, making it a limited and non-
renewable resource. Therefore, once 
phosphorus is transported to the oceans, it 
can be considered as used and it is not 
possible to re-cycle it back to agriculture 
(Cornel and Schaum, 2009). The current 
known reserves of phosphate rock will be 
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depleted within the next 100 years, before 
this, we will reach a point where the 
accessible reserves of high quality phosphate 
rock are depleted, leaving inaccessible 
reserves with lower quality (Cordell et al., 
2009). This point, known as peak 
phosphorus, is estimated to occur by 2035 
(Cordell et al., 2011). The equation with 
increasing population and depleting 
resources of phosphorus does not add up 
and it is crucial that we return to the 
phosphorus recycling society (Ashley et al., 
2011).  

2.2. Phosphorus and nitrogen 
recycling 

In order to integrate a more economic and 
sustainable approach to the use of 
phosphorus and to avoid excessive 
fertilisation, as well as leakage of phosphorus 
to recipients, intensive research has been 
undertaken to customise the use of fertilisers 
(Sharpley and Withers, 1994; Günther, 1997; 
Sharpley et al., 2001; Ulén and Jakobsson, 
2005). However, there is still a massive 
amount of phosphorus loading into water 
courses originating from human activities, 
e.g. agricultural operations, urban and rural 
development, stormwater and residential and 
municipal wastewater treatment systems. It 
is therefore of great importance to put 
efforts into the recovery of phosphorus 
from wastewater.  

In Sweden today, most households are 
connected to municipal treatment plants 
(SEPA, 2002), and the nutrient reduction 
level is high even in smaller treatment plants 
(SEPA, 2004). In these treatment plants, 
phosphorus can be recovered either from 
the water phase or from the activated sludge, 
with recovery rates of about 40-50% from 
the water phase and 90% from the sludge. 
However, the cost of such recovery greatly 
exceeds the cost of phosphorus mined from 
phosphate rock (Cornel and Schaum, 2009). 
Furthermore, phosphorus removal in 
wastewater treatment plants is performed 
through addition of chemicals, resulting in 
massive production of sewage sludge that is 
applied to farmland in most parts of the 
world. This sludge contains phosphorus and 

many detrimental substances that end up 
directly in water courses at each rain event. 
In addition, current wastewater treatment 
plants are not designed to treat unwanted 
substances in the sludge, thereby making it 
less suitable for use in agriculture. 
Continuous efforts are being made to solve 
this problem (Levlin et al., 2002; SEPA, 
2006). 

Unlike households in urban parts of Sweden, 
those in rural areas are not connected to 
municipal treatment plants. In contrast to 
other sources, the amount of phosphorus 
from private sewers, such as municipal 
treatment plants and industries, has 
increased from the 1950s to 2000. At the 
end of this period, 20% of the phosphorus 
released to waters in Sweden originated from 
private sewers, making wastewater from this 
source an important phosphorus resource 
(SEPA, 2004). Since these systems are 
located near agricultural areas and the 
sewage is not contaminated to the same 
extent as in urban areas, the conditions for 
recycling of phosphorus from this 
wastewater should be explored (SEPA, 
2002). 

In contrast to phosphorus, aqueous 
nitrogen, in the form of nitrate, can be 
converted to gaseous nitrogen, thereby 
enabling natural recycling. Furthermore, 
Swedish freshwaters, unlike those in the US, 
are not very sensitive to discharges of 
nitrogen from infiltration beds. It is 
therefore proposed that the conversion of 
ammonium to nitrite, and not nitrogen 
removal, should be of interest in small-scale 
wastewater treatment units in Sweden 
(SEPA, 2012).  

2.3. Filter materials 

In the effort to work towards a more 
sustainable society, substantial research is 
being undertaken to investigate different 
filter materials for recovery and subsequent 
recycling of phosphorus from small-scale 
wastewater treatment units (Johansson, 
1997; Mann, 1997; Drizo et al, 1999; Drizo  
et al, 2002; Johansson Westholm 2006; Vohla 
et al., 2011). These materials differ in their 
origin; some are naturally occurring, some 
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are by-products from industries and some 
are manufactured for the removal of 
phosphorus or other purposes. Three such 
materials were studied in this thesis, one by-
product and two manufactured products.  

Polonite is a commercial product, available 
in Sweden for phosphorus removal from 
wastewater. The material is manufactured in 
Poland from the siliceous sedimentary rock 
opoka, a material that has been investigated 
for its phosphorus-retaining capacity 
(Johansson and Gustafsson, 2000; 
Brogowski and Renman, 2004). Polonite is 
manufactured by heating opoka to 900 °C, 
causing calcium carbonates to transform into 
calcium oxides, which are more reactive. 
After this transformation, which is aimed at 
enhancing the phosphorus removal capacity 
of the material, it is crushed and sieved to 
appropriate size, usually 2-5.6 mm (Renman 
and Renman., 2010). Polonite has been 
thoroughly investigated for its phosphorus 
retention capacity in batch, column and full-
scale experiments, in which good reduction 
of phosphorus has been reported (Renman 
et al., 2004; Gustafsson et al., 2008; Renman 
and Renman, 2010). 

Blast furnace slag (BFS), one of the three 
by-products (electric arc furnace, iron 
smelter slag) from steel production, has been 
thoroughly investigated for phosphorus 
removal over the past 15 years (Drizo et al., 
2008). The material used in this thesis was 
provided by Merox AB, Oxerlösund, 
Sweden. BFS originates from integrated steel 
mills, where iron ore is melted in blast 
furnaces. During the production of BFS, a 
combination of iron-ore and steel scrap is 
melted in the blast furnace along with 
fluxing agents and the molten impurities of 
the steel scrap. After the molten material is 
cooled, it solidifies, the metallic component 
is removed (fed back into the steel mill) and 
the non-metallic component is crushed to 
form BFS. Each of the steel slag materials 
has unique physicochemical and 
mineralogical properties that are dependent 
on their production processes (Drizo et al., 
2008). The BFS material has been 
investigated most frequently, and since the 
first studies in Japan two decades ago 

(Yamada et al., 1986), it has been tested for 
phosphorus removal in laboratories across 
the world (Baker et al., 1998; Johansson, 
1999; Johansson Westholm, 2006). BFS has 
been widely studied for its ability to retain 
phosphorus and promising results have been 
reported (Sakadevan and Bavor, 1998; 
Johansson, 1999; Oğuz et al., 2004; 
Gustafsson et al., 2008). 

Sorbulite (trademark pending) is made by 
crushing autoclaved aerated concrete (AAC), 
which is used in building, for insulation 
purposes and as reinforcement in house 
construction. AAC is produced by foaming a 
mixture of sand and/or fly ash with lime and 
cement. The foaming is activated by 
aluminium powder and the product is then 
autoclaved, converting the minerals into 
torbermorite, a strong crystalline structure 
(Hellers and Schmidt, 2011). Only a few 
studies have been performed on the removal 
of phosphorus from water using AAC, but 
the results of these are promising (Oğuz et 
al., 2003; Renman and Renman, 2012).  

2.4. Organic matter and bacteria 

There are several factors affecting the 
phosphorus removal capacity of filter 
materials, such as their chemical 
composition and physicochemical properties 
(Johanson, 1998; Drizo et al., 1999). When 
these materials are used as media for on-site 
filters, additional parameters that influence 
their performance include, but are not 
limited to, retention time and hydraulic and 
organic loading of wastewater that requires 
treatment.  

While there is a large body of literature 
showing high efficiency of phosphorus 
removal via different materials when fed 
with synthetically made laboratory solutions 
not containing any organic materials, limited 
studies with real wastewater effluents show 
that the organic matter and solids 
concentrations in wastewater can 
dramatically shorten the life of filters. For 
example, Bird and Drizo (2010) recently 
reported that increased concentration of 
total suspended solids (TSS) decreases the 
phosphorus removal efficiency of EAF steel 
slag and can significantly shorten the lifetime 
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of the filter. With the aim of optimising the 
use of reactive filter materials in wastewater 
treatment, it is therefore of great importance  

to further examine the impact of organic 
matter on the phosphorus removal  

efficiency of such materials.  

Following efforts to recycle the phosphorus 
bound in filter materials back to agriculture 
and to ensure the sanitary quality of waters 
treated with reactive materials, investigations 
of bacteria removal within these filters are of 
great interest. In order to assess this 
problem, several studies have been 
conducted, with promising results (Stevik  
et al., 1999; Renman et al., 2004; Jenssen et al., 
2005; Jenssen et al., 2010). There are several 
factors that may affect the removal of 
bacteria in filter materials, one being 
clogging, which is influenced by the 
concentration of organic matter in the water 
(Stevik et al., 1999a; Stevik et al., 1999b; 
Stevik et al., 2004).  

In this thesis, the effect of two different 
concentrations of organic matter on 
phosphorus and bacteria removal was 
investigated in a column experiment using 
pretreated and untreated wastewater.  

 

 

3. MATERIALS AND METHODS  

A short description of the materials and 
methods used in the column experiments 
performed in this thesis is provided below. 
For full details, see Papers I and II.  

3.1. Materials 

3.1.1. Filter materials  

Three different filter materials were tested, 
Polonite, BFS and Sorbulite. They are all 
described in the background section, and the 
chemical and physical properties of the 
materials are summarised in Table 1. 

3.1.2. Wastewater 

The wastewater used in the first experiment 
(Paper I) was collected from an on-site 
wastewater treatment setup outside 
Stockholm, Sweden. The experiment was 
divided into two parts; in the first part the 
wastewater used was characterised by a high 
BOD7 value and was pumped from the 
septic tank to an infiltration trench with 
crushed bedrock and then on to the column 
experiment. In the second part of the 
experiment, the same source of on-site 
wastewater was used, but it was pumped to 
the column experiment after treatment in a 
sequencing batch reactor (SBR). Thus the 
water used in the second part of the  

 
Table 1. Chemical and physical properties of Sorbulite, Polonite and BFS 
Parameter Sorbulite Polonite BFS 

Si (g kg
-1

)  232 241 155 

Al (g kg
-1

) 10.0 27 69.7 

Ca (g kg
-1

) 194 245 216 

Fe (g kg
-1

) 8.2 16.5 3.11 

K (g kg
-1

) - 9.15 6.18 

Mg (g kg
-1

) - 4.4 97.6 

Mn (g kg
-1

) - 0.12 4.69 

Na (g kg
-1

) - 1.46 4.28 

P (g kg
-1

) - 0.34 < 0.1 

pH 9.4 12.4 9.4 

Specific surface area (m
2 
g

-1
) 30 14 - 

Density (g cm
-3

) 0.4 0.8 2.2 

Porosity (%) 66 43 28 

Hydraulic conductivity (m day
-1

) 2500 800 255 

Particle size (mm) 2-4 2-6 0.5-4 
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experiment was characterised by a low 
BOD7 value.  

The wastewater used in the second 
experiment (Paper II) originated from septic 
tanks of two small-scale wastewater 
treatment facilities outside Stockholm. The 
wastewater was collected and used batch-
wise from one of the facilities at a time. 
When needed, measures were taken to mix 
or divide batches between the columns (see 
Paper II for further information). Further 
information on the composition of the 
wastewaters is given in Table 2. 

3.2. Methods 

3.2.1. Column experiment 1 (Paper I) 

Six plastic cylinder columns with a height of 
67 cm and a diameter of 10.5 cm were used 
in the treatment of pre-treated and untreated 
wastewater. The columns were packed with 
filter material to a height of 50 cm. Two 
filter materials were used in triplicate 
columns; Polonite and BFS. The columns 
were placed in a steel container with inner 
dimensions of 1.7 x 1.8 x 1.9 m, placed close 
to an on-site wastewater facility serving four 
households in a village 35 km from 
Stockholm, Sweden.  

In the first part of the experiment, the 
existing treatment plant (SBR) was 
disconnected in order to ensure a high 
concentration of BOD7 in the wastewater 
pumped to the columns. This part of the 
experiment lasted for 320 days, including a 
break during which the operation was 

disconnected due to freezing. The columns 
filled with BFS reached breakthrough in 
phosphate removal and were therefore shut 
down after a total of 84 days, while the 
columns filled with Polonite were active for 
a total of 119 days. In the second part of the 
experiment, the wastewater was pumped to 
the columns after treatment in the SBR. This 
part of the experiment lasted for a total of 
196 days, during which the columns filled 
with Polonite were active for the whole 
period of time. The columns filled with BFS 
were shut down after 116 days due to 
breakthrough in phosphate reduction. They 
were then restarted again after 60 days and 
were active for a total of 136 days.  

For both parts of the experiments, the 
wastewater was collected in a reservoir after 
treatment in SBR or infiltration trench, from 
which portions of the water were pumped to 
the columns with a pumping rate of 60 mL 
min-1 in an up-flow direction, three times 
each day; 3 L at 08:00, 2 L at 12:00 and 3 L 
at 18:00. In order to imitate extreme 
conditions in a filter well, a very high dosing 
rate of wastewater of about 1000 mm/d, was 
applied. Samples were taken for analysis 
weekly or bi-weekly during the afternoon 
pumping. All of the samples were frozen  
(-18 oC) after sampling and defrosted prior 
to analysis.  

3.2.2. Column experiment 2 (Paper II) 

Six plastic cylinders with a height of 20 cm 
and a diameter of 5.5 cm were used to treat 
untreated wastewater. Triplicate columns 

Table 2. Chemical composition of the wastewaters used in the experiments, 
mean values for the different parameters, standard deviations are given in 
brackets. Numbers of CFU are given as median values.  
Parameter Exp I, part 1 Exp I, part 2 Experiment II 

BOD7 (mg L
-1

) 120 (±11) 20 (±5) * 

pH 7.8 (±0.4) 7.9 (±0.4) 7.39 (±0.53) 

Phosphorus ( mg L
-1

) 5.5 (±2.7) 5.3 (±2.6) - 

Phosphate ( mg L
-1

) 6.7 (±1.2) 4.4 (±2.0) 9.0 (±4.1) 

Total Inorganic Nitrogen ( mg L
-1

) - - 78.8 (±35.5) 

Total Organic Carbon ( mg L
-1

) 132 (±41) 43 (±9) 30.6 (±10.4) 

Enterococci (CFU 100 mL
-1

) 11 200 2000 21 000 

E. coli (CFU 100 mL
-1

) - - 108 000 

*Not determined but same source of wastewater as in the first part of Experiment 1 
- = parameter not measured 
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were filled to a height of 17 cm with one of 
two filter materials; Polonite or Sorbulite. 
The experiment was performed in the 
laboratory (at 20 °C) using a recirculating 
system (Fig. 1). Each of the columns was fed 
with a separate container holding 1 L of 
wastewater. The water was pumped through 
the columns in an up-flow direction with a 
continuous flow rate of 5 mL min-1. The 
retention time in the columns varied 
between 29 and 40 minutes and the effluent 
was recirculated back to the container. 
Throughout the experiment, the water in the 
containers was replaced every 1, 2 or 3 days, 
at the same time samples were taken for 
analysis (see Paper II for further information 
on sampling frequency). All of the samples 
were stored at 4 °C until analysis. Each 
container of water was denoted as one 
batch.  

The experiment lasted for 98 days. The total 
volume of water used for each column was 
47 L, corresponding to 47 batches. The 
volume passing through each of the columns 
added up to an average of 648 L. Details on 
pore volumes, amount of material and 
retention times are given in Paper II.  

3.2.3. Chemical analysis 

Analysis of phosphorus (P) in the form of 
phosphate and measurements of pH were 
performed on all samples taken (Papers I 
and II). In addition, analysis of total 
phosphorus (TP) was performed on all 
samples taken in Paper 1. Analysis of total 
inorganic nitrogen and total organic carbon 
was performed on samples from batch1-9, 
28-31 and 43-47 (Paper II). In addition, 
measurements of total organic carbon were 
performed on most of the samples taken in 
Paper I.  

Measurements of pH were performed using 
a pH meter of model PHM 95, Radiometer, 
Copenhagen. For analysis of phosphorus in 
the form of TP and phosphate, as well as 
nitrogen in the forms of nitrite, nitrate and 
ammonium, the samples were filtered 
through a 0.45 µm Sartorius filter. The 
analyses were performed using Flow 
Injection Analysis (FIA, Aquatec-Tecator, 
Sweden). TOC was analysed on unfiltered 
but settled samples by measuring the total 
carbon (TC) and inorganic carbon (IC) 
concentrations; TOC was then calculated as 
the difference between these parameters. 
Measurements were performed according to 
the methods described in Standard methods 
for the Examination of Water and 
Wastewater (APHA et al., 1995), using a total 
carbon analyser; model TOC-5000 from 
SHIMAZDU Corporation, Japan. Analysis 
of phosphorus, nitrogen and TOC, as well as 
measurements of pH, were performed at 
room temperature (20 °C).  

Removal of TP (Paper I) and bacteria 
(Papers I and II) as well as nitrogen, 
phosphate and TOC (Paper II) was 
calculated as the percentage removal 
between influent and effluent samples. In 
addition, the cumulative phosphate removal 
was calculated in Paper II. Moreover, the 
removal of TOC in Paper I was determined 
by calculating a mean value for the influent 
for each month, which was then combined 
with the individual values from the effluents 
from the same month to obtain percentage 
removal. 

Fig. 1. Schematic representation of the 
column setup used in Paper II. Columns 
filled with Polonite (C1-3) and Sorbulite 
(C4-6) were fed with wastewater from 
individual containers filled with 
wastewater, to which the effluent was 
recirculated batch after passed through 
the columns. 
 



Phosphorus removal in reactive filter materials – factors affecting the sorption capacity

 

9 

3.2.4. Microbial analysis 

The removal of Enterococci  and E. coli was 
determined by cultivation and counting of 
colony forming units (CFU) on specific 
nutritious agar. The medium used for 
Enterococci and E. coli was Bile esculin agar 
and EMB agar, respectively. Measurements 
for the first experiment (Paper I) were 
performed on merged samples representing 
one specific month and column or inlet. 
These samples were diluted 1- to 100-fold 
and the volume spread varied between 100-
500 µL (see Paper I for details). In Paper II, 
all of the incoming and effluent samples 
taken in the selected batches were cultivated. 
None of the samples was diluted and the 
volume spread was 500 µL. All of the 
spreading was done in triplicate using 
unfiltered samples and cultivation was 
performed at 37 °C for 24 (Paper I) or 24-48 
hours (Paper II). 

A mean value for the concentrations of 
Enterococci in incoming water was 
calculated for each month based on the 
results from the incoming samples. These 
values were then compared with the 
individual results from the effluents from 
the same month and the percentage removal 
was calculated (Paper I). In experiment 2, 
the amount of CFU in the effluents was 
compared directly with that in the 
corresponding influent sample and 
percentage removal was calculated. 

3.2.5. Statistical analysis 

The results of all samples from TOC 
analysis were divided into three groups; 
influent water, effluent from BFS and 
effluent Polonite. The samples within each 
of these groups were thereafter tested for 
outliers. The results from pH measurements 
(Papers I and II), as well as the cumulative 
phosphate removal for the replicates and the 
two materials studied (Paper II), were also 
tested for outliers and any outliers detected 
were removed. The test used for detection 
of outliers was Grubb‟s test (GraphPad, 
2012). 

In order to detect significant differences in 
phosphorus, phosphate, bacteria and TOC 
removal between the filter materials and 

organic loads used, one-way ANOVA was 
applied (Paper I). This statistical instrument 
was also used to compare the filter materials 
in terms of TOC removal (Paper II). Tukey‟s 
post hoc tests were applied to determine the 
nature and magnitude of any detected 
differences (Papers I and II). Regression 
analysis was performed in order to 
determine the correlation between pH and 
organic load on TP and bacteria removal 
(Paper I). In combination with univariate 
analysis of variance, it was also used to 
determine the significance of filter material 
and pH on phosphate reduction (Paper II). 
The statistical software used was SPSS 
Statistics 19 (IBM, 2012).  

4. RESULTS  

4.1. Change in pH over time 

In experiment 1 (Paper I), the mean monthly 
pH in Polonite decreased from 12.3 to 9.0 
after 199 days of operation when fed with 
high concentrations of BOD7, whereas when 
fed with low concentrations it decreased 
from 11.2 to 10.1 over 196 days of operation 
(Fig. 2). The corresponding decreases in BFS 
were from 10.0 to 8.4 after 84 days of 
operation and from 10.0 to 8.7 after 136 
days when fed with high and low 
concentrations of BOD7, respectively. In the 
recirculating system used in Paper II, the 
average pH in Polonite decreased from 12.4 
to 7.8 over 90 days, while in Sorbulite it 
decreased from 9.1 to 8.1 during the same 
period of time (Fig. 3). 

4.2. Phosphorus and phosphate 
removal 

The mean monthly removal of total 
phosphorus (TP) in Paper I (Fig. 4) ranged 
between 47 and 97% in Polonite and -8 and 
70% in BFS when fed with high 
concentrations of BOD7. When fed with low 
concentrations of BOD7, the mean monthly 
TP removal ranged from 76 to 97% in 
Polonite, while it ranged from -27 to 76% in 
BFS. The mean total removal of TP in 
Polonite was 76 and 93% when fed with 
high and low concentrations of BOD7, 
respectively. In BFS, the corresponding 
values were 24 and 11%, respectively. In 



Charlotte Nilsson  TRITA LWR LIC 2066 

 

10 

Paper II, the mean batch-wise phosphate 
removal in Polonite ranged between -2 and 
100% with a mean total removal of 72.6% 
(Fig. 5). The mean batch-wise phosphate 
removal in Sorbulite ranged between -64 and 
97%, with a mean total of 64.4%. The 
cumulative removal data showed that 
Polonite and Sorbulite had removed a total 
of 81 and 75%, respectively, of the amount 

of phosphate added.  

Statistical ANOVA tests showed 
significantly higher (p<0.01) phosphorus 
removal in Polonite compared with BFS in 
Paper I and compared with Sorbulite in 
Paper II. The same test also showed 
significantly higher (p<0.05) TP removal in 
Polonite when fed with low concentrations 
of BOD7 compared with high 

Fig. 2. Change in pH over time in effluent from Polonite and BFS columns 
loaded with high (part 1) and low (part 2) concentrations of organic matter. 

 

Fig. 3. Change in pH over time in effluent waters from the recirculating 
columns filled with Polonite and Sorbulite.  
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concentrations (Paper I). Furthermore, linear 
regression showed significant (p<0.01) 
positive correlations between the removal of 
TOC and TP in Polonite (Paper I) and 
between pH and TP removal in BFS fed 
with high concentrations of BOD7 (Paper I), 
as well as between pH and phosphate 
removal in Polonite and Sorbulite (Paper II).  

4.3. TOC removal 

The monthly difference between influent 
and effluent concentrations of TOC in 
Polonite in Paper I (Fig. 6) ranged from  
-1 to 89% and from 11 to 82% when fed 
with high and low concentrations of BOD7, 
respectively. The corresponding values for 
BFS were -17 and 57% when fed with high 

concentrations and 9 and 42% when fed 
with low concentrations of BOD7. The 
mean removal rate of TOC for the whole 
experimental periods was 32% in Polonite 
and 21% in BFS when fed with high 
concentrations of BOD7. When fed with low 
concentrations, the rates were 46% in 
Polonite and 24% in BFS. In Paper II, the 
difference between influent and effluent 
concentrations of TOC in Polonite ranged 
between -255 and 100%, whereas in 
Sorbulite it ranged between -304 and 94%. 
The mean batch-wise difference in Polonite 
and Sorbulite was -51 and -1%, respectively 
(Fig. 7).  

One-way ANOVA tests showed that BFS 
fed with high concentrations of BOD7 had 

a 

b 

Fig. 4. Change in phosphorus removal over time in Polonite and BFS 
columns fed with wastewater with high (a) and low (b) concentrations of 
organic matter. 
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higher removal of TOC compared with BFS 
(p<0.01) and Polonite (p<0.05) when fed 
with low concentrations of BOD7.  

4.4. Bacteria reduction 

In Paper I, the mean monthly reduction in 
Enterococci (Fig. 8) in Polonite loaded with 
high concentrations of BOD7 ranged from 
59 to 100%, whereas in BFS it ranged from 
17 to 100%. The mean total reduction was 
91% in Polonite and 81% in BFS. When fed 
with low concentrations of BOD7, the 
reduction varied between 22 and 93% in 
Polonite, while BFS showed removal rates 
ranging from negative to 85% in BFS. The 

mean total reduction in Enterococci when 
fed with low concentrations of BOD7 was 
52% in Polonite and 27% in BFS. In Paper 
II, the reduction in Enterococci and E. coli  
(Fig. 9) in Polonite ranged from 7 to 78% 
and from 13 to 85%, respectively. Sorbulite 
showed a reduction in Enterococci ranging 
between 4 and 82%, whereas for E. coli it 
ranged between 9 and 85%. The mean 
reduction in Enterococci was 56% in 
Polonite and 34% in Sorbulite. The 
corresponding values for E. coli were 60 and 
45% in Polonite and Sorbulite, respectively.  

Regression analysis showed that pH 
significantly affected the reduction in 

Fig. 5. Batch-wise phosphate removal in recirculating columns filled with 
Polonite and Sorbulite. 

 

Fig. 6. TOC removal over time in columns filled with Polonite and BFS 
when fed with wastewater with high (a) and low (b) concentrations of 
organic matter. 

a b 
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Enterococci in Polonite loaded with high 
concentrations of BOD7 (p<0.01) and in 
BFS loaded with high and low 
concentrations of BOD (p<0.05).  

 

4.5. Nitrogen removal 

In the recirculating system, Polonite 
removed between 0 and 55% of total 
inorganic nitrogen, whereas the removal rate 
in Sorbulite ranged from 0 to 58% (Fig. 10). 
The mean total removal of nitrogen was 
11% in Polonite and 23% in Sorbulite.  

 

5. DISCUSSION  

5.1. Phosphorus and phosphate 
removal 

The mean phosphorus removal rates in 
Paper I were higher in both Polonite and 
BFS when using low concentrations of 
BOD7 compared with high concentrations. 
This followed the observed higher pH when 
using low concentrations of BOD7. 
Furthermore, the results from the 
recirculating system (Paper II) showed that 
the mean batch-wise removal of phosphate 
was similar to the phosphorus removal seen 
when feeding Polonite with wastewater with 
high concentrations of BOD7 (Paper I), 

1    2    3      4     5     6    7     8     9          28   29   30    31         43   44   45   46   47 

Fig. 7. Batch-wice average TOC removal in recirculating columns filled 
with Polonite and Sorbulite. 

Fig. 8. Reduction of enterococci over time in Polonite and BFS columns 
fed with wastewater having high (a) and low (b) concentrations of organic 
matter. 

a b a 
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thereby validating the use of the new 
methodology. Polonite performed better 
than either BFS or Sorbulite, which can be 
attributed to the higher pH in Polonite. All 
three materials showed decreasing removal 
of phosphate and phosphorus over time, a 
trend also seen with regard to pH, which is 
commonly observed in alkaline materials 
(Drizo et al., 2008). The pH value would be 
expected to be important for the phase 
composition of phosphorus (Eveborn et al. 
2009). Major changes in solid-phase 
speciation may occur when pH gradually 
decreases during operation of a filter, which 

should be studied further (Gustafsson et. al., 
2008). Furthermore, the decrease in pH was 
more rapid and prominent at high 
concentrations of BOD7. One probable 
reason for this is the higher concentrations 
of organic acids in this wastewater, thereby 
leading to more rapid neutralisation of the 
alkaline filter materials. The recirculation of 
the wastewater limited the dissolution of 
atmospheric CO2 in the water, as it was a 
closed system compared with columns 
operated with continuous flow of 
wastewater. A reactive filter is exhausted 
much faster if more CO2 is available, which 

a 

b 

Fig. 9. Average batch-wice reduction of enterococci (a) and E. coli (b) in 

columns filled with Polonite and Sorbulite. 
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should be the case with less pre-treated 
wastewater.  The removal rate in Polonite 
when using low concentrations of BOD7 
was somewhat lower than the 97% removal 
reported in previous studies rates using 
synthetic solution (Gustafsson et al., 2008; 
Renman and Renman, 2010) and wastewater 
(Renman and Renman, 2010). Although 
Renman and Renman (2010) reported the 
same removal rates when using synthetic 
solution and wastewater, it should be noted 
that this similarity was ascribed to the 
hydraulic loading when using wastewater, 
thus indicating a decreased phosphorus 
removal capacity when treating wastewater 
compared with a synthetic solution. This 
conclusion is further supported by the filter 
bed experiment using Polonite to treat 
wastewater from a single household in the 
same study, from which they reported 
removal rate of 87%. Although this value is 
lower than the removal rates reported in 
column experiments, it is still higher than 
the removal rates seen in Papers I and II 
when using non pre-treated wastewater. The 
SBR used in the second part of the 
experiment described in Paper I removed a 
major proportion of the organic matter in 
the wastewater. The difference in removal 
rates observed when using Polonite to treat 
pre-treated and untreated wastewater seen in 
this thesis was therefore ascribed to the 

higher concentration of organic matter in 
the latter. The mean phosphorus removal 
rates in BFS when loaded with high and low 
concentrations of BOD7 (Paper I) were 
lower than those reported in previous 
research. Johansson (1999) and Oguz (2004) 
both found removal rates of 95% or more 
using synthetic solution, while Grünberg and 
Kern (2001) reported a removal rate of 98% 
using BFS to treat dairy farm wastewater in a 
wetland. However, the high removal rate 
reported by Grünberg and Kern (2001) was 
attributed to the long HRT, thereby allowing 
sufficient contact time between solution and 
material. The low phosphorus removal 
efficiency in BFS observed in Paper I can 
therefore be attributed to the column mode 
of operation and insufficient contact time 
between wastewater and material in the 
column. The mean batch-wise phosphate 
removal seen in the recirculating system 
using Sorbulite (Paper II) was lower than the 
92.4% reported by Renman and Renman 
(2012) for wastewater from a small-scale 
system. Those authors concluded that 
Sorbulite needs longer retention time in 
order to achieve high phosphate removal. 
The low removal rate observed Paper II was 
therefore ascribed to the very short retention 
time.  

One possible reason for the lower 
phosphorus removal rate observed in 

Fig. 10. Batch-wise average removal of total inorganic nitrogen in 
recirculating columns filled with Polonite and Sorbulite.  
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Sorbulite, as well as in Polonite, in Paper II 
is the nature of the new method used here. 
Since the effluent from the columns was 
recirculated back to the container with the 
influent volume of water, the phosphate 
concentration in the influent was constantly 
decreasing. It is therefore possible that when 
the materials had sorbed a substantial 
amount of phosphate and the influent had 
reached a sufficiently low concentration, the 
equilibrium between the solid and liquid 
phase was driven to favour desorption rather 
than sorption. Furthermore, based on the 
differences in phosphorus removal when 
using high and low concentrations of BOD7 
and the lower removal rates observed in this 
thesis compared with previous studies using 
synthetic solutions, it is obvious that organic 
matter plays an important role in the 
sorption of phosphate to the materials. This 
may be caused by the organic matter in the 
wastewater reducing the number of sorption 
sites by blocking the pores in the materials 
(McDowell-Boyer et al., 1986). In order to 
optimise the removal of phosphate and 
extend the life of reactive filter materials, it is 
therefore of great importance to include an 
efficient pre-treatment for the removal of 
organic matter. 

The removal of phosphate in Polonite and 
BFS in Paper I (data not shown) followed 
the same pattern as for total phosphorus. 

5.2. TOC removal 

The mean TOC removal rates in Polonite in 
Paper I were higher than the corresponding 
rates in BFS. Furthermore, Polonite 
performed better when fed with low 
concentrations of BOD7, while BFS showed 
similar removal rates using wastewater with 
high and low concentrations of BOD7. In 
Paper II, Polonite had a lower mean removal 
rate than Sorbulite as well as than Polonite 
fed with high and low BOD7 concentrations 
in Paper I. The higher TOC removal seen in 
Polonite compared with BFS in Paper I may 
be attributable to the higher pH in Polonite 
compared with BFS. This is in agreement 
with Song et al. (2006) who reported an 
increase in the removal of humic substances 
with increasing pH. Furthermore, the high 

initial pH in BFS was suggested to be 
responsible for the initial removal of TOC in 
this material. This was further supported by 
the decrease in pH (Fig. 2) coinciding with 
the drop in phosphorus removal (Fig. 4).  

The lower removal of TOC seen in Polonite 
in the re-circulatory system (Paper II) was 
consistent with the greater reduction in pH 
compared with Paper I. Thus this difference 
in TOC removal can be attributed to the 
difference in methodology, i.e. the higher 
hydraulic load used in Paper II. The higher 
removal rate seen in Polonite fed with high 
concentrations of BOD7 (Paper I) may have 
been due to increased clogging leading to 
increased removal of TOC through straining 
in the materials (McDowell-Boyer et al., 
1986). Furthermore, based on the higher 
porosity in BFS and Sorbulite, straining was 
considered to greatly contribute to the TOC 
removal in these materials (Paper II). The 
negative removal of TOC (Fig. 7) was 
probably caused by accumulation and 
subsequent release of organic matter (cf. 
Wendling et al., 2012). 

5.3. Bacteria removal 

The reduction rates of Enterococci in both 
Polonite and BFS at high concentrations of 
BOD7 (Paper I) were in accordance with 
previous studies (Renman et al., 2004). When 
using low concentrations of BOD7, both 
materials showed a decreased capacity for 
bacteria reduction. Polonite performed 
better than BFS when fed with both high 
and low concentrations of BOD7. 
Furthermore, the Enterococci reduction in 
Polonite in the recirculatory experiment 
(Paper II) was lower than in Paper I and 
Polonite had higher reduction rates of both 
Enterococci and E. coli compared with 
Sorbulite.  

The mechanisms involved in immobilisation 
of bacteria in wastewater are straining and 
adsorption (Stevik et al., 2004). Straining 
constitutes physical blocking of movement 
through the medium and is determined by 
the ratio of the diameter of the bacteria to 
the diameter of the material. The ratio 
between the bacteria and the diameter of 
Polonite, BFS and Sorbulite is too large for 
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straining to be the mechanism responsible 
for retaining bacteria, but might be of 
importance in the clogging zones 
(Mcdowell-Boyer et al., 1986). Such clogging 
zones would be most likely to be formed 
when using high concentrations of BOD7, 
thereby causing the formation of a biofilm, 
leading to decreasing pore size. 
Furthermore, this effect is more likely to 
take place in porous materials, such as BFS 
and Sorbulite. The previously reported 
increase in the surface area of Sorbulite 
when used to treat wastewater (Amjad 
Afridi, 2008) would also be likely to have a 
positive effect on bacteria removal. When 
clogging is not likely to occur, adsorption is 
the more probable mechanism for bacteria 
retention. Bacteria adsorption is dependent 
on the contact time between the bacteria and 
the material and is affected by several 
different parameters, such as pore size, 
organic matter and pH (Stevik et al., 2004). 
Thus, the higher removal rate of bacteria 
seen in Polonite may to some extent be 
attributed to the constantly higher pH in this 
material (Fig. 2 and 3). The higher removal 
rate seen when using high concentrations of 
BOD7 (Paper I) was attributed to the higher 
concentration of bacteria in this water. The 
use of the SBR in the second part of the 
experiment described in Paper I removed 
organic matter as well as bacteria and since 
bacteria adsorption is dependent on the 
bacteria concentration (Stevik et al., 2004), 
this would lead to a decreased percentage 
reduction. In addition, the pH was 
constantly higher in both Polonite and BFS 
in this part of the experiment than when 
loaded with wastewater that had not been 
pre-treated, which would have a positive 
effect on the bacteria reduction (Fig. 2), This 
is further supported by the overall higher 
number of CFU in the effluent when using 
high compared with low concentrations of 
BOD7. The lower reduction rate seen in 
Paper II was most likely connected to the 
shorter retention time, thereby not allowing 
sufficient interaction between the bacteria 
and filter material.  

5.4. Nitrogen removal 

The removal rates of total inorganic nitrogen 
in Papers I and II were considerably lower 
than in previous studies on nitrogen removal 
in filter materials (Jenssen et al., 2010). Here, 
the release of carbon in Polonite seemed to 
be correlated with the removal of nitrogen. 
This correlation is probably caused by 
bacteria utilising oxygen to decompose the 
organic carbon (Saeed and Sun, 2011). The 
porous structure in Sorbulite enables higher 
retention of organic material, which may 
support denitrification in the anaerobic 
pores of the material. In combination with 
lower pH, this provides better conditions for 
bacteria growth and formation of a biofilm. 
Thus, the removal of total inorganic 
nitrogen is suggested to be controlled by the 
pH and surface area of the material, as well 
as the bacteria attached in the column. 

5.5. Differences in the experimental 
setup and practical implications 

The treatment efficiency of filter materials 
can be investigated by batch and column 
bench-scale studies. Application in bed 
filters allows effluent sources to percolate 
through a zone of saturated or unsaturated 
reactive material. This means that dynamic 
column experiments are to be preferred for 
more realistic interpretations of the results. 
Furthermore, in order to compare the 
efficiency of filter materials in real-life on-
site wastewater treatment systems (OWTS), 
real wastewater should be used.  

In Paper I, the columns were fed 
intermittently, in order to simulate the 
distribution of load in OWTS. The setup 
used in Paper II was completely different, 
employing continuous loading in a 
recirculation mode through the mass 
transfer zone until phosphorus equilibrium 
was achieved. In Paper II, the kinetics were 
studied to investigate the adsorption 
mechanism (these data will be published in a 
separate paper). These differences in setups 
hamper the comparison of the hydraulic 
performance of the materials and of the 
results from the two papers. However, the 
use of Polonite in both papers enables 
validation of the new methodology and 
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thereby represented a foundation for the 
comparison of the performance of all three 
materials, in spite of the different methods 
used.  

The results presented in this thesis illustrate 
the importance of effective removal of 
organic matter prior to the reactive filter. 
Such pre-treatment would prolong the 
phosphorus removal efficiency of the 
materials and contribute to a decrease in the 
amount of bacteria released with the treated 
water. Even though higher percentage 
removal of bacteria was found when using 
untreated wastewater, the numbers of CFU 
in these effluents were higher than when 
using pre-treated wastewater. Furthermore, 

although a low removal of nitrogen was 
observed in Papers I and II, the reactive 
filter materials are not designed for the 
removal of nitrogen. The presence of 
nitrogen, as well as other ions, in the 
wastewater constitutes competition for 
sorption sites on the material. Therefore, in 
order to optimise the removal of phosphate 
and nitrogen, the implementation of a 
separate filter for nitrogen removal is 
suggested. Such a dual filter would enhance 
the removal of nitrogen and phosphorus and 
would also be likely to prolong the lifetime 
of the filter materials.  

  

 

6. CONCLUSIONS  

 Polonite performed better than Sorbulite with regard to removal of phosphate and better 
than BFS with regard to removal of phosphorus. The higher removal rate compared with 
Sorbulite was attributed to the higher pH and to the faster dissolution of CaO seen in 
Polonite. 

 Polonite performed better than Sorbulite or BFS with regard to the removal of bacteria, 
which was ascribed to the higher pH in Polonite. 

 Sorbulite had a higher percentage removal of TOC and TIN than Polonite. This was 
probably due to the higher porosity and lower pH in Sorbulite, resulting in better 
conditions for retaining organic matter and bacteria, thereby increasing the possibility of 
denitrification. The higher removal of TOC in Polonite compared with BFS was attributed 
to higher pH. 

 Polonite and BFS both showed higher removal rates of bacteria when fed with untreated 
wastewater. This was due to the higher concentrations of bacteria in this water, as 
confirmed by the lower CFU numbers in the effluent when using pre-treated wastewater. 

 Control of organic material in wastewater is important in order to achieve good removal 
of phosphorus using either Polonite or BFS as filter materials. Both these materials 
showed an increased removal of phosphorus when loaded with pre-treated wastewater 
with low BOD7 concentrations.    
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