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SUMMARY  
Phosphorous (P) and nitrogen (N) are the most important elements for 
biotic organisms to keep on life activity. Natural mineral resources con-
taining the elements are mined at a higher rate and processed industrially 
to enter the food web mainly through fertilizers applied to agricultural 
lots. Inefficient management of the nutrients had led to their altered nat-
ural cycles where the net accumulation into coastal water bodies brought 
by nutrient laden runoff from agricultural lands, domestically discharged 
wastewater as well as  industrial effluents caused not only lowered quality 
of the water bodies but also the nutrient (P) scarcity. The effects are 
magnificent at decentralized waste water facilities located at remote plac-
es where adjacent water body exists or near to subsurface drinking water 
resources. 

So far various researches had been done to restore the rapid losses of the 
nutrients and to protect their bad consequences to the environment 
based on standard methods. In Sweden various regulatory and techno-
logical methods of waste water treatment and recovery of resources had 
been developed and operative for small scale waste and waste water han-
dling facilities. Local handling of waste water such as septic tanks and in-
filtration systems had been practiced to maintain hygienic conditions and 
provide waste water disposal systems more efficiently and protect the 
higher quality of the environment. Reactive filter technologies had been 
developed to remove nutrients losses from waste water and allow their 
recovery and reuse. 

Various reactive filter media had been studied to effectively treat nutri-
ents and other pollutants from wastewater of different types. Industrially 
prepared polonite had so far been discovered to highly adsorb phospho-
rous from domestic waste water while mordenite had been known for its 
higher ion-exchange capacity. Many of the previous researches focus at 
testing the performance of the individual reactive filter materials. Under 
this study the two reactive filter materials were tested experimentally us-
ing dual columns (mordenite column followed by polonite column) to 
verify effective and simultaneous removal of ammonium and reactive 
phosphorous.  

The findings proved successful removal of ammonium and phosphate 
with regard to requirements of regulatory set ups. 67.97 % and 84.39 % 
total removal efficiencies were attained for NH4 and PO4 from the dual 
column system. Mordenite column removed the greater portion of influ-
ent ammonium while the polonite column removed the greater portion 
of phosphate content of mordenite column effluent. Polonite column 
became relatively saturated with NH4 and retained more potentials of 
sorbing PO4. It performed well at higher pH condition. Mordenite col-
umn became specifically saturated with respect to PO4 though it was left 
with few more additional potentials of sorbing NH4.   

0.77 mg-PO4/l of mean effluent levels the dual column system satisfies 
the required Swedish environmental emission limit of onsite waste water 
treatment systems while the 11.13 mg-NH4/l mean concentration de-
mands to be mitigated. The dual reactive filter bed can be optimized with 
required design volume of 1.8 kg/m3 to 5.69 kg/m3 and 3 kg/m3 to 
10.21 kg/m3 of polonite and mordenite reactive materials respectively. 
Thus the reactive filter materials are promising in managing the nutrient 
levels from disposal systems of waste water treated in residential septic 
tanks. 
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ABSTRACT 
Phosphorous and nitrogen are vital elements for the well-being of biological life. Industrial 
discharges, waste water infiltration systems, conventional waste water collection and treat-
ment systems, agricultural runoffs and landfill leachates had been emitting significant quanti-
ty of these nutrients into water bodies. These induced negative consequences to the envi-
ronment including eutrophication of aquatic water bodies, toxicity to marine life and 
depletion of phosphate resources. Reactive filter technology is developed based on the need 
to remove and retain nutrients from waste water while improving the quality of effluents 
from emission sources. Reactive filter materials are used to build filter bed systems that treats 
domestic waste water, storm water, landfill leachates and contaminated subsurface water to 
the desired quality. In the past natural minerals such as zeolites and industrially produced 
polonite had been subject to laboratory study for the sorption of ammonium, heavy metals 
and phosphorous. The following paper is based on the results of experiment consisting of 
two columns packed with mordenite and polonite reactive materials filtering in series to re-
duce NH4 and PO4 content of a waste water. Septic tank effluent pre filtered using 0.45 μm 
filter is used as influent waste water into the dual columns. The dual column filtered a total 
of 24.07l s (372PV) and 23.42 ls (496PV) of the waste water. Sampling of the feed water and 
filtrates of both columns were done every second day with measurement of pH, conductivity 
and temperature. Analyzed samples confirmed that the dual column filtration resulted in re-
moval efficiency of 84.39 % (PO4), 67.98 % (NH4) and -37.762.8 % (NOx). Filtration in the 
first (mordenite) column resulted in relatively larger proportion of the influent ammonium 
ion exchange than sorption of phosphate while the filtration in the second (polonite) column 
sorbed quite high amount of phosphorous than ammonium from effluent of the first col-
umn. Saturation of mordenite occurred faster even though there was sorption potential for 
few more of influent ammonium. All PO4 removal in mordenite column occurred above 
breakthrough condition. Polonite packed column was in a condition of a third of it’s satura-
tion potential for PO4 removal at the end of the experiment. pH of samples was the parame-
ter which is correlated significantly with filtration in polonite column than temperature and 
electrical conductivity. The performance of polonite was higher at higher pH than at lower 
pH. The mean concentrations of the dual column effluent were 0.77 mg-PO4/l and 11.13 
mg-NH4/l. This is acceptable by the standards of environmental laws. The result of the ex-
periment is valuable in prediction of performance and designing of real time filter bed.    

Key words: Onsite waste water treatment; Reactive filter materials; Polonite; Zeolite; 
Sorption; Ion-exchange; Adsorption; Precipitation; Dual-Column experiment; 

1 INTRODUCTION 
Phosphorous (P) and nitrogen (N) are vital  
elements to living cells in the synthesis of basic 
building blocks of life such as DNA (deoxyribo-
nucleic acid) and RNA (ribonucleic acid), ATP 
(adenosine triphosphate), ADP (adenosine        
di-phosphate) as well as enzymes, lipids and 
amino  acids (Smil, 2000). Thus N and P are the 
basic constituent elements of the biotic organism 
and are called nutrients or bio-stimulants since 
they have crucial physiological role 
(Tchobanologlous et al, 2004). 

Anthropogenic activities had affected their turn-
over times and amount of the nutrients of their 
natural cycles (appendix 1 and 2), caused undesir-
able environmental consequences and reduced 
the useful fraction of nutrients (Smil, 2000;  

Chopra et al, 2005; Cornel & Schaum, 2009). 
Unlimited extraction of phosphate rocks mainly 
for the production of fertilizers, inefficient agri-
cultural and industrial practices as well as ineffi-
cient management of land and water resources 
are some of these anthropogenic causes (Cordell 
et al, 2009).   

Eutrophication is among the environmental 
consequences of accumulation of nutrients 
(phosphorous, nitrogen and/or silicon) in aquatic 
environments. Primary symptoms are increased 
phytoplankton primary production, accumulated 
biomass growth, changes in phytoplankton 
community, harmful algal blooms, increased 
growth of short lived irritating macrophytes and 
increased sedimentation of organic matter.   
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Reduced water transparency, altered distribution 
of long lived submerged vegetation, altered ben-
thic invertebrates, reduced oxygen concentration 
in hypolimnium and killing of fish and inverte-
brates enduring in the water bed prevail as an 
ultimate symptom of eutrophication. Eutrophied 
water can be noticed with "red tides" that poison 
fish and cause illness in humans. The environ-
mental impacts of hypereutrophic conditions are 
highly associated with loss of ecological, social 
and economic values of the water body (KIMO, 
2011).  

Reduced quality of water resources for drinking 
purpose, increased acidity of rain, lost biodiversi-
ty of aquaculture and freshwater habitats, deple-
tion of nutrients and other resources as well as 
greenhouse effects are other consequences of 
misuse of nutrient resources (Chopra et al, 2005).  

Geographical diversity of these adverse condi-
tions can be widely grouped into; 

1. The nutrient lacking agriculturally and eco-
nomically poorer Africa, Asia and Part of 
South America and,  

2. Environmentally deteriorating and highly 
industrialized and economically stronger Eu-
rope and North America (Chopra et al, 2005; 
Weikard & Seyhan, 2009).  

1.1 Background 
Sustainability concerns establishment of efficient 
and effective strategic nutrient management and 
pollution control programs (SEPA, 2012b). 
Activities such as identification of major sources 
of nutrient and estimation of nutrient loads to the 
environment are vital inputs to efficient nutrient 
management strategies (Puckett, 1995). Yet 
efforts to destablize the consequences need to be 
backed up by conitineous researchs. 

Urban waste water sector contributed large 
amount of phosphorous and nitrogen emission to 
local water bodies. Moreover the increasing 
volume of waste water produced due to intensi-
fied migration of people to large cities demands 
efficient collection, treatment and  disposal which 
is above the economic feasibility and technical 
capacity of current centralized waste water collec-
tion and treatment facilities. Therefore our cul-
ture of water based waste disposal mechanisms 
had turned the waste water sector into an oppor-
tunity for potential sustainable management of 
nutrients within the environment (UWE, 2013). 

Due to cost reasons, 760,000 Swedish rural hous-
es and holiday homes are not connected to cen-

tralized waste water collection and treatment 
unites (SEPA, 2012a). As a result treatment of 
sewage from single houses and non-urban areas is 
prioritized by Swedish Environmental Protection 
Agency (SEPA) for the improvement of envi-
ronmental quality (Hedström, 2006). 

So far various types of small scale waste water 
treatment plants and onsite waste water treatment 
systems are used to improve hygienic conditions 
of residential areas and increase the quality of 
domestic sewage and receiving environments. 
Septic systems, mound systems, sand filters, and 
small scale package plants (aerobic treatment, 
anaerobic treatment, attached growth filters, 
chemical treatment and sequencing batch reac-
tors), sorting systems, constructed wetlands 
(subsurface flow wetlands, free water surface 
wetlands) are examples of treatment systems ever 
used by unconnected rural houses  (KIMO, 
2011).  

The most common type of onsite waste water 
treatment systems used  in Sweden are infiltration 
systems (40 %), septic tanks (24 %), collecting 
tanks (18 %) and sand filter beds (13 %) 
(Hedström, 2006). Using holiday homes to per-
manent residences and limited regulatory mecha-
nisms for constructing and monitoring domestic 
waste water treatment systems had led to emis-
sion of 12 % of the total phosphorous and 2 % 
of total nitrogen from unconnected Swedish rural 
homes. Therefore these facilities are not capable 
of meeting SEPA’s standard for onsite waste 
water treatment facilities (SEPA, 2012a). 

1.2 Geochemistry of nitrogen and phos-
phorous  

Sustainable usage of land and water resources 
including measures to mitigate the objectionable 
environmental consequences and altered geo-
chemical cycle of nutrients is created through the 
knowledge of various natural and anthropogenic 
processes in the hydrosphere, biosphere, litho-
sphere and atmosphere that undergo geochemical 
interactions of substances such as nutrients. 
Mining, industrial and agricultural activities, 
changes in the land use and aquatic resources are 
some of such human induced processes. These 
activities are significantly linked to environmental 
pollution and depletion of natural resources 
(Ibanez et al, 2007). 

Under the following section the geochemistry of 
phosphorous and nitrogen is discussed with 
respect to their chemical nature, natural cycle, 
emission sources, effects on environment and 
emission limits.  
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Phosphorous (P) is the 11th plentiful element on 
the earth’s crust mostly found in sedimentary 
deposits containing Ca, Mg, Na, Pb, Cd, Cr, and 
As (Duley, 2001). Phosphorous rapidly combine 
with naturally occurring chemicals such as lime-
stone to form calcium phosphates (Cardell, 2008). 
Phosphorous is limiting element of biomass 
growth in small water bodies and lakes. Phos-
phate rock mineral with P2O5 content above     
28 % is regarded as phosphate reserve and Ca 
substitutes of the mineral rocks by Na, Mg and 
heavy metals, such as Pb, Cd, Cr, As and radio-
nuclides such as Ra226 lowers the quality of the 
phosphate rocks (Smil, 2000). The presence of 
heavy metals causes costly and complex mining as 
well as difficult industrial management due to the 
formation of toxic byproducts (Cordell et al, 
2009). 

Total Phosphorous (TP) content of domestic 
sewage is 4 to 16 mg/l (Jantrania & Gross, 2006). 
Phosphates are the predominant phosphorous 
species in waste water. In waste water phospho-
rous exist as orthophosphate (-PO4), pyrophos-
phates (-P2O7) and tripolyphosphates (-P3O10). 
Orthophosphates are the majority of phospho-
rous compounds in waste water. PO4 also called 
reactive phosphorous predominates at more 
alkaline (pH>9) waste waters while -HPO42- 
predominate at lower pH ranges (9>pH>5) 
(Stumm & Morgan, 1996). Since orthophosphates 
are readily available to aquatic plants laboratory 
analytical methods mostly focus on determining 
PO4 content of samples (Pote & Daniel, 2000). 

Another classification based on laboratory analyt-
ical methods groups phosphorous species in 
waste water into orthophosphates (such as PO4, 
HPO4 and H2PO4), condensed phosphates (such 
as polyphosphates & metaphosphates) and organ-
ic phosphorous (such as soluble, colloids and 
particulates or non-filterable fraction). Soluble 
and part of colloidal phosphorous passing 
through 0.45 μm filter constitute dissolved phos-
phorous while chemical precipitates and biomass 
excluded by 0.45 μm filtration are called non-
filterable or particulate phosphorous (Richard, 
1991; Neethling, 2008).  

Phosphorous undergoes inorganic and organic 
natural cycles (appendix 1). The inorganic cycle 
begins when naturally existing igneous rocks  
containing phosphorous such as apatite, chloro-
apatite and hydroxyapatites are mineralized, 
weathered and deposited under the beds of large 
water bodies which are later exposed to surface 
under geological forces for mining (Smil, 2000). 
Other sedimentary deposits are francolite and 

foul deposits of hydroxyle-flur-apatite (Duley, 
2001).   

Food production is accounted to 90% of mined 
phosphorous (Cordell et al, 2009). Other uses of 
industrially processed phosphate rocks involves 
production of detergents, animal feeds and spe-
cial applications (Duley, 2001). 

The need for high agricultural productivity due to 
increasing food demand of ever growing world 
population and increased habit of consuming 
phosphorous rich foods such as meat among 
highly populated nations such as India and China 
has raised the demand for more phosphate con-
taining fertilizers (Cardell, 2008). Consequently, 
food productivity from phosphate fertilized soil is 
the cause for the largest fluxes of phosphorous 
(appendix 1) to join organic phosphorous cycle 
(Cordell et al,  2009). 

Plants take only about 20 % of soil phosphate 
while major part is immobilized though adsorp-
tion, precipitation, conversion into soil organic-P 
or microbial organisms. Over fertilization of 
farmlands and inefficient farming practice speeds 
up phosphorous immobilization (Schachtman et 
al, 1998). When soil phosphate and agricultural 
runoff are carried away to water bodies the natu-
ral phosphate balance is lost due to quicker net 
flux of phosphate from lithosphere into hydro-
sphere than formation rate of mineral phosphate 
rocks. Thus the exceeding rate of mining of 
phosphate rock created depletion of the limited 
phosphate reserve (Smil, 2000; Chopra et al, 
2005).  

Adsorption of phosphate to soil sediments re-
tards its movement in soil water. Binding of 
organic and inorganic particulate phosphorous to 
soil solutions containing suspended solids (SS), 
precipitation of orthophosphates either with 
cations in waste water or soil solution and ad-
sorption by the soil particles can permanently 
retain phosphates as well (Saunders, 1965). These 
soil reactions cause lower phosphorous content 
of contamination plumes in shallow aquifers near 
infiltration areas of septic effluents (Robertson et 
al, 1991).  

Waste water treatment systems with poor phos-
phorous removal condition were regarded as 
point sources of phosphorous pollution while 
leaky sewers and pipes are classified under line 
sources. Diffuse sources such as agricultural 
runoff account for huge amount of phosphorous 
release into receiving water bodies (Penn et al, 
2007). A study had indicated that phosphorous 
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budget of Sweden for the year 2008 to 2010 was a 
net import of 12.679 tons/year (UWE, 2013).  

In Sweden sources of phosphorous emission are 
agriculture (45 %), municipal waste water treat-
ment facilities (20 %), industry (17 %), onsite 
waste water facilities (12 %), storm water (5 %) 
and forestry (4 %) (SEPA, 2012a). 50 % of the 
phosphorous in domestic sewage comes from 
human excreta [feces (70 %) and urine (30 %) 
respectively]. Cleaning agents such as soups and 
detergents are the other sources. The trend of 
producing low phosphate containing detergents 
had reduced the contribution from waste water 
sewers (Richard, 1991). 

Consequences of misuse of phosphorous re-
sources are multidimensional and highly inter-
linked to a set of environmental, social and eco-
nomic problems. Mining, industrial processing 
and transporting phosphate rock are energy 
intensive. The cost of phosphate fertilizers had 
increased during the last decade. The absence of 
any natural or synthetic substitute, its high level 
of importance and ever depleting and deteriorat-
ing quality of natural phosphate rock motivated 
stakeholders to look for its sustainable use 
(Cordell et al, 2009).  

Potential phosphorous recovery and reuse tech-
nologies were suggested to bring sustainable 
nutrient management practices that reduce the 
rate of running down of phosphate reserves    
(Cordell et al, 2009). Apart from solving water 
scarcity reuse of waste water for agricultural 
purposes provided they contain lower level of 
toxic compounds, pathogens and maintain the 
required saline soil condition improves productiv-
ity of soil as well as its structure while reducing 
pollution of terrestrial and subsurface aquatic 
environments (Davis, 2010). 

Nitrogen (N2) constitutes 78 % of atmospheric 
air. Key mechanisms of nitrogen transformation 
in the environment are nitrogen fixation, ammon-
ification, synthesis, nitrification and denitrifica-
tion (appendix 2). Atmospheric N2 is fixed by 
lightening, biologically and industrially to nitrate 
(NO3), organic nitrogen, and ammonia (NH3) or 
ammonium (NH4+) while gaseous N2 and N2O 
are end products of denitrification. Nitrification 
is common in agricultural soils and soil absorp-
tion systems. 

NH3 and NH4 are byproduct of hydrolysis of 
organic nitrogen in food residues, faces and urine. 
The sum of NH3 and NH4 give total ammonial 
nitrogen (TAN). TAN determines the soluble 
fraction of nitrogen in raw sewage (Sperling, 

2007). Total Kjeldahl Nitrogen (TKN) is the sum 
of organic nitrogen (8 to 35 mg/l) and TAN (12 
to 50 mg/l). Total nitrogen (TN) is the sum of 
organic and inorganic-N. Nitrogen exhibits vari-
ous oxidation numbers in aqueous solution which 
makes its chemistry complex (Tchobanologlous, 
Burton, & Stensel, 2004).  

In Sweden sources of nitrogen emission are 
agriculture (44 %), municipal waste water treat-
ment systems (24 %), atmospheric deposition (19 
%), industry (6 %), forestry (4 %) and onsite 
waste water treatment and disposal (2 %) (SEPA, 
2012a). Human waste (faces and urine) consti-
tutes largest amount of nitrogen in the domestic 
sewage (Richard, 1991). 

Ammonia volatization from animal manure and 
agricultural soils containing lime (carbonates and 
bicarbonates) account for largest amount of the 
total NH3 gas emission to the atmosphere fa-
vored by raised pH condition of the farm lands 
through the processes of hydrolysis of animal 
feces and urine into uric acid and bicarbonate. In 
aerobic aqueous solutions ammonia undergoes a 
series of oxidation into nitrite and nitrate. In 
anaerobic condition (NH3/NH4) ratio of waste 
water depends on pH and temperature of waste 
water (Jorgensen, 2002; Lin et al, 2013; Sperling, 
2007; Valero & Mara, 2010). Over fertilization of 
soil with ammonia may also cause emission of 
NH3 (g) from farm lands. 

Ammonia released to the atmosphere results in 
acid rain that causes corrosion of infrastructures. 
Higher toxicity of ammonia than ammonium is 
due to higher requirement of nitrogenous biolog-
ical oxygen demand (NBOD).  A guidance  value 
of 0.5 mg-NH4/l is set by European Union for 
drinking water  (European Commission, 1998b) 
while WHO points out that the occurrence of 
NH3 in drinking water is insignificant (WHO, 
2011). 

Nitrite and nitrate represent oxidized nitrogen 
(NOx) (Sperling, 2007). Nitrite is extremely toxic 
to most aquatic organisms and often exceeds 1 
mg/l in waste water and 0.1 mg/l in ground 
water. Nitrate is the most oxidized and the less 
toxic nitrogen species. Nitrates are readily taken 
by plants and hence the presence of nitrate stimu-
lates primary productivity of water bodies. Since 
it is important in synthesis of proteins it is con-
sidered as the limiting nutrient that keeps the 
biotic system in balance. Owing to its negative 
valence nitrate does not bind to soil particles and 
leaches easily. Therefore rapidly migrating nitrate 
plume in groundwater are common in areas of 
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shallow aquifers characterized by high cluster of 
soil adsorption systems (Robertson et al, 1991). 
The amount of nitrate and nitrite in septic tank is 
poor due to its anaerobic environments. In such 
environmental setting adjacent wells are usually 
risky to use for drinking purpose (Chang et al, 
2010). Earlier mitigation measures had been time 
consuming and costly relying on regulatory in-
struments (Robertson et al, 1991). 

NOx causes impaired blood oxygen transport and 
respiratory complications by changing hemoglo-
bin into methamoglobine (Self & Waskom, 2013). 
A water source should not be used for drinking 
purpose if it contains nitrate level above 50 mg/l 
(European Commission, 1998b; WHO, 2011). 

1.3 Need to management of nutrients in 
waste water 

The general objective of nutrient management is 
to reduce extraction of nutrient resources and 
make its distribution according to regional and 
global demands while maintaining ecological, 
social and economic values of the environment. 
It involves development of nutrient management 
strategies acting over barriers of geographical, 
economic and political boundaries through regu-
latory, commercial and technological instruments 
(Weikard & Seyhan, 2009). Global phosphorous 
flux models are used to find out key environmen-
tal component with major changes in the nutrient 
cycle (Cordell et al, 2009). The role of sufficient 
data regarding nutrient mobilization and distribu-
tion as well as understanding issues related to 
environment, social and economic systems is also 
critical in creating improved nutrient manage-
ment scenarios (Chopra et al, 2005).   
Runoff water carrying nutrients to coastal water 
bodies causes environmental and socio economic 
consequences related to both the loss of nutrient 
resources and nutrient enrichment of water bod-
ies (UWE, 2013). Watershed management plans 
based on hydrologic, climate, geological and 
urbanization conditions are proposed to solve the 
problem of pollution and control the amount of 
nutrient loss in the environment (Puckett, 1995). 
Retention structures made of reactive beds can 
satisfactorily reduce phosphorous from agricul-
tural runoff (Penn & McGrath, 2011). Market 
based instruments are discussed as potential 
strategies of phosphorous management as well 
(Chopra et al, 2005).  
So far many domestic scale technological     
approaches had been applied to reduce nutrient 
fluxes in the environment. Source reduction, 
source diversion in addition to removals within 

septic system and post septic systems as well as 
engineered soil adsorption systems were pro-
posed to be efficient phosphorous management 
methods along residents of the cost of highly 
eutrified Greenwood lake in US affected by 
enrichment of phosphorous carried by plumes 
from septic systems and waste water treatment 
plants (Braun et al, 2013).  

In Sweden these methods were the most success-
ful though some onsite waste water treatment 
systems were operating under the requirements 
of SEPA (SEPA, 2012a). Lower technical capabil-
ity, lack of efficient regulatory systems, extended 
service periods and absence of proper monitoring 
resulted in loss of significant amounts of phos-
phorous and nitrogen emission to local subsur-
face and surface water body (KIMO, 2011). 
However they are economical solutions to the 
remote places. 

Urine recovery and waste separation or source 
separation technologies such as urine diversion 
toilet systems and composting unites were also 
used very effectively in recovering nutrients and 
reclaiming its reuse for agricultural purposes as 
well as to improve sanitary conditions 
(Ridderstole, 2004). Different units of such tech-
nologies had been commercialized in Sweden 
(www.aquatron.se). 

Despite the successive environmental goals, 
tighter emission limits and improved sewerage 
collection, treatment and disposal methods used 
on a large scale systems continuous development 
of improved technologies of nutrient removal 
from waste water as well as efficient and effective 
recycle and reuse methods remained the subject 
of researchers. 

1.3.1 Legal instruments 
EU Framework Directive 
With regard to the prevention of water pollution, 
its development and implementation the Europe-
an Water Framework Directive aims at the at-
tainment of good water status of all waters at 
2015 by establishing target concentrations of 
nutrients in water bodies based on the well-
functioning of the ecosystem and well-being of 
biological elements. Accordingly, member states 
should comply with Council Directive 
91/271/EEC of 15 May 1991 concerning urban 
waste water treatment as amended by Commis-
sion Directive 98/15/EC of 27 February 1998. 
The directive specifies emission limit for TN and 
TP (total phosphorous) as 15/10 mg/l and 2/1 
mg/l for treatment plants of 10,000 to 100,000 
/>100,000 personal equivalents (p.e.) and reduc-

http://www.aquatron.se/
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tions of 70 to 80 % (TN) and 80 % (TP) by waste 
water treatment systems (European Commission, 
1998a). 
Swedish Environmental Protection Agency (SEPA) 
Adopted by the Swedish parliament in 1999 and 
2005 Swedish Environmental Protection Agency 
has set 16 environmental objectives based on 
specific quality criteria of target compounds in 
different environmental components including 
waste water. Accordingly 60 % of the phospho-
rus contained in waste water should be recovered 
for use on productive land at least half of it on 
arable land by 2015. Wastewater treatment plants 
should attain 90 % and 50 % of phosphorous and 
nitrogen removal for good condition of receiving 
environments respectively. An objective called 
“Zero Eutrophication” had been set to reduce 
the emission of phosphorous and nitrogen by 20 
and 30% respectively and maintain the ecological 
value of soil and water bodies (SEPA, 2012a).  

1.3.2 Technological instruments 
Phosphorous removal  
The methods used for removing phosphorous 
from waste water by centralized treatment sys-
tems are based on the principle of transferring 
soluble phosphorous from waste water to solid 
phase and separation of solid phase from the 
liquid matrix using biological and/or chemical 
mechanisms (Bashan & Bashan, 2004). These 
include; 

• Precipitation of phosphates using lime, iron or 
aluminum oxides, sulfates or chlorides (also 
known as polyelectrolytes) in centralized 
treatment plants. 

• Biological treatment of phosphate through 
bacterial assimilation and subsequent separa-
tion by sedimentation. 

Nitrogen removal 
Customary processes  of nitrogen removal used 
by large scale waste water treatment systems ends 
with release of gaseous nitrogen such as NH3, 
N2O and N2 from waste water predominantly 
using denitrifiers or chemicals. Ammonia striping 
is a method of releasing NH3 (g) by providing 
sufficient contact between waste water and air 
while increasing the pH of the waste water to 
11.5 based on the principle that higher tempera-
ture and pH converts ammonium to ammonia 
gas. Breakpoint chlorination involves the pres-
ence of enough chlorine after all oxidizable forms 
of ammonia from waste water releasing N2 (g) and 
N2O (g) through the formation of various chlo-
ramines as intermediate by products. Thus meet-

ing disinfection goal requires larger amount of 
“total chlorine demand” (Tchobanologlous et al, 
2004).  

Other methods include ion exchange using ni-
trate selective synthetic resins and natural zeolites 
(Sedlak, 1991; Edzwaldz, 2011). Membrane tech-
nologies such as reverse osmosis and nano-
filtration had been used to efficiently treat nitrates 
from drinking water (Edzwaldz, 2011). Biological 
methods (nitrification and denitrification pro-
cesses) using specialized bacterial species under 
suitable biochemical environments of centralized 
waste water treatment units were implemented to 
reduce nutrient load of various types of sewage 
(Dekker, 1999). All these methods are typical to 
large drinking water, waste water or industrial 
waste water treatment systems. 

1.3.3 Onsite wastewater treatment technologies 
(OWTS) 

OWST are preferred alternative treatment sys-
tems since they operate under natural processes, 
at lower energy requirement and infrequent 
monitoring as well as avoidance of long distance 
connection across the unsuitable topographic 
conditions of remote resedential areas (Renman, 
2008). Septic tanks and soil infiltration systems 
are the oldest and predominant onsite waste 
water treatment and disposal systems in Swedish 
rural communities (Hedström, 2006). Soil treat-
ment units (STU) are engineered soil layers that 
provide improved treatment and disposal of 
septic tank effluent (STE) through infiltration 
and filtration processes (Smith, 2009). 

Inside septic tank hydrolysis and anaerobic diges-
tion of organic materials as well as separation by 
floatation and sedimentation reduces 40 % of 
sludge volume, 60 % of BOD and 70 % of sus-
pended solids (SS). Most of nitrogen in STE is in 
the form of TKN. The biological mat of septic 
tank retains more than 50 % of incoming phos-
phorous while 85 % of phosphorous contained in 
STE is constituted by orthophosphate. The net 
nitrogen and phosphorous reductions account to 
5 to 15 % and 10 to 20 % respectively (Jantrania 
& Gross, 2006). Other by products includes CH4, 
H2S and CO2 (Hiscock, 2005). At STU STE 
trickles down in designed soil filter layer where 
the soil layer acts as bio filter for biological nitri-
fication as well as removal of virus and bacteria 
through filtration processes (Smith, 2009). Car-
bon content of STU provides good denitrifying 
layer (Robertson & Andersson, 1999;  Jantrania & 
Gross, 2006). 
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Another OWTSs ever used to state-of-the-art 
condition that are aimed to reduce nutrient emis-
sions successfully from domestic sewage include 
but not limited to aerobic and anaerobic com-
partments accommodated within a septic tank, 
recirculation facilities of filtrates from drain fields 
to septic tank, bio-filters between septic tank and 
drain fields and peat filters between septic tank 
and soil absorption field (Chang et al, 2010).  

Constructed wetlands (CW) and detention ponds 
are examples of other kind of OWTS systems 
used to treat nitrogen, phosphorous and metals 
from domestic waste water and storm water 
respectively. Their overall treatment performance 
is increased by filtering the waste water through 
sorption materials incorporated into the CW 
(Drizo et al, 1999). Ponds designed with reactive 
media [sand (50 %), limestone (20 %), saw dust 
(15 %) and tire crumb (15 %)] was tested to 
remove 97.72 % of NO3 and 97.5 % of organic-P 
from storm water (Chang et al, 2010). 

1.4 Reactive filter bed technology 
Soil drain fields owe lower potential of removing 
contaminants from waste water. In Nordic re-
gions poor soil condition and ever stringent 
effluent levels limited the use of conventional soil 
drain fields as disposal systems of septic tank 
effluents (Jenssen et al, 2010). The traditional 
method of treating septic liquid effluents in trick-
ling drain fields can cause eutrophication of 
nearby lake systems (Braun et al, 2013). It can 
result in nitrate contamination of shallow aquifers 
(Robertson et al, 1991). Filter systems made of 
materials with behavior of sorbing nutrients can 
retain nutrient, maintain groundwater quality as 
well as improve agricultural productivity 
(Cucarella et al, 2007; Cuaracella & Renman, 
2009; Chang et al, 2010). 

Reactive filter technology is a technology where 
waste water is allowed to percolate through a bed 
made of porous reactive filter media mainly by 
gravity which sorbs contaminants from aqueous 
phase or alters them into non contaminant form. 
Adsorption and precipitation are the main re-
moval mechanism of phosphorous in reactive 
filter beds (Renman & Renman, 2012) while 
adsorption, pripitation (Renman & Renman, 
2012) and ion exchange (Nijhoff, 1986) are the 

mechanisms for heavy metals removal. Ion ex-
change, nitrification and/or denitrification mech-
anisms are used to remove nitrogen from pollu-
tion streams (Chang et al, 2010).    

The bed is made of cheaper sorption media with 
inherent property of long term and higher re-
moval capacity. The technology can be construct-
ed as filter well, infiltration bed, permeable reac-
tive barrier or constructed wetland where the 
reactive filter material is the major component 
(Baker et al, 1998; Blowes et al, 2000; Kietlińska, 
2004; Chang et al, 2010). 

Reactive filter technologies are not only technical 
and economical solutions for better treatment of 
waste water from decentralized waste water 
treatment and disposal systems but they can also 
provide the finite volume of captured nutrients to 
be reused to enrich productive soil (Hedström, 
2006; Cucarella et al, 2007; Renman, 2008; Jourak 
et al, 2011). The technology encompasses ecolog-
ical approaches to reduce treats of Global Warm-
ing by limiting the production of green-house 
gases (Renman, 2008; Healy et al, 2012). Efflu-
ents of higher pH levels associated mainly with 
phosphorous removal will be beneficial for acidic 
soils and receiving aquatic bodies (Hedström, 
2006; Cucarella et al, 2007).  

However agricultural application of used reactive 
filter materials should satisfy the requirement of 
EU directive (86/278/EEC) for using sewage 
sludge for agriculture (European Commission, 
1986). Methods of application are either direct 
application of the filter materials saturated with 
nutrients to agricultural fields or indirect applica-
tion of leached nutrient to the field depending on 
the presence of toxicants, the degree of acidity 
and changes in soil salinity it will cause (Cucarella 
et al, 2007; Beler-Bakkal et al, 2011). 

Polonite saturated with phosphorous from do-
mestic waste water increased barley production of 
soil by providing higher level of plant available 
phosphorous, increased soil pH, reduced hydrau-
lic acidity (Hh) and increased soil structure 
(Cuaracella & Renman, 2009). The indirect appli-
cation of the exhausted clinoptilolite to plant 
resulted in a better productivity of Ficus elastica 
during pot experiment (Beler-Bakkal et al, 2011). 
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Underground versions of reactive filter beds (e.g. 
Fig. 1) are advantages to constructed wetland 
systems with respect to land use economy, treat-
ment performance and structural integrity 
(Tilahun, 2012). Unlike constructed wetlands 
underground filter beds are low cost since the 
space above ground surface can be reclaimed for 
other uses besides the smaller area it requires 
(Renman, 2008; Tilahun, 2012). The risk of being 
subject to hydraulic failure due to the accumula-
tion of snow and temperature variations, ineffi-
cient treatment in cold season due to the unfa-
vourable temperature for bacterial activity and 
reduction in residence time due to channelization 
are lower in underground filter beds than 
constructed wetlands (Renman, 2008). 

Clogging of the filter materials by accumulated 
organic materials contained by influent waste 
water, growth of biomass, formed cristalized (or 
pricipitated) substances, as well as structurally 
wearing grains is a major factor to the reduced 
perfromance of filter beds (Drizo et al, 1999; Li 
et al, 2005; Westholm, 2006; Gustafsson et al, 
2007; Smith, 2009). It causes the formation of 
preferential flow distribution, channelization, 
lower contact time and poor hydraulic and treat-
ment performance. Appropriately designed posi-
tions of inlet and outlet, optimized size of filter 
bed and grain distribution, provision of sufficient 
head to overcome head loss and selection of 
appropriate filter material are some of engineer-
ing solutions to these operational problems 
(Bachnand, 2003; Smith, 2009). 

Mean reduction of TP (94 %), TN (80 %) and 
BOD (32 % to 66 %) were noticed during three 
years monitoring of 9 onsite waste water treat-
ment systems in Nordic countries (Denmark, 
Finland, Norway and Sweden) consisting of 
septic tanks followed by a biological filter unit 
and reactive filter bed composed of filtralite-P. In 
the septic tanks separation of denser and floatable 
components of waste water, hydrolysis and aero-

bic digestion of urea and organic constituents of 
waste water yielded effluents characterized by 
lower BOD, TSS, organic nitrogen, TAN and TP. 
The aerobic biological filter unite was accounted 
to significant nitrification, phosphate absorption 
by bacteria and removal of further solid organics 
which may clog the filter material. The reactive 
filter bed removed the major portion of phos-
phorous (Jenssen et al, 2010). 

1.5 Theory of sorption  
Sorption involves any capture or accumulation of 
solute called sorbet from a solid surface or aque-
ous phase by another solid called sorbent 
(Sposito, 2008). Sorption has been widely applied 
in removal of dissolved substances and nutrients 
from waste water. Thermodynamically sorption 
processes are classified into chemisorption and 
physisorption. Chemisorption is purely a chemi-
cal reaction involving electron transfer to form 
stronger bonding of sorbets to sorbents. It is 
accompanied by significant enthalpy changes of 
40 to 800 KJ/mole. Physisorption involves the 
uptake of solutes by weaker intermolecular elec-
trochemical forces under quite lower enthalpy 
changes of 4 to 40 KJ/mole (Garimbo, 2011).  

Formation of monolayer during chemisorption 
hinders further chemical reaction between 
sorbents and sorbets but depending on the ener-
gy between molecules formation of layers of 
subsequent complexes by physisorption process-
es may result in a series of layers. Therefore 
sorption from aqueous phase is difficult to ex-
plain as a pure physisorption or chemisorption 
(Garimbo, 2011). 

Adsorption of PO4 by Al(OH)3 or Fe(OH)3 
groups and cations removal using zeolites as a 
result of inner sphere complexes is an example of 
chemisorption (Klimeski et al, 2012) whereas 
uptake of cations by zeolites via film or particle 
diffusion transport mechanisms into the crystal-
line porous channels and binding outside the 
hydration sphere is physisorption (Garimbo, 
2011). Adsorption, ion exchange, surface com-
plexation and precipitation are the different types 
of sorption reactions (Sposito, 2008). 

1.5.1 Adsorption 
Adsorption is a mass transfer process from solu-
tion phase to solid phase (Tchobanologlous et al, 
2004). It is a process of two dimensional net 
molecular accumulation of matter at the interface 
between solid phase and fluid phase by strong 
electrostatic forces (Sposito, 2008). Activated 
carbon is an example of advanced waste water Figure 1. Typical section of a filter bed after 

septic tank. 
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treatment processes that uses carbon rich materi-
als in adsorbing solutes from waste water. 

1.5.2 Ion exchange 
Ion exchange can be defined as the replacement 
of one or more ionic species of a solid substance 
by another ionic species in an aqueous solution in 
contact with the solid or ions within the solid 
itself. It is regarded as a process of decontamina-
tion, purification or separation mechanism via 
exchange of ions between two electrolytes or 
between electrolytes and a complex without 
major physical alteration of the ion exchanger 
(Nijhoff, 1986; Tchobanologlous, Burton, & 
Stensel, 2004). Based on effective pH condition 
and functional groups ion exchangers are classi-
fied as cation exchangers (e.g. zeolites), anion 
exchangers (e.g. polymer-gels), or amphoteric 
exchangers (e.g. activated alumina) (Garimbo, 
2011). Since ion exchange is a charge stoichio-
metric phenomenon solution phase total dis-
solved solids (TDS) in meq/l remain the same 
but TDS in mg/l may differ. 

The rate of zeolite ion exchange depend either on 
the rate of transport mechanism carrying the ions 
from the bulk solution to exchange sites (film 
diffusion), internal diffusion of counter exchang-
ing ions into and out of the exchanger (particle 
diffusion) or kinetics of other types of chemical 
reaction at solid liquid interface (Fertu & 
Gavrilescu, 2012). 

1.5.3 Surface complexation and precipitation 
Surface complexation involves molecular coordi-
nation of binding ions to a solid surface. The 
inner layer called stern layer is formed by stronger 
electrostatic forces between bonding species 
while water molecule between binding species 
results in outer week layer called Gouy layer 
(Sposito, 2008). Surface precipitation is a three 
dimensional molecular arrangement or crystalliza-
tion at super saturated condition (Kioussis et al, 
2000) at longer reaction time (Sposito, 2008). 

Sorption desorption process takes place simulta-
neously and at equilibrium plots called isotherms 
are used to understand the sorption capacity of 
sorbents. Isotherms explain that at equilibrium 
conditions the amount of solute adsorbed is 
determined by solute remaining in the liquid 
phase at a constant temperature in laboratory 
batch studies (Langmuir, 1997). They are used to 
compare sorption capacities of various substrates 
and provide primary data for selection of sorbent 
with high capacity (Cucarella & Renman, 2009). 

Column and batch studies are the two standard 
experimental methods of testing sorption capaci-
ty of reactive filter materials in removing various 
solutes out of a range of synthetic and natural 
waste waters. They are vital to understand sorp-
tion mechanisms, check the desired effluent 
characteristics and compute isotherms, sorption 
capacity, and removal efficiency of filter materials 
(Cuaracella & Renman, 2009).  

Batch (closed system) studies  are used to deter-
mine the sorption capacity of reactive filter mate-
rials mainly from synthetic solutions at solid 
liquid equilibrium condition whereas flow-
through (open systems) testes are more practical 
in explaining real time solute sorption behavior of 
sorbents in the absence of sufficient contact time 
required to create equilibrium concentration 
(Nguyen & Tanner, 1998). Transport and remov-
al processes inside columns are assumed to repre-
sent those processes in a smaller vertical section 
along the filter bed. Other fixed bed studies used 
so far called microcosm models (bench scale) 
tests and mesoscale tests signify diminished 
physical models of real-time filter beds. They are 
analogous to onsite filter beds with respect to 
their content, design components and operation. 
They were successfully used to simulate hydro-
logic condition of filter beds (Camargo et al, 
2009; Klimeski et al, 2012). Field scale tests pro-
vide a comprehensive set of data about the use of 
specific reactive filter material (Vohla et al, 2011).  

1.6 Reactive filter materials/sorbents/ 
The less effectiveness of traditional and onsite 
waste water treatment and disposal unites using 
soil absorption fields made from sandy materials 
triggered researches for the development of 
better treatment options comprising of substanc-
es called reactive filter materials or substrates that 
have exceptional affinity to pollutants and good 
hydraulic performance (Cuaracella & Renman, 
2009; Jenssen et al, 2010).  

Reactive filter materials are categorized into three 
major types. Natural (minerals, rocks, soils 
and marine sediments), bauxite, limestone, 
opoka, shell sands, wollastonite and zeolites; 
Industrial by-products, fly ash and blast furnace 
slag; Industrial products such as LECA (Light 
expanded clay aggregates), Nordlak filtra-P, 
filtralite-P and polonite (Bachnand, 2003; 
Westholm, 2006; Cuaracella & Renman, 2009; 
Vohla et al, 2011).  

Recommendation of these materials to treat a 
specific waste water type requires assessment of 
logistics (availability, cost, construction site and 
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trained personnel) and laboratory analysis (com-
position, molecular structure, porosity, surface 
area, particle size, shape) and laboratory investiga-
tion (removal capacity and efficiency, longevity 
and hydraulic performance with respect to vari-
ous operational parameters of the waste water) of 
substrates (Bachnand, 2003; Kietlińska, 2004; 
Klimeski et al, 2012). A nominal reactive filter 
material should also have an attribute of envi-
ronmental soundness (Borgowski & Renman, 
2004). 

Based on a literature review and a laboratory 
study reactive filter materials are classified in to 
two categories of grain sizes and five groups of 
phosphorous sorption capacities(PSC) (Table 1) 
(Cuaracella & Renman, 2009).  

The results of past studies had confirmed that 
sorption capacity of reactive filters from various 
types of aqueous solutions depend on the respec-
tive physical and chemical property of reactive 
filter materials (Nguyen & Tanner, 1998; Bor-
gowski & Renman, 2004; Cuaracella & Renman, 
2009). The physical property of reactive filter 
materials refers the water content, density, grain 
size, grain shape and porosity. Chemical proper-
ties are referred by mineral composition and 
structure of the reactive filter martial (Grubb et 
al, 2000; Borgowski & Renman, 2004; Elshorbagy 
& Chowdhury, 2013). Waste water characteristics 
and loading rates are other operational parame-
ters that affect performance of reactive filter 
materials (Westholm, 2006; Vohla et al, 2007; 
Drizo et al, 1999; Penn & McGrath, 2011; Vohla 
et al, 2011).  

Physical properties of reactive filter materials 
such as lower water content brings cheaper 
transportation costs while larger surface area of 
smaller grains operating hydraulically well results 

in good sorption capacity of the materials (Penn 
et al, 2007). Manipulation of reactive beds of 
lighter grains during construction and saturation 
is easier (Penn et al, 2007). The amount of sorp-
tion sites on reactive grains depend on the shape, 
size and porosity of the grain (Cucarella & 
Renman, 2009). Many batch experiments witness 
that smaller grains had larger sorption capacity 
than larger grains. Smaller grains provide maxi-
mum adsorption of solutes though the smaller 
pore openings could be clogged by BOD and 
TSS accumulation and formation of precipitates 
easily (Penn et al, 2007).  

Chemically Ca, Al, Fe and Mg containing materi-
als are known for their affinity to phosphorous 
(Penn et al, 2007; Cucarella & Renman, 2009;  
Mastorakis et al, 2011). Reactive materials derived 
from organic materials or containing sulfur are 
highly effective in reducing nitrogen from waste 
water (Bachnand, 2003). Sorption mechanisms of 
these materials is also unique to the predominant 
chemical form of the sorbent. While adsorption 
(chemisorption) of phosphorous by Al and Fe 
oxide surfaces is a predominant sorption mecha-
nism Ca and Mg containing sorbents can precipi-
tate sufficient amount of phosphorous from 
waste water (Bachnand, 2003; Penn et al, 2007).  

Batch tests of soil types with higher content of 
Ca, Al and Fe such as marl, spodosols and clay 
had proved high phosphorous sorption capacity 
(Westholm, 2006). Soil organic matter may re-
duce phosphate adsorption property of the soil 
by being obstructive to adsorption sites as well as 
creating competing organic anions for adsorption 
sites (Sakadevan & Bavor, 1998). Hydrous Fe and 
Al oxide bound to soil organic matter may how-
ever increase soil phosphorous adsorption prop-
erty (Saunders, 1965; Sakadevan & Bavor, 1998). 
Thus vegetative soil systems can be used with 

Table 1. Classification of P reactive filter materials (Cucarella & Renman, 2009). 
P sorption  capacity 
(g P kg-1) 

P sorption  capacity 
(g P kg-1) 

Filter materials 

Fine (<1 mm) Fine (<1 mm) 

Very low <0.1 Soils Gravels 

Low 0.1-0.5 Sand, Soils LECA‡, Limestone, Opoka 

Moderate 0.5-1 Bentonite, Calcareous soils, Fly 
ash*, Spodosol Bauxite, BFS*, Zeolite* 

High 1-10 BFS*‡, Fly ash*, Fe-coated sand 
and brick 

BFS*, EAF‡, Filtra P‡‡, Filtralite 
P, Polonite‡‡, Shell sand, 
UTELITE 

Very High >10 BFS*, Fly ash*, Polonite‡‡, Red 
mud n.d.‡ 

* Depending on chemical composition. 
‡ BFS, blast furnace slag; EAF, electric arc steel furnace slag; LECA, light expanded clay aggregates; n.d., no data. 
‡‡ Based on other studies (Brogowski and Renman, 2004; Cucarella et al, 2007; Gustafsson et al, 2008).  
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relative filter bed to reduce phosphorous from 
agricultural runoff (Regan & Andersen , 2013). 

Total cation exchange capacity (TCEC) and 
specific density of surface functional groups are 
important property of ion exchangers (Nguyen & 
Tanner, 1998). Cation exchange capacity of zeo-
lites is due to negative surface charge of the 
crystal lattice caused by the amount of Al/Si 
substitution (Nguyen & Tanner, 1998). Other 
factors called stereo-chemical properties embrac-
ing hydration radii, hydration energy of solutes 
and dimensions of networks of the crystalline 
porous channels determine sorption properties of 
molecular sieve absorbers such as zeolites by 
affecting selectivity for specific ions (Ames, 1961; 
Martinus Nijhoff, 1986; Garimbo, 2011). Due to 
these property zeolites are best molecular sieve 
adsorbents (Nijhoff, 1986). 

Inductively Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES), X-ray and neutron 
diffraction, solid state magic angle spinning nu-
clear magnetic resonance (MAS NMR) and FT 
mid and infrared spectroscopy are used to analyze 
composition and crystal structure of a reactive 
substrates. These methods are useful in determin-
ing the chemical composition and crystal struc-
ture of the reactive materials as well as its propor-
tion out of its native source before laboratory 
scale investigation of adsorption property and 
commercialization of the substrates (Ozin et al, 
1989; Nguyen & Tanner, 1998; Ríos Reyes, 2008; 
Valero & Mara, 2010; Elshorbagy & Chowdhury, 
2013). 

Zeolites with elevated content of exchangeable 
framework cations such as Na, K, Ca and Mg are 
potential adsorbents of ammonium and heavy 
metals (Lin Lin et al, 2013). Carbon source and 
electron donor solid phase materials such as pine 
woodchips (LPW), cardboard, pine needles 
(LPN), barley straw (BBS) were proved to effec-
tively remove nitrate by heterotrophic denitrifica-
tion processes (Healy et al, 2012). Limestone or 
oyster shell could be used as sulfur source for 
autotrophic denitrification filter systems for 
nitrate removal (Chang et al, 2010). Zero valent 
iron (ZVI) is an oxygen scavenger material that 
releases H2 (g) and reduces ammonification above 
pH>6 while creating simultaneous heterotrophic 
and autotrophic denitrification (HAD). Using the 
H2 (g) and C from organic material and CO2 ZVI 
effectively reduced NO3 in column experiments 
(Rocca et al, 2007). 

pH of influent waste water controls other chemi-
cal species of waste water (Weiner, 2007). Opera-

tionally pH of the wastewater and reactive filter 
material determine the surface charge of adsor-
bents and protonation of Al and Fe containing 
substrats occurs at lower pH range (Grubb et al, 
2000). Pripitation of Ca-P compounds is 
favoured at higher pH (Johansson & Gustaffson, 
2000). Larger loading rate of waste water may 
reduce the sorption reaction time while low 
loading rate may not provide suffiient time for 
the required level of sorption. Therefore 
researcches indicated reactive filter beds should 
be designed for medium loading rate that 
optimizes hydraulic conductivity with removal 
capacity (Vohla et al, 2011).  

Study of sorption behavior of reactive substrates 
with respect to reaction heat could complement 
theoretical study and assists the management of 
reactive substrates and filtrates (Lyngsie et al, 
2013). His findings through isothermal titration 
confirmed that P sorption by filtralite-P and 
limestone were maximal at highly exothermic 
conditions. Adsorption of phosphorous on by 
polonite and filtralite-P columns at 4.3 oC had 
increased by 1.2 and 1.5 respectively at 16.5 oC 
(Herrmann, 2014).  

1.7 Reactive phosphorous and nitrogen 
removal from waste water 

Conventional synthetic inorganic and polymeric 
ion exchangers were shown to be inconvenient 
phosphate and ammonium adsorbent from waste 
water due to their low selectivity in the presence 
of SO4, Cl, CO3, and dissolved organics (Chen et 
al, 2002).  

Polyaminehydrochloride belongs to a group of 
synthetic ion exchanger that removed 98 % 
(PO4), 85 % (NO2) and 53 % (NO3) experimen-
tally (Kioussis et al, 2000). Due to their higher 
cost and operational complexities such as struc-
tural obliteration and poor performance after 
regeneration the use of synthetic resins for re-
moval of PO4 and NH4 by centralized water and 
waste water treatment facilities is limited  
(Kioussis, et al, 2000).  

A property of being anion and cation exchanger 
or cation exchanger and phosphate adsorbent 
and/or precipitant is needed in order for a syn-
thetic substrate to simultaneously remove ammo-
nium and phosphate from different types of 
waste water. Either of these properties is costly 
and various pretreatment processes of sorbents 
leave Cl, CO3 and SO4 ions in treated waste water 
(Bao-hua et al, 2007; Miladinovic & Weatherly, 
2008). 
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CaO and Ca(OH)2 rich natural and modified 
reactive substrates demonstrate high sorption 
potential of phosphorous from wastewater 
(Vohla et al, 2011). Since polonite is rich in CaO 
and SiO2 and contains lower amount of toxic 
compounds it is advantageous to be used as 
phosphorous retaining media from waste water 
and application to soil. Thus reactive filter beds 
made of polonite grains can transfer the phos-
phorous from waste water to soil and increase it’s 
productivity (Borgowski & Renman, 2004). 

A perfect hydrologic condition inside filter beds 
is a requirement to filter beds performance for 
extended periods of time (Westholm, 2006;  
Vohla et al, 2011). Good contact between the 
grains and the waste water solution can happen 
by proper selection of grain size distribution, 
increasing specific surface area (m2/g) and shape 
of grains. Large specific surface area of round 
shaped and smaller grains provides large waste 
water substrate interface for P-sorption (Drizo et 
al, 1999). This allows greater proportion of ad-
sorption sites to be used through higher exposure 
of the waste water to the reactive grains (Vohla et 
al, 2011).  

Smaller grains provide smaller inter grain pore 
spaces that are easily clogged with solid materials 
than larger grains (Meyer, 2004). Therefore, 
selection of specific grain size is based on 
tradeoff between good flow behaviors of coarser 
grains and high removal capacity (mg/g) of 
smaller grains. Uniformity coefficients (d60/d10) 
<4 and grain size distributions d10 (0.2 to 0.3 
mm) & d60 (0.5 to 8 mm) are recommended for 
maximum sorption and good hydraulic perfor-
mance of reactive grains (Bachnand, 2003; Vohla 
et al, 2011). 

Chemically good P sorbents are characterized by 
their abundant content of Al, Fe, Ca and/or Mg   
(Bachnand, 2003; Westholm, 2006; Penn et al, 
2007; Cuaracella & Renman, 2009; Klimeski et al, 
2012). Some La based materials are found to be 
good phosphorous substrates (Bachnand, 2003). 
Al and Fe containing materials are reported to 
function best at lower pH ranges of solutions 
while Ca containing sorbents perform best at 
alkaline conditions (Heal et al, 2004). La based 
sorbents are not affected by either acidic or basic 
nature of the waste water (Bachnand, 2003). 

Many researchers had studied various factors 
affecting sorption rate of phosphorous using 
reactive filter materials (Westholm, 2006; Vohla, 
et al, 2011). Phosphorous removal efficiency of a 
reactive filter material is predominantly a function 

of the abundance of adsorption sites and pH of 
the material. The amount of Ca, Al and Fe per 
specific surface area (m2/g) determine the num-
ber of adsorption sites of phosphorous reactive 
material (Cuaracella & Renman, 2009). 

Zeolite content of oxides of Al, Fe, and Ca and 
serve to surface nucleate precipitates of phospho-
rous and are likely to contribute to its phospho-
rous removal property (Bachnand, 2003) while 
size exclusion is the dominant factor reducing 
PO4 uptake by zeolites (Drizo et al, 1999). Ab-
sence of stronger molecular attraction between 
crystalline surfaces structures of zeolite and PO4 
limits removal of PO4 by zeolite as well. However 
through modification of zeolite higher PO4 ad-
sorption could be developed. A batch experiment 
had shown that zeolites pretreatment with H2SO4 
had limited NH4 sequestration by reducing equi-
librium pH while simultaneously sorbing NH4 
and PO4 by forming precipitates of Ca and Mg 
(Bao-hua et al, 2007). 

Similarly ammonium uptake of zeolites in a batch 
test is known to be affected by experimental 
conditions of aqueous phase such as type of 
waste water composition, concentration, temper-
ature, pH, existence and amount of competing 
species, loading rate (HRT) and pretreatment. 
Other factors include physical and chemical 
properties of zeolites such as grain size, dimen-
sion and length of porous crystal structure, spe-
cific surface area, TCEC and content of organic 
materials (Nguyen & Tanner, 1998; Jorgensen & 
Weatherly, 2003; Elshorbagy & Chowdhury, 
2013).  

Longer HRT allows sufficient mass transport and 
exchange processes of particle diffusion con-
trolled ion exchange removal process of zeolite 
(Nguyen & Tanner, 1998; Woinarski et al, 2006). 
Mechanism of phosphorous removal by zeolites 
requires shorter (0 to 20 minutes of) HRT (Lin 
Lin et al, 2013). Similarly longer contact time is 
associated with HAP formation of Ca based 
substrates (Klimeski et al, 2012). Al and Fe based 
substrates need shorter contact time for 
adsorption of PO4 via ligand exchange while Ca 
and Mg based substrates require longer time for 
the sorption of PO4 via pricipitation mechanisms 
(Penn et al, 2007). 

Finer mordenite grains had better NH4 removal 
efficiencies than coarser grains (Nguyen & Tan-
ner, 1998). High temperature of waste water alter 
its NH4 content to NH3 (Jorgensen, 2002) while 
more watery condition of the hot waste water 
allows better mobility of ions in the crystalline 
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porous channels of zeolites (Meyer, 2004). Acidic 
waste water contain higher amount of competing 
hydronium ion while highly alkaline waste water  
reduces NH4/TAN ratio sufficiently low to create 
sequestration of NH4 during ion exchange (Bao-
hua et al, 2007). 

Gradient in concentration was known to drive 
uptake of Cu2+ by clinoptilolite ion exchange 
process (Woinarski et al, 2006). Similarly it was 
reported that waste water containing higher 
concentration of ammonium resulted at faster 
breakthrough condition and higher uptake by 
zeolite (Hedström, 2006; Jafarpour et al, 2010). 
Maximum ammonium removal of clinoptilolite in 
a batch study was observed at pH range of 6.4 to 
6.5 (Lin Lin et al, 2013). 

Higher concentration of cations such as K+, Na+, 
Ca2+ and Mg2+ in aqueous solution reduces the 
selectivity based NH4 ion exchange process of 
zeolites. However higher selectivity of zeolites to 
a specific solute is explained by their higher 
molecular sieving attribute based on the physio-
chemical and stereo-chemical property they 
possess (Broach et al, 2012). These are the size of 
porous crystalline channels, hydrated radii, hydra-
tion energy, number and location of exchanging 
ions (Ames, 1961; Garimbo, 2011).  

TCEC (meq) of zeolites is equivalent to the sum 
of its K+, Ca2+, Mg2+ and Na+ content (Lin Lin et 
al, 2013). It limits CEC of zeolite. More accurate-
ly, surface and volumetric charge density of a 
zeolite given by CEC normalized to it’s surface 
area (meq/m2) and to volume (meq/m3) respec-
tively give maximum ion exchange capacities of 
the zeolite (Nguyen & Tanner, 1998). TCEC of a 
mineral cation exchanger is estimated experimen-
tally by the amount of ammonium acetate it 
adsorbs (Busenberg & Clemency, 1965). 

Substitution of the exchangeable extra frame 
work cations such as K+, Ca2+, Mg2+ by chemical 
pretreatment processes into a homoionic form 
that are lower in the order of selectivity series 
such as Na+ increases it’s NH4 exchange capacity 
and/or preconditions the crystalline porous 
channels for better mobility of NH4 and ex-
changed ions (Inglezakis et al, 2001; Garimbo, 
2011). 

Pretreatment and regeneration mechanisms allow 
economical use of the sorbents by improving or 
restoring sorption behavior of sorbents. There-
fore various pretreatment options and conditions 
should be considered while studying long term 
performance of sorbents (Inglezakis et al,  2001; 
Hedström, 2006). 

Thermal pretreatment preconditions the grains by 
removing bounded water and hydrated guest 
species in the crystalline lattices of reactive filter 
materials increasing the potential of charges of 
surface functional groups. The amount of organic 
materials inherently present with mineral sorbents 
that is removed by heating the mineral sorbent is 
measured as loss on ignition (LOI) (Borgowski & 
Renman, 2004). Heating helps easy mobilization 
of exchanging ions in the crystalline channels by 
optimizing crystalline pore dimensions of zeolites 
(Elshorbagy & Chowdhury, 2013).  

Recommended regeneration techniques include 
ionization radiation (Kim et al, 2009), biological 
(nitrification followed by denitrification) 
(Hedström, 2006; Rahmani & Mahvi, 2006) and 
chemicals such as NaCl (aq), NaOH (aq) and HCl 
(Lin Lin et al, 2013). The low anion removal 
attribute of zeolites is known to be improved by 
chemical pretreatment of zeolites (e.g. using 
cetylpyridinium (CPM) and hexadecycltrimethyle 
(HDTMA) (Covarrubias et al, 2008).  

1.7.1 Mechanisms of sorption using polonite  
Attempts to explanation of phosphorous removal 
mechanisms using reactive materials had been 
done by a number of researchers (Baker et al, 
1998; Drizo et al, 2002; Gustafsson et al, 2007; 
Renman, 2008; Herrmann, 2014). Transport and 
removal processes of phosphate in column exper-
iments using filtralite-P is modeled successfully 
(Jourak et al, 2011). The three distinct transport 
and adsorption processes of phosphate reactive 
filter material are i) film transport, ii) pore 
transport and iii) uptake. The first two processes 
are rate limiting since they are slower processes 
consuming as longer time as months for the 
establishment of equilibrium condition 
(Cuaracella & Renman, 2009).   

Various kind of Ca-P compounds are formed due 
to the reacton of Ca based substartes and PO4 
(Baker et al, 1998). Supersaturated calcium due to 
its higher rate of desorption at higher pH is 
identified as main requirement for phosphorous 
sorption using Ca-P precipitation (Bachnand, 
2003). This form particle bound P which is usual-
ly washed out with the effluents (Herrmann, 
2014). HAP is one of such compound formed 
due to super-saturation of dissolved calcium. 
Studies show that other types of Ca-P com-
pounds are also formed due to the reaction of 
CaO content of P-reactive mixtures with varying 
degree of saturation index or solubility at differ-
ent pH, temperature and PO4 concentration 
(Baker et al, 1998; Drizo et al, 2002; Gustafsson 
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et al, 2007; Renman, 2008). These compounds are 
bound to CaO/Ca(OH)2 seeding surfaces and 
constitute reactive filter bound phosphorous 
(Herrmann, 2014). 

The more crystalline Ca-P species of HAP               
(Ca5(PO4)3OH) was predominating than other 
more soluble forms such as octacalcium phos-
phate (Ca8H2(PO4)6), brushite (CaHPO4.2H2O) 
and monetite (CaHPO4) in the effluents of col-
umn experiments aimed at determination of P 
removal performance of substrates containing 
calcium (Baker et al, 1998). Another study indi-
cated that effluent solutions were found to be 
saturated with soluble Ca-P forms such as oc-
tacalcium phosphate (OCP, Ca8H2(PO4)6) and 
tricalcium phosphate (ATP, Ca3(PO4)2 accompa-
nied by unanticipated HAP saturation during later 
filtration periods (Gustafsson et al, 2007; 
Renman, 2008). 

The study of phosphorous sorption mechanisms 
and factors associated are complex and requires 
well developed models. The rate of crystallization 
and specific reaction is an intricate processes 
affected by the presence of metastable precur-
sors, ionic strength and foreign ion-effect, non-
stoichiometry, slow crystal growth kinetics, and 
incongruent dissolution (Baker et al, 1998). Tem-
perature and pH are also major factors affecting 
the thermodynamic rate of the mineralization or 
solubility of calcium-phosphate compounds 
(Herrmann, 2014). Besides, heterogeneity in 
composition of reactive functional groups of 
adsorbing mineral surfaces might always exist. In 
such cases electrostatic adsorption models such 
as MINTEQA2 provide better prediction of 
sorption phenomena (Langmuir, 1997). 

1.7.2 Mechanism of sorption using zeolite 

Wastewater nitrogen control using zeolite is 
particularly recommended when economic and 
environmental conditions for biological waste 
water treatment are not favored. These factors 
include cases of long distance connection of 
wastewater collection systems, presence of toxic 
compounds for denitrifiers in waste water, occur-
rence of shock loads, lower BOD to N ratio and 
reduced waste water temperature (Jafarpour et al, 
2010). Simultaneous advantage of removal of 
toxic metals can undertake via ion exchange and 
molecular adsorption processes (Nijhoff, 1986). 
Benefits of increased agricultural productivity 
while reducing the area of waste water application 
can be obtained by reuse of ammonium rich 
zeolite or desorbed  ammonium to soil where the 
soils has low nitrate retention capacity and the 

subsurface water is not prone to nitrate pollution 
(Nguyen & Tanner, 1998; Beler-Bakkal et al, 
2011). 

Ammonium-N removal using zeolites is techni-
cally and economically efficient since they have 
higher sorption capacity, zeolites property to be 
regenerated without major loss to their sorption 
capacity and crystalline structure, its potential to 
unload sorbed nutrients in agricultural lands as 
well as its property to simultaneously remove 
heavy metals from waste water. The exchanged 
alkaline or alkaline earth metals in filtrates of 
zeolites do not cause undesirable environmental 
consequences but supply nutrients to soil 
(Nguyen & Tanner, 1998; Elshorbagy & 
Chowdhury, 2013). 

Ion exchanging zeolites beds integrated with 
biological process can improve treatment effi-
ciency of such systems where in higher surface 
area of zeolites supports bacterial growth besides 
its ion exchange and molecular adsorption prop-
erty (Wang & Peng, 2010). Various studies had 
confirmed that zeolite particles in anaerobic 
treatment unit can increase CH4 production 
(Montalvo et al, 2012). Higher removal capacity 
and lag in breakthrough point was obtained by 
mordenite grains used as ion exchanger and 
biological filter in column experiments 
(Miladinovic & Weatherly, 2008). Clinoptilolite 
made zeo-flock can speed up settling processes in 
sedimentation tanks (Jung et al, 2004).    

Zeolites from various geographical locations 
differ not only with respect to specific mineral 
content but also on the amount of minerals they 
contain. Moreover operational conditions govern 
sorption behavior of zeolites. Therefore sorption 
behavior of a zeolite mineral is typical not only to 
its physical and chemical properties but it is 
required to be determined experimentally in a 
range of waste waters (Nguyen & Tanner, 1998; 
Elshorbagy & Chowdhury, 2013). 

A batch study had proved that a zeolite contain-
ing 51.80 % (SiO2), 18.31 % (Al2O3), 3.40 % 
(FeO2), 0.96 % (MgO), 4.73 % (CaO), 0.35 % 
(BaO), 0.04 % ( SrO), 0.60 % (Na2O), 4.91% 
(K2O) and 15.14 % (LiO) removed nitrogen and 
phosphorous from a synthetic solution effectively 
(Karapinar, 2009). Zeolite materials are cheaper 
and natural options for cations and ammonium 
removal predominantly by ion exchange process-
es used in small waste water treatment plants 
(Sedlak, 1991). Zeolites removed ammonium 
significantly from industrial waste water (Jafar-
pour et al, 2010), synthetic tannery waste water 
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(Pourahmad et al, 2010), source separated human 
urine (Beler-Bakkal et al, 2011) and livestock 
waste water (Nguyen & Tanner, 1998; Kim et al, 
2009).  

Nitrogen control from waste water using zeolites 
is mainly via ion exchange of NH4. Simultaneous-
ly molecular adsorption can reduce the amount of 
NH4 and NH3 from waste water (Lin Lin et al, 
2013). Ammonium removal kinetics of mordenite 
ion exchange is stochiometricaly represented as;  

Z – Na+ + NH4+ ↔ Z – NH4+ + Na+  

The forward reaction represents release of loosely 
bound Na+ from  negatively charged zeolite 
surface functional group into the solution and 
binding of equivalent charge of NH4+ keeping 
zero changes to charges of zeolite surface func-
tional groups (Jung et al, 2004) created by the 
isomorphous substitution of Si4+ by Al3+ during 
the geological processes of zeolites formation. 
This is inferred from a batch experiment which 
indicated high significant level of statistical test 
(P<0.001) of reduced NH4 adsorption by clinop-
tilolite and mordenite using NH4Cl-NaCl synthet-
ic solution than NH4Cl alone (Nguyen & Tanner, 
1998).    

The backward reaction represents desorption of 
zeolite bound ammonium. The reaction is typical 
to either pretreatment or recovery of natural 
zeolite ion exchange capacity by using NaCl (aq) 
(Inglezakis et al, 2001) and in ion-exchange unites 
of aadvanced waste water treatment facilities 
(Davis, 2010). It involves Na enrichment of 
zeolite followed by loss of the substituted Ca2+, 
Mg2+ and K+ (Lin Lin et al, 2013) which intern  
increases pore diameter and micro porous vol-
ume of zeolite (Garimbo, 2011; Lin et al, 2013). 
Surface bound Na+ of smaller hydrated energy 
are also more exchangeable than the strongly 
bound larger hydrated Ca2+ (Garimbo, 2011). 
Such pretreatment favors improved molecular 
sieving, elevated amount of exchangeable Na 
content, increased molecular adsorption property 
and better selectivity of NH4 (Gavrilescu, 2012). 

Zeolite ion exchange of ionically strong solutions 
is highly affected by uptake depending on the 
position of the ion on selectivity order. Selectivity 
series of zeolites is affected by molecular sieving 
effects, charge neutralizing property of the ion 
and microporous absorption. Ions of lower 
hydrated energy and smaller radii of hydrated 
sphere have higher selectivity.  Accordingly selec-
tivity order of mordenite for alkali metals, alkali 
earth metals and heavy metals is Cs+>K+>Na+ 

>Li+, Ba+2>Sr2+>Ca2+>Mg2+ (Ames, 1961) and 

Mn2+>Cu2+>Co2+~Zn2+>Ni2+ (Wang & Peng, 
2010) respectively. 

Kinetics of molecular adsorption and ion ex-
change including rate limiting transport and 
sorption process of clinoptilolite and factors 
affecting these processes were modeled using 
column experiments. Thus film diffusion was the 
predominant process in short contact time that 
took place during the initial filtration phases 
while particle diffusion was more significant in 
extended period of filtration done with interrup-
tion time (Woinarski et al, 2006). 

PO4 removal by zeolites is mainly predominated 
by larger number of nucleated surface seeds of 
adsorbed phosphorous over surface of zeolite 
than the longer time demanding process of sur-
face precipitation resulting from supersaturated 
solution of the waste water (Lin Lin et al, 2013).  

Zeolite content of oxides of Al, Fe and Ca could 
surface bound and precipitates of PO4 (Wen et al, 
2006; Kim et al, 2009). Oxides of Mg and Ti 
found with zeolite containing mineral also con-
tribute to it’s PO4 adsorption behaviors of zeo-
lites (Bachnand, 2003). Seeded precipitation other 
than saturation dependent precipitation was 
shown to be the major mechanism of phospho-
rous removal of zeolite (Karapinar, 2009). How-
ever depending on the size of porous crystalline 
channels molecular exclusion limits the move-
ment of PO4 into inner crystalline channels of 
zeolite (Drizo et al, 1999).  

Reactive nitrate removal technologies 
Nitrate pollution of groundwater is a common 
problem from drainage of nitrate fertilized soil 
and from areas of clustered drain fields. The 
effect of nitrate pollution of shallower ground 
water is intensified if the pollution source is near 
a surface water body (Braun et al, 2013). In such 
environmental settings use of various carbon 
providing materials such as wood chips, paper, 
and saw dust filled trenches or layered under-
neath STU in anoxic subsurface conditions can 
treat nitrate plumes of the subsurface water more 
efficiently (Robertson & Cherry, 1995; Chang et 
al, 2010). Operationally reactive barriers made 
from such reactive materials should have good 
hydraulic conductivity and longer years of service 
to avoid frequent replacement (Li et al, 2005; 
Robertson et al, 2005). 

Numerous technological aspects of using nitrate 
reactive materials in the subsurface had been 
developed. Nitrex and green sorption field are 
two examples. Nitrex involves use of nitrate 
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reactive materials such as woody materials to 
construct subsurface layers under drain fields in 
the unsaturated groundwater zone or vertical 
barriers across saturated groundwater flow zone. 
It had been used to remove nitrate from ground-
water through denitrification process in oxygen 
deficient zones (Robertson & Cherry, 1995).  

Nitrification zones of such systems should have 
greater aeration system through larger grain sizes 
that allow oxygen diffusion to support activity of 
nitrifiers while in the deeper zones of filtration 
smaller grains of good hydraulic conductivity at 
saturated anoxic soil water condition create effi-
cient denitrification (Robertson et al, 2000; 
Larpkiattaworn et al, 2013). 

Green sorption field (GSF) employs alternatively 
arranged nitrification wells constituted by lime-
stone and seashell and denitrification wells made 
of sand crumb. It is capable of removing nitrate 
effectively in deeper groundwater aquifers (Chang 
et al, 2010).  

Integration of zeolite ion exchange processes    
with biological methods can elevate performance 
of waste water treatment systems. Performance 
lag and Ion exchange capacity of a nitrifying 
mordenite column improved (from 161 BV to 
233 BV and from 0.3 meq/g to 0.41 meq/g) 
(Miladinovic & Weatherly, 2008). Ion exchanging 
clinoptilolite columns followed by a horizontal 
layer of sulfur containing denitrification systems 
can result in higher (>95 %) removal of TN 
(Smith, 2009).  

Studies had proved higher nitrate removal capaci-
ty of cheaply available plant derivatives. A field 
scale study indicated woody materials effectively 
reduced 1.3 to 14 mg/l nitrate content of ground 
water into < 0.5 mg/l in shallow sand and gravel 
aquifer (Robertson et al, 2005). Another cheaper 
material called Zero valent iron (ZVI) facilitated 
higher condition of autotrophic denitrification of 
nitrate (Rocca et al, 2007). 

1.8 The research problem 
Previous researches used various evaluating 
criteria for comparative assessment of reactive 
filter materials and recommended their use in     
removing specific solute from various types of 
waste water (Westholm, 2006; Cucarella & 
Renman, 2009; Vohla et al, 2011). The overall 
evaluation criteria of reactive filter materials 
should consider availability of the reactive filter 
material, cost, physical characteristics such as pH, 
alkalinity, redox potential (Eh), porosity, specific 
surface area, chemical composition and sorption 

capacity (Kietlińska, 2004; Penn et al, 2007; 
Klimeski et al, 2012). Additional criteria ever used 
include but not limited to application logistics, 
environmental considerations and the effect of 
cementification (Bachnand, 2003). Impact of 
disposed reactive filter materials of industrial 
byproduct type should be evaluated since leached 
heavy metals can pollute soil and aquatic envi-
ronments (Penn et al, 2007).    

Studies explained equilibrium and kinetic reac-
tions of many reactive filter materials in removing 
various components of different types of waste 
water using batch, column, bench scale tests and 
study of field scale real time operation of filter 
beds. Lists of the researches had been given on 
reactive nitrogen (Thornton et al, 2006; 
Elshorbagy & Chowdhury, 2013), phosphorous 
(Westholm, 2006; Renman, 2008; Cucarella & 
Renman, 2009; Herrmann, 2014), and heavy 
metals (Fertu & Gavrilescu, 2012; Elshorbagy & 
Chowdhury, 2013) removal. Recovery of phos-
phorous and nitrogen simultaneously and use as 
potential fertilizer had also been the theme of the 
previous researchers (Johansson & Gustaffson, 
2000; Liberti et al, 2001; Pickering et al, 2002; 
Zhu et al, 2003; Adam et al, 2006; Wang et al, 
2007; Choi et al, 2011; Penn & McGrath, 2011; 
Karczmarczyk & Bus, 2014). 

Lists of several column and batch studies done to 
evaluate nitrogen and phosphorous removal 
performance of zeolites from a range of waste 
water had been provided by various authers 
(Thornton et al, 2006; Fertu & Gavrilescu, 2012; 
Elshorbagy & Chowdhury, 2013). Typical results 
of the previous researches witnessed high value 
of mordenite as sorbent of ammonium (Nguyen 
& Tanner, 1998;  Wen et al, 2006), radio nuclides 
such as Cu and Ni (Wang, 2009; Yang et al, 
2011), Cr and other heavy metals (Pourahmad et 
al, 2010) based on their higher ion exchange 
property. A column study confirmed that mor-
denite had adsorbed 30 mg-P/kg from synthetic 
solution (Larpkiattaworn et al, 2013).  

A batch test study had obtained 7.42 g/kg to 8.72 
g/kg maximum ammonium removal capacity of 
mordenite (Nguyen & Tanner, 1998). The inves-
tigation used column experiment to test the effect 
of grain size and loading rate on operating re-
moval capacity by filtering synthetic waste water, 
dairy and piggery waste water including recom-
mendations of design aspects for real time appli-
cation (Nguyen & Tanner, 1998).  

A similar study using column experiments 
showed that ammonium removal efficiency and 
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operational removal capacity of clinoptilolite 
from highly loaded industrial effluent depend on 
concentration of NH4 and loading rate (Jafarpour 
et al, 2010). Clinoptilolite supported bio-flocks in 
an aerobic-anoxic sequence of biological reactor 
improved its TN removal efficiency to 82 % 
(Jung et al, 2004). They argued that nitrification 
and biological regeneration of clinoptilolite in 
aeration phase and denitrification as well as ion 
exchange in the anoxic-fill phase were the princi-
pal mechanisms for the overall N-control (Jung et 
al, 2004). 

Higher P removal of polonite from synthetic, 
landfill leachates and domestic waste water was 
confirmed after batch and column studies 
(Kietlinska, 2004; Gustafsson et al, 2007; 
Renman, 2008; Cuaracella & Renman, 2009; 
Herrmann, 2014). Observing real time onsite 
performance of polonite bed also confirmed it’s 
supperior efficency of PO4 removal (Renman & 
Renman, 2010). Using column experiments polo-
nite was tested to sorb 99 % (Mn), 93 % (Fe), 90 
% (P), 86 % (Zn), 67% (Cu) and 18 % (N) from 
landfill leachate (Kietlińska, 2004). P recycling 
through application of exhausted polonite to 
crops was successful after a pot experiment on 
barley (Cucarella et al, 2007). Soluble Ca-P 
compounds such as ATCP and DCP were known 
to be more suitable for plant uptake since PO4 
can easily be desorbed at normal soil geochemical 
environment (Gustafsson et al, 2007).   

pH, temperature and conductivity of influent 
waste water are among the variables that deter-
mine chemical speciation of waste water  
(Weiner, 2007). These parameters are referred as 
key operating parameters of reactive filter bed 
affecting effluent chemistry (Arias et al, 2000; 
Vohla et al, 2007; Jenssen et al, 2010; Vohla et al, 
2011; Herrmann, 2014). Higher pH of waste 
water was indicated to be associated with in-
creased saturated index (SI) of calcium phosphate 
compounds for precipitation mechanism to 
operate for higher amount of PO4 removal of Ca 
containing substrates (Grubb et al, 2000; Song, et 
al, 2002). However lower pH have not to be used 
to indicate a need for exchange of filter material 
as a result of oversaturation of removal capacity 
(Renman, 2008).  

Adsorption reaction of PO4 by Ca containing 
substrates was shown to be endothermic 
(Herrmann, 2014). Higher polonite uptake at 
higher temperature was suggested to be due to 
higher formation of Ca-P precipitates and crystal-
ized compounds such as HAP, biological uptake 
and/or enhanced mechanical filtration of phos-

phate (Herrmann, 2014). Soluble Ca-P com-
pounds such as OCP, DCP and ATCP were 
indicated to raise the ionic strength of effluents 
(Gustafsson et al, 2007). Higher waste water 
temperature is indicated to increase solubility of 
CO2 and decrease pH of waste water (Vohla et al, 
2007).  

After a comparative study of various reactive 
filter materials on removal of phosphorous, 
nitrogen and heavy metals it was proposed to 
study the use of multiple beds of filter materials 
for testing more effective and concurrent removal 
of broader range of pollutants (Renman, 2008). 
Based on the assumption that valuable design 
parameters of filter bed composed of mordenite 
and polonite can be generated from the outcomes 
of the dual column experiment this thesis is 
aimed to:- 

• To test that there will be effective reactive 
filtration using the two substrates (polonite 
and mordenite) to remove ammonium and 
phosphate simultaneously from domestic 
waste water into environmentally acceptable 
effluent conditions, 

• To compare parameters such as removal 
efficiency and breakthrough ratio to SEPA’s 
environmental requirements as a basis to eval-
uate filter bed performance, 

• To compare the rate of formation of oxi-
dized–N (NOx=NO2+NO3) and its signifi-
cance in the ammonium nitrogen removal 
processes,  

• To provide an initial determination of ther-
modynamic parameter that is related to nutri-
ent concentration of samples of filtrates and 
the sorption performance of the individual 
columns using linear regression,  

• To estimate operative sorption capacity of the 
filter bed materials as valuable parameter in 
economizing size of the dual filter bed and, 

• To motivate experimental findings of reactive 
nitrogen and phosphorous removal processes 
from the waste water by the column bed sys-
tems based on outcomes of past researches. 

2 MATERIALS AND 
METHODOLOGY 

2.1 Methodology 
The experiment consists of two filter columns 
arranged in series packed with mordenite and 
polonite at standard laboratory conditions to 
study their nutrient sorption behavior with   
respect to pH, concentration, temperature and 
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TDS content of the waste water. The characteris-
tic of used waste water was compared to standard 
Swedish waste water of a domestic septic tanks. 
Interpretation of data was provided through 
understanding of natural behavior of plots of 
removal efficiencies, breakthrough curves and 
removal capacities. Correlation and best fit curves 
of concentrations and removal efficiencies with 
pH, temperature and conductivity of waste water 
were used to provide primary explanation regard-
ing optimal filter bed performance at varying 
influent conditions. Results of the laboratory 
study were checked for their consistency with 
previous studies.   

2.2 Materials 
2.2.1 Mordenite 
Before describing the physical and chemical 
nature of mordenite its worth to discuss the 
nature of a class of geological minerals called     
zeolites it belongs. A best synonym of the term 
zeolite is provided by subcommittee on zeolites 
of IMA CNMMN (International Mineralogical             
Association, Commission On New Minerals, 
Nomenclature and Classification) as; “A zeolite 
mineral is a crystalline substance with a structure 
characterized by a framework of linked tetrahedra 
each consisting of four oxygen atoms surround-
ing a cation. This framework contains open 
cavities in the form of channels and cages. H2O 
molecules and extra-framework cations that are 
commonly exchangeable usually occupy these 
open cavities. The channels are large enough to 
allow passage of guest species. In the hydrated 
phases, dehydration occurs at temperatures most-
ly below 400 °C and is largely reversible. The 
framework may be interrupted by (OH, F) 
groups; these occupy a tetrahedron apex that is 
not shared with adjacent tetrahedral” (Coombs et 
al, 1998; Armbruster & Gunter, 2001). 

The simplest general formula of a zeolite as given 
by International Association for Zeolites (IZA) is 
(Mx/n(H2O)y)[AlxSi(t-1)O2t] where M is charge 
balancing cation guest species of n valence, x is 
the number of Al atom framework, y is the num-
ber of hydrating water molecules, t is the total 
number of tetrahedral framework structures 
made from Al and Si unit cells (Broach et al, 
2012).  

Zeolites can originate from a variety of precursor 
materials including volcanic and impact glasses, 
aluminosilicate gels, and aluminosilicate minerals 
including, smectite, kaolinite, feldspars, and 

feldspathoids through geological processes. Zeo-
lites can also be synthesized industrially (Bajpai, 
1986; Ozin et al, 1989; Broach et al, 2012).  

A zeolite mineral should be dehydrated before it 
is commercialized for the purpose of sorption. 
Thermal treatment of natural zeolite material 
enhances its sorption performance by removing 
moisture entrapped within the crystal porous 
structures that account 10 to 25 % of its solid 
mass. The porous crystalline channel is also 
optimized at higher temperature. However   
temperature of dehydration is recommended to 
be low enough to keep the crystalline structure 
from destruction (Elshorbagy & Chowdhury, 
2013).    

Zeolites are known for their selective ion ex-
change reactions. Zeolites have total cation and 
ammonium exchange capacities in the order of 
2.2 to 5.2 meq/g and 0.1 to 2.3 meq/g respective-
ly (Elshorbagy & Chowdhury, 2013). Owing to 
their physical and chemical properties such as 
high porosity, lower density, operative under 
cycles of hydration and dehydration, capacity to 
be regenerated, natural abundance and capability 
of being synthesized industrially, zeolites have got 
a wider application in agriculture, commercial, 
and environmental activities as soil conditioners 
and fertilizers, adsorbents for ammonium, heavy 
metals, nuclear and organic wastes (Ozin et al, 
1989; Fertu & Gavrilescu, 2012).  

Chemical formula of mordenite is 
Na3Ca2K[Al8Si40O96]•28H2O (Coombs et al, 
1998). The dominant mordenite extra framework 
cations (DEC) are Na, Ca & K. It contains Mg, 
Sr & Ba as subordinate extra framework cations 
(SEC). Unit cell parameters of mordenite crystal 
porous are a=18.05 to 18.17 Å, b= 20.04 to 20.53 
Å and c= 7.50 to 7.54 Å (appendix 3) (Passaglia, 
1975; Coombs et al, 1998; Passaglia & Sheppard, 
2001). Based on IUPAC classification mordenite 
have CEC of 2.3 meq/g, and Si/Al of 4.17 to 
5.00 (Elshorbagy & Chowdhury, 2013).  

Mordenite is increasingly used as a molecular 
sieve in the adsorptive separations of gas or liquid 
mixtures. It is used to catalyze industrial process-
es (Bajpai, 1986).  

The mordenite grain was sorted to 1 to 2 mm 
grain size and dried at 105 0C for 48 hours to 
remove its moisture and organic substances 
entrapped in its porous structures (Fig. 2). The 
source of   mordenite used in the experiment was 
Turkey.  
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2.2.2 Polonite 
Polonite is a substrate formed by thermal treat-
ment of a silica calcite sedimentary rock called 
Opoka. Remains of ancient microbial life forms, 
silica calcite, quartz, clay minerals and amorphous 
silicates are constituents of Opoka. Opoka does 
not contain significant quantity of hazardous 
elements. Depending on the content of silicate or 
carbonate Opoka is classified as heavy (>50 % 
SiO2) or light (<50 % SiO2) (Borgowski & 
Renman, 2004).  

Calcination is a process of heating Opoka to 
temperature above 750 oC whereby CaCO3 is 
changed to quick lime (CaO) and CO2. Bounded 
water can be removed at 100 oC. Heating of 
Opoka at 1000 oC increases its phosphorous 
adsorption property by 12 to 15 %, pH from 7.2 
to 12.6, porosity from 44.5 to 70.74 % and de-
creases its bulk density from 1.34 to 0.86 g/cm3 

(Borgowski & Renman, 2004). A chemically 
analyzed polonite contained Si (241), Al (27), Ca 
(245), Fe (16.5), K (9.15), Mg (4.4), Mn (0.121), 
Na (1.46) and P (0.34) (mg/g) (Gustafsson et al, 
2007).   

The thermally treated parental material is more 
hydrophobic and porous since it contains higher 
amount of SiO2. Application of phosphate-
enriched polonite in agricultural fields can pro-
vide a means of nutrient recycling and soil condi-
tioning (Kietlińska, 2004; Cauracella et al, 2007; 
Renman, 2008).  

The experimental polonite was supplied by Bio-
Tech AB of Sweden. The polonite grains were 
sorted using standard sieve sizes of 2 to 5.6 mm 
and heated to a temperature of 105 0C for 24 

hours with the aim of removing moisture and 
organic materials from the grains (Fig. 3).  

2.3 Experimental design 
The experimenmtal setup is designed into a 
standard laboratory dual column test for the 
investigation of nutrient sorption capacity of the 
two reactive filter materials filtering waste water 
sequentialy in an upflow condition using a set of 
perlistalic pumps at constant head inside the 
columns (Fig. 4).    

The experimental artifacts include a multichannel 
peristalitic pump set and a timer (Fig. 5), two sets 
of valves, teflone tubings, two column made of 
two short acrylic plastic cylinders of 3 mm thick, 
20 cm high, 34 mm internal diameter, packed 
with polonite and mordenite respectivly and 
covered at the top with cork. 

Channel 1 (CH-I) of the pump set is used to 
pump test waste water from influent waste water 
container (C-I) to mordenite grain packed 
column (MPC) while channel 2 (CH-II) of the 
pump was used to pump MPC filtrate from 
container of MPC filtrate (C-II) to polonite grain 
packed column (PPC) respectively. Valve set 1 
(V-I) and valve set 2 (V-II) were used to regulate 
drainiage of filtrates from MPC and PPC into C-
II and C-III respectively for collection after 
filtration within the corresponding hydraulic 
retention times (HRT) (Fig. 5). 

An opening at the top section of each filter 
column was used to maintain constant level of 
waste water by collecting overflows from both 
columns. Polyster filter mat at the bottom of the 

Figure 3. Polonite grains used in the 
experiment. 

Figure 2. Materials used in the experiment:  
mordenite grains.  
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columns were used to reduce the reduction of 
pore spaces by retaining organic matter and 
suspended particulates from getting up into the 
column grains.  

Pumping rate is designed in such a way to ensure 
filtration of 6 and 8 PVs/day to MPC and PPC 
respectively. Control of supply of waste water 
into the columns and collection of filtrates from 
the columns is done by the timer set that 
regulates operation of pumps and valves in a 
preset time intervals such that the respective 
HRTs and resting intervals of 1 hour are 
maintained, pumping of wastewater into the 
columns and collection of filtrates from both 
collumns into the respective containers is 
gauanteed within 3 minutes.  

The initial pore volumes (PVs) of MPC and PPC 
were measured. The teste waste water is collected 
from residential septic tank and filtered using 
0.45 µm micropore filter to remove colloids and 
particulates. The filtrate is contained in C-I and 
used as influent waste water to the first column. 

The first loading of MPC with this influent waste 
water using CH-1 begun at 12:00 for 3 minits and 
filtration was kept on for 3 hours of HRT after 
which opening of V-I drained the filtrate into C-
II. At 16:00 CH-II pumped MPC filtrate for 3 
minutes from C-II to PPC for filtration to take 
place within the next 2 hours of HRT after which 
V-II opened to drain the filtrate to C-III at 18:00. 
Filtration in both columns is interupted for 
1hour. The experiment was made to run for 59 
days. PVs of the MPC and PPC were measured at 
the end of experiment. 

2.3.1 Sampling 
Samples of influent waste water, MPC filtrates 
and  PPC filtrates were collected from C-I, C-II 
and C-III respectively at interval of two to three 
days. 

2.3.2 Measurement and analysis of samples  
Each sampling was acompanied by mesurement 
of its pH using Radiometer Copenhagen PHM 82 
Standard pH Meter, temperature and conductivity 
using Radiometer Copenhagen CD 80 
Conductivity Meter. The measured samples were 
then stored in a cooler for 3 to 5 weeks to 
prevent the chemical alteration of the samples. 
The crystalized samples were liquified by 
exposing them to room temprate a day before 
analysis for PO4, NH4 and NOx. Adequate 
amount of the liquified samples were filtered 
using 0.45 µm micropore filter and analyzed by 
using Aquatec-Flow Injection Autoanalyzer. 

2.3.3 Data Analysis and interpretation 
Plotes of concentration of samples of 
ammonium, phosphate and oxidized nitrogen 
(NOx) of the influent waste water, MPC filtrate 
and PPC filtrate were made with respect to their 
corresponding PVs. Removal efficiency (RE), 
breakthrough ratio (Ce/Ci) and operational 
removal capacity (Sp) of each samples were 
computed using equations I, II and III 
respectively. These computed valuas of each 

Figure 4. Laboratory Experimental Setup. 

Figure 5. Laboratory apparatuses: (top) 
Multichannel peristaltic pump and (bottom) 
timer set. 
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samples were ploted with respect to sample PVs.  

• RE (%) = (Ci – Ce)/Ci x 100………...…..(I)  
• Breakthrough ratio = Ce/Ci …………...(II) 
• Sp (mg/g) = (Ci – Ce) x V/m ............….(III) 

where Ci and Ce are influent and effluent 
concentrations (mg/l) of NH4, PO4 and 
NOx into and from each columns, V is 
filtered volumes (l) of waste water and m is 
the mass (g) of the reactive materials 
packed in the columns. 

Interpretation of the data was done by referring 
to the mean and ranges of computed parameters. 
Performance of the dual filtration columns was 
evaluated based on given environmental limits 
and interpreted data, computed values and trends 
of the relevant plots. Variation of concentrations 
and removal efficiency with respect to pH, tem-
perature and conductivity was explained with the 
aid of theoretical backgrounds and statistical 
linear regression analysis. 

3 RESULTS 
A total waste water volume of 24.07 ls (372 PVs) 
and 23.42 ls (496 PVs) were filtered in MPC and 
PPC respectively. There were 26 sampling days 
during the 59 days of experimental run (appendix 
3 and 4). PVs of the two columns were consid-
ered as the average volume of column effluents at 
the beginning and end of filtration and were 
calculated to be 48 and 68 ml for MPC and PPC 
respectively. 

Under this section plots of concentration of NH4, 
PO4 and NOx with respect to the corresponding 
PVs of filtrates are shown. Plots of values of pH, 
conductivity and temperature of each sample 

with respect to the corresponding PVs of filtrates 
as well as tables of mean and marginal values of 
analyzed and measured parameters are provided.  

3.1 NH4, PO4 and NOx concentration of 
influents and effluents 

Considering concentration of components of 
influent and effluent waste water is needed from 
design aspects of a given OWTS because based 
on treatment capacity of OWTS it provides 
prediction of the condition of receiving environ-
ments. Onsite waste water treatment systems are 
optimized for influent waste water characteristics 
because removal capacity, effluent concentration 
and removal efficiency of onsite waste water 
treatment system depend on concentration of 
various components of the influent waste water 
(Jantrania & Gross, 2006). In Sweden it is rec-
ommended to characterize waste water before 
evaluation of alternative treatment technologies 
and analyze environmental impacts associated 
with its uncontrolled emission (Vinnerås et al, 
2006).  

3.1.1 NH4  concentrations of samples of influ-
ent, MPC effluent and PPC effluent 

With the exception of peak points of ammonium 
that correspond to the time of refill of C-I am-
monium concentration of influent samples was 
dropping faster towards the end of filtration. The 
rate of influent NH4 reduction was dropping 
faster from 170th PV onwards. Reduction in 
ammonium levels was quite higher during the 
first column filtration than during filtration in the 
succeeding column. Reductions of ammonium 
levels in samples of PPC effluents were almost 
insignificant (Fig. 6). 

Concentration of the feed waste water varied 

Figure 6. Ammonium concentration (mg/l) of samples of influent, MPC and PPC effluents. 



Daniel Diriba                                                                                                        TRITA LWR Degree Project 15:07 

 

22 

between 11.75 and 49.95 mg/l. Reduction in 
mean ammonium from 34.65 to 16.47 mg/l 
occurred after filtration through MPC whereas 
effluent samples contained 59.12 to 2.19 mg/l of 
ammonium marginally (Table 2). 

Samples of PPC effluents are characterized by 
ammonium concentration of 39.67 to 1.25 mg/l 
while its mean ammonium concentration was 
11.13 mg/l (Table 2).  

3.1.2 PO4 concentrations of samples of influent, 
MPC effluents and PPC effluents 

Overall PO4 concentration of samples of influent 
was declining very gradually towards the end of 
filtration except during refiling C-I with new 
waste water that represented peak influent PO4 
concentration. PO4 concentrations of samples of 
MPC effluents were comparatively lower than 
PO4 levels of influent samples until the 198th PV. 
After the 198th PV the two types of samples 
showed no major difference in PO4 concentra-
tion. Filtration in the PPC had resulted in lowered 
concentration of PO4 concentrations of the 
collected samples (Fig. 7).  

Whereas phosphate concentrations of feed waste 
water ranged from 3.57 to 6.70 mg/l the first 
column filtration had reduced the mean influent 

PO4 concentrations from 5.12 to 4.29 mg/l 
though filtrates samples contained 7.31 to 2.37 
mg/l of PO4. Whereas samples of PPC filtrates 
contained 0.06 to 2.34 mg/l of phosphate mean 
phosphate level reduced from 4.29 to 0.77 mg/l 
after filtration in PPC (Table 2). Generally sam-
ples of PPC effluents contained gradually increas-
ing concentration of PO4 to sample of the last 
filtrate PO4 content of 1.51 mg/l (Fig. 7). 

3.1.3 NOx concentrations of samples of influ-
ent, MPC effluents and PPC effluents 

Generally samples of MPC and PPC effluent had 
got immediate increase in NOx concentration 
than samples of influent waste water. NOx con-
centration of samples of influent, MPC and PPC 
effluent was not significant till 136th, 72nd and 
112th PV respectively. Samples of influent 
wastewater contained lowest amount of NOx 
whereas samples of MPC effluents had slightly 
higher NOx concentration than samples of PPC 
effluent (Fig. 8).  

NOx concentration of influent waste water 
ranged from 0 to 7.17 mg/l. Peak NOx concen-
tration of samples of MPC and PPC effluents 
were 36.77 mg/l and 34.30 mg/l respectively 
while the corresponding mean values were 8.94 
mg/l and 6.93 mg/l. Samples of PPC effluent 

Table 2. Influent and effluent concentration (mg/l) of NH 4, PO4 and NOx. 
R
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Influent concentration 
(mg/l) 

Effluent  concentra-
tion (mg/l) 

NH4-N  PO4-P (mg/l) NOx-N (mg/l) NH4-N (mg/l) PO4-P (mg/l) NOx-N (mg/l) 

 

11.75-49.95 (34.65) 3.57-6.70  (5.12) 0.00-7.17 (0.80) 2.19-59.12 (16.47) 2.37-7.31 (4.29) 0.07-36,77(8.94) 

PPC 2.19-59.12 (16.47) 2.37-7.31 (4.29) 0.07-36.77 (8.94) 1.25-39.67 (11.13) 0.06-2.34 (0.77) 0.05-34.3 (6.93) 

Values in parenthesis:(Value) imply mean value 

Figure 7. Phosphate concentration (mg/l) of samples of influent, MPC and PPC effluent. 
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contained the lowest NOx concentration of 0.05 
mg/l while the corresponding value of samples of 
MPC effluent was 0.07 mg/l (Table 2).    

3.2 pH, temperature (oC) and conductiv-
ity (μS) of samples  

pH of samples of PPC filtrates was the highest of 
the pH of the sample of influent waste water and 
the MPC filtrates though it was rapidly lowering 
from the maximum 11.54 at the beginning to its 
minimal value of 7.95 at the end of the experi-
ment. pH of samples of influent waste water and 
MPC effluent does not show much difference 
except at the end of filtration where samples of 
MPC filtrate had slightly lower pH than the 
influent samples. pH of both influent and MPC 
effluent dropped very gradually (Fig. 9).  

The pH of samples of influent waste water varied 

from 7.43 to 8.82 with the mean value of 7.87. 
pH of samples of MPC effluent fluctuated be-
tween 7.05 to 8.40 with a mean value of 7.75 
while corresponding values for PPC effluents 
were 7.95 to 11.54 and 9.17 (Table 3). 

Most of the samples of PPC effluents and all of 
the samples of influent and MP effluents satisfy 
the quality criteria of drinking water as set by 
Council Directive 98/83/EC of December 3 
1998 (European Commission, 1998b). 

Electrical Conductivity (Ec) of samples of 
influent and MPC effluent were fluctuating more 
frequently between sampling intervals. The varia-
tions in Ec values of samples of MPC          
effluents were more frequent than samples of 
influent waste water (Fig. 10).  

Figure 4. NOx concentrations of influent, MPC and PPC effluents. 

Figure 5. pH of samples influent, MPC and PPC effluents. 
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Ec values of 80% of samples of the influent 
waste water were higher than Ec values of sam-
ples of MPC filtrates (appendix 4a). Ec value of 
samples of PPC filtrate was lowest at the begin-
ning than Ec of samples of influent and MPC 
effluent. Samples of PPC filtrate had been gaining 
property of electrical conductance and finally 
converged to Ec values of samples of influent 
and MPC effluent (Fig 10). 

Mean and marginal conductivity values of sam-
ples of feed waste water were 1335 µS and 1196 
to 1477 µS respectively whereas the correspond-
ing values for MPC filtrate were 1236 µS and 
1044 to 1471 µS. Samples of PPC filtrate had the 
mean and marginal conductivity values of 1049 
and 744 to1307 µS (Table 3).  

Conductivity value of all the samples of the final 
effluents satisfy the guidline value at 20 oC set by 
EU Commission as Council Directive 98/83/EC 
on the quality of Water for human consumption  
(European Commission, 1998b). 

Temperature (oC) ranges of almost all of the 
samples were within room temperature (of 20 to 
25 oC) (Fig. 11). Temperature values of all sam-
ples ranged from 19.7 to 23.9 0C. Mean tempera-
tures of samples of influent wastewater (21.84 
oC), MPC effluent (21.77 oC) and PPC effluent 
(21.65 oC) were thus within room temperature 
either (Table 3).  

4 DISCUSSION AND CONCLUSION 
Many batch and fixed bed studies have been 
conducted on the sorption behavior of reactive 
filter materials and suggest their use to treat heavy 
metals, nutrients as well as a variety of organic 

and inorganic contaminants into environmentally 
acceptable level from different type of waste 
water with respect to physical and chemical prop-
erties of reactive substrates (Bachnand, 2003; 
Westholm, 2006; Cuaracella & Renman, 2009; 
Vohla et al, 2011; Fertu & Gavrilescu, 2012; 
Elshorbagy & Chowdhury, 2013). Loading rate, 
content of organic compounds, dissolved salts, 
pH, alkalinity, redox potential (Eh) and tempera-
ture are considered as operational characteristics 
of the waste water affecting the extent of reactive 
filtration (Drizo et al, 1999; Westholm, 2006; 
Woinarski et al, 2006; Kim et al¸2009; Vohla et al, 
2011; Klimeski et al, 2012). 

In this section interpretation of data, discussions 
on hydraulic condition of the dual filter column 
and concentration of samples of influent waste 
waters with respect to standard STE and two 
more septic tanks at Fågelsta and Talby is made. 
Performance of filtration process in terms of 
removal efficiency, breakthrough ratio and re-
moval capacity is also done. Compliance of the 
nutrient levels of samples of the effluents were 
also checked with regard to environmental re-
quirements. Variations in concentrations of NH4, 

Table 3. pH, conductivity and tempera-
ture of feed, MPC and PPC filtrates. 

Type of  
waste 
water 

pH Conductivity 
(µS) 

Temperature 
(oC) 

Feed 
waste  
water 

7.43 – 8.82  
(7.87) 

1196 – 1477  
(1335) 

19.7 – 23.9  
(21.84) 

MPC  
Effluent 

7.05 – 8.40   
(7.75) 

1044 – 1471  
(1236) 

20.1 – 23.5  
(21.77) 

PPC  
Effluent 

7.95 – 11.54   
(9.17) 

744 – 1307 
(1049) 

20.3 – 23.5  
(21.65) 

Values in parenthesis:(Value) imply mean value 

Figure 6. Conductivity (μS) of samples influent, MPC and PPC effluents. 
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NOx and PO4 of collected samples and removal 
efficiency of MPC and PPC with respect to 
measured pH, temperature and conductivity is 
discussed by using statistical linear correlations 
approach. Lastly the amount of mordenite and 
polonite required for the design of dual filter bed 
are estimated. 

4.1 Hydraulic performance of the dual 
filter columns 

A perfect hydraulic condition inside filter beds is 
a requirement for its performance since removal 
process is limited or prevented by lowered or 
blocked solute transport mechanisms in filter 
bed. Poor hydraulic condition of reactive filter 
materials minimizes contact interface between 
reactive grains and the waste water decreases pore 
transport and create channelization, lowers resi-
dence time, results in development of hydraulic 
head loss and reduced capacity of reactive filter 
beds (Drizo et al, 1999; Westholm, 2006; Smith, 
2009). Models that integrates sorption mecha-
nisms and reactive transport conditions can be 
used to understand long term performance of 
reactive filtration (Li et al, 2005). 

A number of researchers had confirmed that 
lower hydraulic performance of filter beds can be 
caused by finer grain size, deteriorated grains due 
to formation of precipitates, dissolved grains, 
higher load of BOD or filtration of waste water 
without pretreatment steps (Nguyen & Tanner, 
1998; Drizo et al, 1999; Meyer, 2004; Li et al, 
2005; Robertson et al, 2005; Wen et al, 2006; 
Woinarski et al, 2006; Jourak et al, 2011).  

Accumulation of organic matter on reactive 
substrates due to growth of biofilm on grains was 
reported to affect bed filtration in different ways. 

Accumulation of organic materials and suspended 
solids on grains of zeolite can block pore 
transport of the filter bed and reduce ion ex-
change capacity (Wen et al, 2006). Contrary to 
this it was suggested that the presence of organic 
compounds improves ammonium uptake of 
clinoptilolite by reducing surface tension of 
aqueous phase and enhance access to exchange 
sites (Jorgensen & Weatherly, 2003). Similarly, it 
was suggested that biofilm growth on polonite 
can increase phosphate removal from the syn-
thetic solution (Renman & Renman, 2010; 
Herrmann, 2014). Phosphorous remval efficiency 
reduced with higher BOD7 loading condition of 
filter bed (Nilsson et al, 2013). Accumulation of 
formed CaCO3 precipitates reduces pore sizes of 
filtra-P and polonite beds (Gustafsson et al, 
2007). 

The intact condition of grains throughout filtra-
tion helps to maintain its porous state and keep 
surface reactive groups available for filtration 
(Nguyen & Tanner, 1998; Gustafsson et al, 2007). 
Despite it’s high phosphorous removal capacity, 
filtralite was observed with reducing pore 
transport due to matrix dissolution during col-
umn study than polonite (Gustafsson et al, 2007; 
Herrmann, 2014).  

Suggestions to potential solutions of overcoming 
hydraulically deteriorated filter bed performance 
include optimizing contact time (Vohla et al, 
2011) & grain size with filter performance 
(Bachnand, 2003; Davis, 2010), blending with 
sphagnum (Renman & Renman, 2010), using 
biomat  and pretreatment of influent waste water 
using sand filters or wetlands  (Nguyen & Tanner, 
1998). Longer contact time was known for better 
phosphorous removal by limiting the effect of 

Figure 7. Temperature (oC) of samples of influent, MPC and PPC effluents. 
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diffusion and avoiding the risk of clogging of 
polonite grains (Meyer, 2004). Other practical 
measures ever successfully tested include        
bio-filter made of coarser plastic media just  
before the polonite filter well (Jenssen et al, 2010; 
Renman & Renman, 2010).  

The result of the current experiment had wit-
nessed that both filtering columns performed 
hydraulically well initially though there were small 
but increasing volumes of over flows collected 
from PPC. The overflow was due to higher rate 
of loading MPC than PPC causing differences in 
total amount of volumes filtered. Filter grains 
were not shown with major changes of texture 
but became relatively darker that revealed possi-
ble biomass growth. Nonetheless reduction of 
pore spaces owing to material accumulation in 
PPC was insignificant. 

This minimal reduction in hydraulic performance 
might be associated with 0.45 µm filtration of the 
influent before filtration. The filter mats used at 
bottom of both columns might have retained 
discreet and colloidal matters that can potentially 
develop in C-I from getting into filter column. 

4.2 Ammonium, phosphate and oxi-
dized-N concentration  

Based on comparison of concentration of NH4 
and PO4 of samples of the test waste water with 
standard STE and septic tanks at Fägalsta and 
Talby it was noticed that the influent waste water 
was similar in the nutrients content to either of 
the STEs. Ammonium concentration of feed 
waste water was within the concentration of 
standard STE (10 to 50 mg/l) of residential areas.   

Upper PO4 limit of the test waste water was 
below the corresponding concentration of the 
two STEs. The minimum PO4 concentrations of 
the test waste water were under the lower limit of 
STE of Fågelsta (4.1 mg/l) but higher than the 
lowest PO4 concentration of STE at Talby (2 
mg/l) (Lenna & Daniel, 2005). PO4 levels of all 
the feed samples were below the TP limit of 8.1 
to 8.2 mg/l of effluents of standard septic tank 
(Jantrania & Gross, 2006). Therefore the feed 
waste water represented septic tank effluent with 
regard to its ammonium and phosphate 
concentration.   

Ammonium concentrations were observed to 
decrease in the samples of influent, MPC and 
PPC effluents during experimental period. Dif-
ference in ammonium concentrations between 
samples of influent and MPC effluent were more 
remarkable than between samples of MPC and 

PPC filtrate. MPC and PPC effluent samples 
contained slightly increasing trends of phosphate 
while the influent samples were characterized by 
slightly decreasing concentration of phosphate in 
the course of filtration. Differences in phosphate 
concentrations between samples of MPC and 
PPC effluents were more substantial than be-
tween influent and MPC filtrate. 

Observed peak NH4 and PO4 levels of influent 
waste water might be accounted to the introduc-
tion of new waste water to C-I with temporal 
variations of its characteristic concentrations due 
to its conditional biochemical state. The impact 
of biological activity in changing PO4 concentra-
tions of effluents cannot be avoided completely if 
the chemical environment is favorable. Research-
es had shown that biofilms can be formed in 
polonite columns filtering solutions of no biolog-
ical origin (Gustafsson et al, 2007; Renman & 
Renman, 2010). However 0.45 µm pre-filtration 
in the lab does help limit the variations in chemis-
try of waste water by reducing the amount of 
colloidal and particulate materials including bacte-
ria (Neethling, 2008). 

The abrupt elevated ammonium concentration of 
MPC filtrate at 126th PV might imply either actual 
shift in ammonical equilibrium to NH4 because 
of suddenly altered geochemical conditions of the 
influent waste water or analytical inaccuracy. 

Empirically ammonia fraction of TAN predomi-
nated soluble inorganic nitrogen of STE 
(NH3/TAN) is calculated by the relationship of 
pH and temperature (oC) (eq. IV) (Sperling, 
2007). 

NH3/TAN=1/(1-(10(0.09018+[2729.92/(T+273.2)]-pH))) 
x100 %..................................................................(IV). 

Assuming anaerobic column conditions and 
mean values of temperature and pH of each type 
of samples 3.27 %, 2.24 % and 39.83 % of TAN 
in the samples of influent, MPC effluent and PPC 
effluent respectively were estimated to be NH3. 
Thus the acid-base ammonium equilibrium did 
not significantly decreased ammonium concentra-
tion in the influent and MPC effluents for con-
centration factor to operate on either of ion 
exchange or molecular adsorption removal mech-
anisms of MPC. 

Using same approaches of estimated NH3/TAN 
of the first sample of PPC was so high (99.32 %). 
Substantial amount of this ammonia fraction in 
the samples of PPC effluent could have been 
volatized. However researches had indicated that 
instead of formation of gaseous NH3 a charge 
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neutral complex (NH4OH(NH3.H2O)) may be 
formed in the solution reducing the actual 
amount of free NH3. But conclusions should be 
drawn only based on analysis of NH3 that pro-
vides an accurate amount of ammonia nitrogen 
(Bao-hua et al, 2007). 

Nitrification is also likely inside reactive columns 
when pH, temperature and content of dissolved 
oxygen favor activation of nitrifiers (Jorgensen, 
2002). It had been shown that the effect of nitri-
fication was minimal due to the higher pH 
(Renman, 2008) and without aeration of reactive 
zeolite columns causing no effect on NH4 
removal processes (Miladinovic & Weatherly, 
2008).  

The fact that the lab setup was prone to aerobic 
condition and the number of NOx analyzed 
samples of influent, MPC and PPC effluents 
being only 12, 15 and 12 respectively (appendix 4 
b) out of the total expected 56 samples for each 
type of filtrates weakens the reliability of explana-
tion regarding the fate of NOx in the dual reac-
tive filter columns. However nitrate should not 
be considered as a practical problem of actual 
filter beds since underground filter beds are 
structurally designed to operate under anaerobic 
conditions. 

The influent waste water endured insignificant 
nitrification until the 126th PV from where its 
NO3 concentration raised from 0 to 7.17 mg/l at 
144th PV. Nitrification did not take place in MPC 
until 72nd PV from which the increasing NOx 
concentration reached to the highest value of 
34.77 mg/l at 228th PV. Samples of PPC effluent 
were generally remarked by dampened down rate 
of NOx formation. Significant nitrification in 
samples of PPC effluents commenced at 112th 
PV. Thus it can be inferred that the biochemical 
conditions in PPC were hampering nitrifying 
conditions stablished inside MPC. 

0.77 mg/l mean PO4 concentration of the dual 
column satisfies emission requirements of OWTS 
set by SEPA (SEPA, 2005). PO4 content of 
sample of the last effluent (1.51 mg/l) is below 
the TP limits set by Commmision Directive 
98/15/EC for urban waste water treatment 
plants with capacity of 10,000 to 100,000 p.e.  
(European Commission, 1998a) either.  

11.13 mg/l of mean NH4 concentrations of the 
dual column effluent is far beyond water quality 
criteria of drinking water quality of set by Council 
Directive 98/83/EC for ammonium.  

If all of the effluent NH4 are oxidized the amount 
of NOx formed will be less than the amount of 
nitrate specified by Commission Directive 
2006/118/EC of the European Parliament and 
of the council of 12 December 2006 on the 
protection of groundwater against pollution and 
deterioration since the influent concentration is 
less than 50 mg/l unless desorption occurs in the 
filter beds. 

In real time operation of the filter beds NO3 
control through denitrification components of 
STU or reactive barriers made from carbon 
source can minimize the risk of nitrate pollution 
of subsurface or surface waters receivers 
(Robertson & Cherry, 1995). 

4.3 Removal efficiency, RE (%) 
The rate of removal of a specific solute from 
waste water is referred by removal efficiency. A 
technically nominal reactive filter material should 
perform sustainably at reducing target pollutant 
concentrations from influent waste water to 
environmentally accepted levels. Moreover, it is 
the requirement of SEPA f onsite waste water 
treatment systems to remove at least 90 % of P 
and 50 % of N from waste water to maintain 
good condition of the environment (SEPA, 
2012a). Under this section NH4, PO4 and NOx 
removal efficiency of the dual column filter bed 
system are discussed. 

MPC had lower removal efficiency of phosphate 
than ammonium (Fig. 12). It removed 13.48 % of 
the incoming phosphate though samples corre-
sponding to the 312th and 186th PVs removed as 
low as -90.88 % and as high as 57.66 % of influ-
ent PO4 respectively (Table 4). Thus, the role of 
MPC as ammonium adsorbent is much higher 
than its role of removing phosphate.  

4.3.1 Ammonium and phosphate removal 
efficiency of PPC  

1.1.1 Ammonium and phosphate removal 
efficiency of MPC. 
PO4 removal efficiency of MPC was reducing 
faster than its NH4 removal efficiency (Fig. 12). 
The maximum ammonium removal efficiency of 
90.28 % belongs to the 354th PV of sample of 
MPC filtrate whereas the filtration had reduced 
NH4 level of the overall influent waste water by 
50.92 % (Table 4). This value is comparatively 
lower than previously reported 95 % mean NH4 
removal efficiency of a column test filtering 
piggery and synthetic wastewater containing high 
concentration of NH4 (350 to 750 mg/l) using 
finer (0.25 to 0.50 mm) particles of mordenite 
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grains (Nguyen & Tanner, 1998). The higher 
concentration of influent of the past study and 
larger (1 to 2 mm) grain sizes used in the current 
experiment can be accounted to the differences in 
performance. Finer grains provide relatively 
higher density of exchangeable cation than coars-
er grains. The lower removal efficiency of the 
current experiment might also be accounted to 
the shorter (3 hours) of HRT time as compared 
to the longer (17.2 hours) HRT of the past study. 
Lower removal efficiencies could also happen 
due to the absence of strong binding forces 
between the nutrients and surface functional 
groups of the mordenite causing desorption of 
ammonium (Nguyen & Tanner, 1998). 
PPC had removed 13.19 and 81.80 % of ammo-
nium and phosphate content of MPC filtrate 
(Table 4). PPC had been gaining ammonium 
removal efficiency but became gradually less 
efficient in removing phosphate. Highest removal 
efficiency of 98.03 % at the initial phase of filtra-
tion steadily reduced to the lowest value of 53.49 
% during the last (496th PV) filtration (Fig. 13). 
These values are comparable with former investi-
gations (Renman, 2008; Nilsson, 2012). Phos-
phate removal efficiencies were maximal at higher 
pH conditions during the initial filtration. Higher 
PO4 removal efficiency of Ca containing sub-
strates is reported to be due to higher desorption 
rate of calcium from the substrates (Song et al, 
2002).  

The first sample had lowest NH4 removal effi-
ciency. This might cause the initial reduced re-
moval efficiency of PPC. Excluding this sample 
higher pH conditions indicates volatization other 
than sorption could have been accountable to the 

predominant ammonium removal mechanism by 
PPC.  

However the increased NOx concentration at the 
72nd PV of samples of MPC effluent indicated the 
presence of redox condition which is accounted 
to nitrogen transformation other than mobiliza-
tion. In contrast pH condition in PPC was high 
enough to inactivate higher rate of biomass de-
velopment initially until it became optimum to 
support bacterial activity after 304thPV of MPC 
filtrate. Thus apart from the expected initial 
volatization due to the condition of initial pH and 
temperature significant nitrification might had 
accounted to ammonium transformation during 
the latter half of filtration in PPC. 

On average 67.98 % and 84.39 % of ammonium 
and phosphate of the overall influent waste water 
were subjected to removal and/or transformation 
in effluents of the dual filtration (Table 4). The 
overall ammonium and phosphate removal satisfy 
EU’s treatment requirements for TN and TP 

Table 4. NH 4 and PO4 removal efficien-
cies (%) MPC, PPC and the dual col-
umn. 

Column  
Type 

NH4 PO4 
NOx= 

(NO2 + NO3) 

MPC 
-44.27 – 90.28  

(50.92) 
-90.88 – 57.66 

(13.48) 

-430993.75 – 
94.98 

(-53467.49) 

PPC 
-527.99 – 89.91 

(13.19) 
53.49 – 98.03 

(81.80) 
-487 – 87.25 

(-25.8) 

Dual 
Media 

-6.81 – 95.66  
(67.98) 

58.51 – 99.02 
(84.39) 

-339314.06 – 
94.78 

(-37762.80) 
Values in parenthesis: (Values) 
i l   l   

Figure 8. Ammonium and phosphate removal efficiency (%) of PPC. 
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under urban waste water treatment directive for 
treatment plants with capacity of 10,000 to 
100,000 p.e. (Blöch, 2005). Ammonium removal 
condition satisfies SEPA’s requirement of onsite 
waste water treatment systems for good envi-
ronmental condition. 

4.3.2 NOx removal efficiency of MPC and PPC  

Due to presence of dissolved oxygen (DO) in the 
influent waste water nitrification is expected in 
reactive column beds (Renman et al, 2008). In the 
current experiment explanation of the signifi-
cance of nitrification on ammonium transforma-
tional processes was claimed despite fewer data 
of samples available. 

Yet using the data available lower NOx concen-
tration of influent waste water than filtrates of 
MPC indicated that growth of oxidizing bacteria 
were supported by mordenite grains. The rate of 
NOx formation was very high in samples of MPC 
effluent to such an extent that mean removal 
efficiency of NOx was 53,467.49 % below zero 
(Table 4). This implied unless the conditions in 
the column is controlled sufficiently the desired 
sorption condition of the zeolite could not be 
meet to reduce TN to the desired level. The least 
(-430,993.75 %) NOx removal efficiency of MPC 
was due to a sudden increase in NOx value of 

samples of MPC effluent from 2.56 μg/l to 11.46 
mg/l during filtration of the 126th PV (Fig. 14). 

The lag in increasing trend of NOx concentration 
indicate limiting condition of nitrification in PPC. 
This might be the raised pH condition of PPC. 
Since larger portion of NOx concentration of 
PPC effluent belonged to NOx contained by 
MPC effluent NOx removal efficiency of PPC 
was higher than NOx removal efficiency of MPC. 

Though NOx was successfully removed from 
most of the samples of PPC effluents the lowest 
NOx removal efficiency of -487.13 % of PPC at 
24thPV had caused the overall NOx removal 
efficiency to be -25.8 % (Table 4). Higher NOx 
removal efficiency value after 50th PV of PPC 
indicated nitrification rate became lower (Fig. 15). 

4.4 Breakthrough conditions 
Concentration of outflow as a function of time, 
volume or equivalents fed is described as break 
through curve (Nijhoff, 1986). In waste water 
treatment plants breakthrough curve is one of the 
tools that provide information on the effective 
potential of adsorbents (Davis, 2010). 

In this section the ratio of concentration of efflu-
ent to the influent (Ce/Ci) is used to define break-
through ratio. Acceptable values of effluent 

Figure 9. NOx removal 
efficiency of MPC. 

Figure 10. NOx re-
moval efficiency of 
PPC. 
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concentration of a reactive column and the corre-
sponding exceeded level of effluents owing to the 
exhausted condition of the filter materials during 
successive filtration are referred as breakpoint 
and saturated points respectively on break 
through curve (Nijhoff, 1986). 

Regeneration or replacement of exhausted filter 
materials is dictated by the shape of breakthrough 
curves. It follows at saturated condition of 
sorbent indicated by higher (closer to 1) value of 
breakthrough ratio. Fixed bed adsorption systems 
are said to perform best if the effluent concentra-
tion is under a lower margin of the influent con-
centration called break point concentration. The 
column bed is said to perform potentially be-
tween break point and saturation points (Davis, 
2010). 

In studying reactive filtration systems for onsite 
waste water treatment systems the determination 
of values of breakpoint and saturation points of 
reactive filter beds is arbitrary and can be based 
on environmental regulations and effect of efflu-
ent on receiving water bodies (Herrmann, 2014). 
In the following section a breakpoint value of 
0.10 and fully saturated points of 0.90 are chosen 
for both types of reactive filter materials to dis-
cuss the ammonium and phosphate removal 
potential for the dual column experiment. 

4.4.1 Breakthrough condition  for ammonium 
Quick ammonium breakpoint (Ce/Ci>0.1) of 
MPC filtrate occurred just at the first sampling 
(18 PV). This confirms well to the experimental 
outcomes of a previous study (Nguyen & Tanner, 
1998) who showed that courser (2 to 2.83 mm) 
mordenite grain resulted with immediate break-
through. The two peak ammonium Ce/Ci values 

that indicated completely oversaturated condition 
were 1.44 and 1.17 at 144th and 246th PVs. These 
are indications of added NH4 due to back release 
of NH4 or formation of net NH4 from 
NH3/NH4 kinetics. Sample of the final effluent 
(372nd PV) contained 61 % of the influent am-
monium implying the condition of additional 
potential of NH4 removal of MPC (Fig. 16).   

The first sample (24th PVs) of PPC filtrate had 
been seen with highest ammonium breakthrough 
(Ce/Ci=6.28) immediately dropping to a value of 
0.60 at 48th PV. The breakthrough curve is de-
scribed by succession of major undulating pat-
terns till 224th PV, damped undulations and 
falling trend until the 382nd PV followed by rais-
ing pattern towards the end of filtration into a 
completely over exhausted (Ce/Ci=1.74) condi-
tion of the last sample (496th PV). Both MPC 
and PPC were operating above the break point 
(Ce/Ci=0.1) during the entire filtration process 
(Fig. 16). 

MPC demonstrated better ability of ammonium 
removal than PPC. During the entire filtration 
MPC operated at its half potential (Ce/Ci=0.49) 
whereas PPC was left with a fifth of its full po-
tential of ammonium removal (Ce/Ci=0.80). 

4.4.2 Breakthrough condition for Phosphate 
The immediate above break point condition of 
samples of MPC filtrates (Ce/Ci=0.48), consist-
ently prevailed until the final over exhausted     
condition of (Ce/Ci=1.0). The breakthrough 
condition confirmed poorer phosphate removal 
potential of mordenite grains out of the influent. 
Peak breakthrough value of 1.91 at 312th PV 
implied lowest PO4 removal potential of MPC 
due to poor affinity of building groups of the 
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mordenite crystal structures to PO4. Sufficient 
adsorption and retention of phosphate on mor-
denite grains could not be maintained on to the 
negative surface charge of the zeolite crystals 
besides molecular exclusion of PO4 by zeolites 
porous crystalline channels (Drizo et al, 1999).  

The second stage filtration in PPC removed a 
large portion of phosphate content of MPC 
filtrates. It had operated under break point till the 
168th PV which is slightly delayed as compared to 
a study made earlier that operated under break 
point only till the 128th PV (Renman, 2008). 
Subsequent filtrations using PPC was shown with 
moderately increasing phosphate concentration 
of effluents with respect to influent but remained 
with additional potentials (Ce/Ci=0.32) of reduc-
ing phosphate at the end of filtration (Fig. 17). 

Throughout the entire filtration MPC operated at 
lesser potential of influent PO4 removal than 
PPC since MPC had operated at mean break-
through ratio of (Ce/Ci=0.87). This is quite high-
er than the corresponding value for PPC 
(Ce/Ci=0.17). 

4.5 The role of pH, electrical conductivi-
ty (Ec) and temperature 

Operational conditions of fixed bed adsorption 
systems include but not limited to pH, tempera-
ture, influent concentration, BOD and TSS con-
tent of waste water as well as loading rate 
(Herrmann, 2014). These parameters are among 
the thermodynamic variables used to model 
various sorption reactions (Song et al, 2002) since 
they control the chemistry of waste water  
(Weiner, 2007). Thus the study of the parameters 
associated with reactive filtration in the laborato-
ry are very important in producing valuable data-

base for design of real time onsite filter beds that 
can have quite different geochemical environ-
ment than the laboratory (Herrmann, 2014). 

Scrutiny of laboratory data to determine sorption 
rate, sorption equilibrium and capacity plus corre-
lation of these parameters with operating varia-
bles of interest is a fundamental procedure for 
the design of fixed bed adsorption systems 
(Nijhoff, 1986). Isotherms are the better tools for 
determining sorption capacity of a reactive sub-
strates at different ranges of pH, temperature and 
content of dissolved salts, grain sizes and concen-
tration (Cucarella & Renman, 2009). Careful 
interpretation of data of column experiments is 
required in order to increase the prediction of 
actual filter bed performance with respect to pH, 
loading rate and concentration of feed waste 
water because the chemistry of waste water is 
quite different from the laboratory conditions 
(Herrmann, 2014). 

Statistical approach had been used to reach at a 
better conclusions on effects of variations of 
influent wastewater chemistry on actual filter bed 
performance (Vohla et al, 2007). Statistical F-tests 
can been used in explaining various factors affect-
ing mordenite uptake of ammonium (Nguyen & 
Tanner, 1998) and filtralite uptake of phosphate 
(Herrmann, 2014) acting  simultaneously. Use of 
data from pilot scale tests produces more reliable 
forecasts of real time filter bed performances 
(Adam et al, 2006). Data from such tests can be 
used in models that integrate loading rate, hy-
draulic conditions and sorption kinetics of   
reactive beds more successfully (Li et al, 2005).  

Since septic tank effluent of residential areas does 
not show large variations of pH, conductivity and 

Figure 12. Phosphate breakthrough (Ce/Ci) of MPC and PPC effluents. 
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temperature the use of regression analysis in 
understanding the sorption conditions with  
regard to pH, temperature and conductivity in 
column experiment can only be taken as an initial 
step towards modeling filter bed performance at 
different geochemical characteristics of the influ-
ent waste water. In this section the effect of pH, 
temperature and electrical conductivity on various 
removal processes are discussed.  

4.5.1 Theoretical backgrounds 
pH        
pH of waste water influences nitrogen and  
phosphorous controlling processes of waste 
water in many ways. Primarily pH determines 
adsorbing behavior by dictating protonation or 
deprotonation of adsorbing surfaces of reactive 
materials (Grubb et al, 2000). Higher pH of waste 
water can be caused by increased amount of 
dissolved Ca2+ and saturation index (SI) of PO4 

forming higher precipitation of HAP (Song et al, 
2002). pH and temperature determine waste 
water concentration of NH3 and NH4 (Sperling, 
2007). Blockage of migration as a result of   
hydrolysis of crystal pores might be dictated by 
higher pH condition of solution (Inglezakis et al, 
2001). Researches show that pH and temperature 
control the biological process of assimilation of 
nutrients over biofilms developed on reactive 
filter materials (Montalvo et al, 2012). 

Lower and neutral pH (<7) creates high NH4 
concentration readily available for ion exchange 
while ammonium concentration at higher pH 
(>9.3) is not sufficient to be studied as reactively 
filterable amount (Renman, 2008). Acidic waste 
water (pH <2) however is associated with higher 
concentration of competing H+ ion.              
Experimentally it was determined that the    
maximum ammonium removal occurs at pH 
range of 6.4 to 6.5 by clinoptilolite. A suitable pH 
range is requisite to nitrification inside columns 
that accounts for reduced amount of NH4 for ion 
exchange and molecular adsorption (Lin Lin et al, 
2013).  

Oxides/hydroxides of Al, Fe, Mg and Ca content 
of zeolite is typical to a zeolite ore/mineral 
(Passaglia & Sheppard, 2001) and it contributes 
to its phosphorous removal property (Bachnand, 
2003). Any of these ions in zeolite are not 
exchangeable with NH4. Adsorption to these 
groups through surface nucleation mechanism 
depends on the theory that protonation of   
hydroxides of Al and Fe groups of the reactive 
substrates is higher at lower pH (Klimeski, et al, 
2012) of waste water and adsorption of PO4 by 

predominantly Ca containing reactive substrates 
is higher at higher pH ranges (Bachnand, 2003). 
pH of watewater also affects the rate of 
hydrolysis of crystaline surface and mobility of 
exchanged ions. Neutral pH is known to favor 
better hydrolysis and easier mobility of exchange-
able cations from porous walls of zeolite 
(Elshorbagy & Chowdhury, 2013). 

Ammonium and phosphate removal reactions of 
polonite are also related to the pH of filtration. 
However higher pH is usually associated with 
high rate of P-sorption due to higher Ca      
dissolution and precipitation of Ca-P compounds.  
Higher rate of NH3 gas formation and lower 
nitrification rate in PPCs is associated with higher 
pH of the column. The presence of Al and Fe in 
the waste water lowers pH but increases PO4 
removal. Volatization is suggested to be the 
predominant TAN removal process at higher pH 
(>9.3) during column experiment of polonite 
(Renman, 2008). 

Electrical conductivity (Ec) 
Electrical conductivity (Ec) of waste water is 
directly proportional to total amount of dissolved 
solids (TSS) or ionic strength (I) of waste water. 
It is an indirect measure of the amount of aque-
ous phase electrolytic species (Tchobanologlous, 
Burton, & Stensel, 2004). 

The presence of Na+, Ca2+, Mg2+ and K+ in waste 
water may affect both ion exchange of NH4 and 
molecular uptake of NH3 (Wang et al, 2007). In 
the presence of alkali and alkali earth metals in 
waste water solution ion exchange by zeolite 
proceeds based on the selectivity series of Rb>K 
NH4>Ba>Na>Ca>Li (Wang & Peng, 2010). 
Higher ammonium ion exchange is expected 
during lower activity of dissolved species or 
during reduced conductivity of waste water where 
impact on microporous transport due reduced or 
blocked channels (Wang et al, 2007). 

Variation in electrical conductivity is related to 
PO4 removal in various ways. Experimental testes 
had confirmed that increased ionic strength of 
waste water slightly lowers the SI of the solution 
Ca-P compounds and therefore favors the   
formation of HAP with Ec (Song et al, 2002). 
Calcium based substrates can potentially increase 
TDS of effluents due to increased accumulation 
of dissolved Ca (Jenssen et al, 2010). Therefore 
more soluble Ca-P phases of OCP and ACPT are 
likely to increase ionic strength or electrical  
conductivity of filtrates of polonite column be-
cause of higher amount of dissolved Ca2+    
(Gustafsson et al, 2007). The presence of cations 
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such as Ca, Al and Fe in waste water reduces 
concentration of PO4 (Herrmann, 2014).     
However the presence of CO3, HCO3, SO4 and 
organic groups can reduce Ca available for PO4 
adsorption (Johansson & Gustaffson, 2000; 
Herrmann, 2014). PO4 removal by ion exchange 
is also lower in the presence of Cl, CO3 and SO4 
(Chen et al, 2002; Miladinovic & Weatherly, 
2008). 

Temperature 
Temperature effect on kinetic and equilibrium 
sorption processes of reactive substrates had got 
theoretical and practical significances (Lyngsie, et 
al, 2013; Herrmann, 2014). Enthalpy changes, ΔH 
(KJ/mol) associated with formation of various 
Ca-P compounds is used in chemical speciation 
models (Johansson & Gustaffson, 2000).    
Therefore thermodynamic aspect of studying 
reactive filter materials can help in developing 
technologies for treatment of specific type of 
wastewater as well as application type of reactive 
filter material for agricultural land or (Johansson 
& Gustaffson, 2000) disposal systems   

Reactive filter beds are subject to seasonal   tem-
perature changes which are constantly exchanged 
between the waste water, sewer   systems and 
filter beds while most tests are done at room the 
temperature of laboratory (Herrmann, 2014). 
Seasonal changes of temperature can result in 
reduced filter bed performance of reactive filter 
beds by causing processes that lead to reduced 
sizes of pores (Woinarski et al, 2006). Therefore 
the effect of temperature   variations on filter bed 
sorption has to be dealt during scaling lab results 
into onsite filter bed (Herrmann, 2014).   

Amount of assimilated phosphorous by biofilm 
grown on reactive grains depend on temperature 
because the redox potential of the waste water in 
reactive filter beds environment depends on 
temperature (Vohla et al, 2007). PO4 removal 
using PPC had experimentally confirmed that 
binding at 16.5 oC is 1.5 times larger than at      
4.5 oC (Herrmann, 2014). It was discussed that 
temperature might had affected the endothermic 
Ca-P precipitation reaction, favored biomass 
growth and facilitated mechanical retention and 
increased uptake by the biomass. HAP formation 
rate was likely to depend on temperature more 
significantly than other Ca-P compounds 
(Herrmann, 2014). Another batch test had   
confirmed that a temperature decrease from 20 
oC to 5 oC decreased phosphorous sorption ca-
pacity of 2 mm to 4mm grain sized LWA from 
290 to 106 mg/kg (Zhu et al, 2003).  

Many researchers had also indicated that temper-
ature affects ion exchange reaction of mordenite 
(Wang, 2009; Pourahmad et al, 2010; Garimbo, 
2011; Yang et al, 2011). Under a column investi-
gation Cu2+ mass exchange was shown to be an 
endothermic process though small enthalpy 
changes accompanied the reaction. However 
(Ce/Ci) ratio of Cu2+ was reported to be lower at 
2 oC than at 22 oC (Woinarski et al, 2006). 

Temperature was suggested to lower equilibrium 
ammonium concentration of clinoptilolite that 
drove the ion exchange processes of NH4 

(Woinarski et al, 2006). NH4 removal of zeolite 
can be affected by temperature because higher 
temperature does help conversion of TAN to 
free ammonia (Sperling, 2007) and lower NH4 
concentration but increases mobility inside the 
web of microporous channels of crystalline 
sorbents by lowering water viscosity and      
increasing permeability (Meyer, 2004).          
Experimentally it was confirmed that NH4   
removal of clinoptilolite at 2 oC is lower than at 
12 oC (Woinarski et al, 2006). 

Large temperature variations can affect hydraulic 
performance of reactive filter beds used in   
constructed wetlands. The dynamic cycles of 
seasonal temperature change might favor     
segregation of particles, formation of ice lenses, 
increasing of axial dispersion, formation of  
preferential flow paths, reduction of effectiveness 
and ultimately cause higher risk of hydraulic 
failure (Woinarski et al, 2006). 

4.5.2 The effect of pH, temperature and con-
ductivity on concentration and removal effi-
ciency. 

Under this section characteristic variations in 
NH4 and PO4 concentrations of samples of 
influent and effluents of MPC & PPC with  
respect to pH, conductivity and temperature of 
the respective samples are discussed through 
graphical and linear statistical approaches. NH4 
and PO4 concentrations as well as removal    
efficiencies were plotted with respect to pH, 
electrical conductivity and temperature of the 
relevant samples and correlated. Linear best fit 
curves are used to study trends between the pair 
of plotted parameters. It had to be noted that 
higher significance of the correlation (R2) does 
not imply causal relations since many other fac-
tors are involved that has to be dealt simultane-
ously. 
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Effect of pH on NH4 & PO4 concentration and removal 
efficiency 
The 7.87 mean pH value of feed waste water 
indicating it’s alkaline property was higher than 
mean pH of 6.5 of standard STE (Jantrania & 
Gross, 2006). There was no much variation in pH 
of influent waste water and MPC effluent (Fig. 9). 
The fact that estimated ammonia content of   
3.27 % and 2.24 % of soluble nitrogen in the 
samples of influent and MPC effluent explains 
that the aqueous phase pH did not affect           
its NH3/NH4 equilibria significantly either. In 
contrast higher pH content of PPC effluent could 
have possibly created higher NH4 concentration 
and caused sequestration of ammonium.  

Ammonium concentration of samples of PPC 
effluents and influent waste water increased    
with pH while it decreased with samples of   
MPC effluents. Ammonium concentration of 
samples of PPC effluent and influent waste water 
correlated to pH strongly (R2=0.6320) than sam-
ples of influent (R2=0.1247) and MPC   effluents 
(R2=0.0661) respectively (Fig. 18a).  

Phosphate concentrations were higher at higher 
pH than at lower pH conditions in samples of 
influent waste water. Phosphate concentrations 
lowered at higher pH conditions of samples of 
PPC and MPC effluents. Correlation of PO4 
concentration of samples of PPC effluent with 
pH was stronger (R2=0.4955) than the         
corresponding correlation of samples of MPC 
effluent (R2=0.2927) and influent waste water 
(R2=0.1204) (Fig. 18d). Therefore ammonium 
and phosphate concentration of samples of PPC 
are better correlated linearly with pH than    
samples of MPC effluents and influent waste 
water.  

Ammonium and phosphate removal efficiency of 
MPC are very weakly correlated to pH 
(R2=0.0407 and 0.0508 respectively) of the influ-
ent waste water (Fig. 19a). Ammonium removal 
efficiencies were highest in samples of initial 
filtration (86.21 %) and last filtration (90.28 %) 
where the respective pH values were 8.82 and 
7.43. In addition to expected film diffusion  
predominated removal and transport processes of 
the first influent waste water was estimated to 
contain lower NH4/TAN that might caused 
highest sorption rate. Moreover pH of samples of 
the influent waste water was higher that might 
have limited the competition of NH4 with H+. 

The higher NH4 removal of the last sample can 
be regarded as ammonium transformation rather 
than ion exchange that took place during     

filtration of the last sample due to nitrification 
processes associated with favorable pH        
conditions. NH4/TAN of the first samples is 
estimated to be 98.71% that could be consumed 
by nitrifiers. 

The highest phosphate removal efficiencies of 
57.66 % and 52.26 % of MPC at 186th PV and 
18th PV occurred when influent samples had pH 
values of 7.53 and 8.82 respectively. Although 
zeolites have lower phosphate removal capacity 
it’s oxides of Al and Fe content justify its PO4 
removal at lower pH due to formation of Al-P 
and Fe-P precipitates while relatively peak    
removal at higher pH is typical to Ca content of 
the mineral sorbent forming the Ca-P          
compounds  (Bashan & Bashan, 2004; Klimeski 
et al, 2012). Zeolite molecular adsorption of PO4 
is insignificant due to size exclusion (Drizo et al, 
1999).  

Phosphate removal efficiency of PPC was    
increasing with pH of MPC effluent but       
ammonium removal efficiency of PPC decreased 
with the pH of the column feed waste water. PO4 
removal efficiency of PPC correlated with pH of 
MPC effluent stronger (R2=0.4143) than it’s 
ammonium removal efficiency (R2=0.2033) (Fig. 
19d). Therefore the effect of influent pH is more 
pronounced to the removal efficiencies of PPC 
than MPC. 

Effect of Ec (μS) on NH4 & PO4 concentration and 
removal efficiency. 
Relatively higher NH4 concentrations were   
prevalent at higher and lower Ec ranges of   
samples of influent and PPC effluents respective-
ly while changes in ammonium content of sample 
of MPC with respect to its Ec value was       
insignificant. Ec of samples of influent and MPC 
effluent are correlated poorly with the respective 
NH4 concentrations (R2=0.1494 and R2=0.0002 
respectively) than samples of PPC effluent 
(R2=0.4216) (Fig. 18b).  

Phosphate concentrations of samples of influent 
and MPC effluent were correlated poorly 
(R2=0.0171 and R2=0.0001 respectively) with its 
Ec than samples of PPC effluent (R2= 0.5509) 
either. Higher phosphate concentrations were 
typical to samples having higher Ec values of 
PPC effluents (Fig. 18d). PO4 concentrations of 
samples of MPC effluents were almost invariable 
with respect to its Ec (Fig. 18b). Therefore am-
monium and phosphate concentration of samples 
of PPC effluents are associated strongly with Ec 
than samples of influent and MPC effluents. 
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NH4 and PO4 removal capacity of MPC was not 
correlated significantly with Ec (R2=0.0029 and 
R2=0.0257 respectively) (Fig. 18b). Similarly NH4 

and PO4 removal efficiency of PPC does not vary 
significantly with electrical conductivity 
(R2=0.0041 and R2=0.0553 respectively) (Fig. 
19e). PO4 removal of MPC and NH4 removal of 
PPC increased while NH4 removal by MPC and 
PO4 removal by PPC were not affected by the 
increasing amount of Ec of the respective feed 
waste waters though conductivity of the       
respective influents was insignificantly associated 
with it’s ammonium and phosphate removal 
efficiencies of both columns.  

Highest phosphate removal by MPC occurred 
when the influent waste water contained highest 
conductivity value of 1477 µS corresponding to 
the 186th PV (Fig. 19b). This can be justified by 
the direct relation of Ec and waste water content 
of dissolved species such as Al, Ca and Fe that 
can take part in the formation of Ca-P, Al-P and 
Fe-P compounds.  

Conductivity value of 1282 µS just above the 
mean (1232 µS) of samples of MPC effluent was 
filtered by polonite with highest ammonium      
removal efficiency of 88.82 %. Lowest NH4 
removal efficiency of -527.99 % of PPC corre-
spond to the samples of filtrate of MPC with Ec 
value close to the lower margin of 1107 µS (Fig. 
19e).  

Effect of Temperature (oC) on NH4 & PO4 concentra-
tion and removal efficiency 
Correlation of temperature with ammonium 
concentrations were very insignificant in samples 
of influent (R2=0.0393), MPC effluent 
(R2=0.0275) and PPC effluent (R2=0.0640). 
Relatively higher temperature had been associated 
with lower concentration of ammonium of sam-

ples of influent waste water and PPC     effluents 
while samples of MPC effluent were observed 
with relatively higher concentrations at relatively 
higher temperature (Fig. 18c).  

Likewise poor correlation of PO4 concentrations 
and temperature of samples of influent 
(R2=0.0474), MPC effluent (R2=0.0178) and PPC 
effluent (R2= 0.0927) were observed. At relatively 
higher temperature lower PO4 concentration of 
influent and higher concentration of PPC effluent 
were noticed while PO4 content of MPC was 
increasing slightly relative to temperature       
(Fig. 18f). Therefore the temperature of all types 
of samples is poorly correlated with its NH4 and 
PO4 concentration.  

Temperature of influent waste water had got 
lower correlation with NH4 (R2=0.0964) and PO4 
(R2=0.0631) removal efficiency of MPC either. 
NH4 and PO4 removal efficiency of MPC was 
dropping gently with upturn in temperature (Fig. 
19c). Temperature of samples of MPC effluent 
were correlated poorly with NH4 (R2=0.0325) 
and PO4 (R2=0.0581) removal efficiency of PPC 
too. NH4 removal efficiency of PPC was      
increasing with temperature while PO4 removal 
efficiency of PPC was almost unaffected as tem-
perature of MPC effluent increased (Fig. 19f). 

All linear correlations between concentrations 
and temperature were insignificant. This may be 
due to the fact that temperature ranges of all type 
of samples as well as deviations of temperature 
from room temperature were small. Heat     
involved in sorption processes of both columns 
may be small enough to be equalized to ambient 
laboratory temperature as well. Consequently 
correlation of removal efficiencies with         
temperature was insignificant. 
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4.6 Operating removal capacity, Sp 
(mg/g) 

Based on mass balance equations there are four 
types of removal capacities (Hedström, 2006). 
Total removal capacity refers to the total amount 
of adsorption sites or exchange sites (CEC). 
Maximum sorption capacity reflects total amount 
of solute that can be sorbed under equilibrium 
condition. It is determined with the aid of batch 
investigation techniques (Cuaracella & Renman, 
2009). Operating removal capacity denotes the 
performance of a reactive media in column ex-
periments under a prescribed set of laboratory 
conditions. Practical removal capacity implies 
actual performance of reactive filter bed systems 
(Hedström, 2006).  

Analytical approaches (e.g. scanning electron 
microscope (SEM) and X-ray diffraction) meas-
ure accurately the amount of sorbed nutrients on 
grains of reactive filters. Since mass balance 
equations account only for a fewer species of 
nutrients and does not provide the effect of 
transformations they provide lower estimations 
of nutrient sorbed per grain particle. Therefore 
quantification of removal capacities filter bed 
using either method can lead to quite different 
results (Adam et al, 2006). 

Ammonium or phosphate removal capacity of 
zeolite mineral in column experiment is directly 
related with the amount of uptake. Ammonium 
uptake of zeolite is carried predominantly by    
ion exchange process of NH4 and molecular 
adsorption of NH3. The Si/Al ratio determines 
the amount of uptake by zeolite (Montalvo, et al, 
2012). Unlikely phosphate uptake of zeolite is low 
due to size exclusion, lack of sufficient desorp-

tion sites or due to similar surface electrostatic 
conditions of zeolite (Drizo et al, 1999). It is 
limited to Ca, Al and Fe oxides content of these 
cations on zeolites (Bachnand, 2003).  

Superior solute removal capacity of zeolite can be 
achieved through thermal treatment of the filter 
materials that removes bounded water and   
increases the matrix structure of filter media 
(Borgowski & Renman, 2004; Elshorbagy & 
Chowdhury, 2013). 

However heating temperature should be limited 
to prevent disintegration of crystalline structures 
and reduction of size of mineral porous channels 
(Gustafsson et al, 2007; Elshorbagy & Chow-
dhury, 2013). Heated opoka was proved to have 
supperior phosphorous removal capacity of 119.6 
g/kg than the 19.6 g/kg removal capacity of the 
natural opoka (Borgowski & Renman, 2004).   

Operating capacity of a specific zeolite depends 
on its inherent CEC, waste water composition, 
loading rates, pH, temperature, particle size and 
distribution (Elshorbagy & Chowdhury, 2013). 
Experimentally waste water pH is reported to 

Table 5. Removal capacities, Sp (mg/g) 
between sampling intervals. 
Reactive  
Grains 

NH4 (mg/g) PO4 (mg/g) NOx (mg/g) 

Modenite 
-0.068 – 0.220 
(0.082)(2.01)T 

-0.013 – 0.019 
(0.004)(0.091)T 

-0727-0.0079 
(0.025)(0.303)T 

Polonite 
-0.223 -0.300 
(0.044)(1.14)T 

-0.001 – 0.050 
(0.027)(0.694)T 

-0.043-0.106 
(0.016)(0.189)T 

Values in parenthesis:(Value) imply mean value 
Values in Parenthesis: (Values)T imply total value 

Figure 20. NH 4 and PO4 removal capacity of MPC. 
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affect zeolite removal of NH4 since H+ competes 
with ammonium for uptake at lower pH (<2) 
while higher pH (>10) was associated with the 
formation of NH3 (g) (Inglezakis et al, 2001).  

Likewise PO4 uptake of polonite in column 
experiment depends on the density of surface 
functional groups, grain size, pH and concentra-
tion of influent (Gustafsson et al, 2007; Renman, 
2008; Cuaracella & Renman, 2009; Herrmann, 
2014). Longer contact time causes advantage of 
complete reaction of PO4 with dissolved Ca2+ 
which results in formation of higher amount of 
HAP (Herrmann et al, 2014). 

Ammonium and phosphate removal capacity of 
MPC got decreased during the subsequent 
filtrations despite relatively reducing trend of 
influent NH4 and PO4 (Fig. 7 & 20). The current 
experiment resulted in a total removal capacity of 
2.14 mg-NH4/g of the mordenite grain during 
the entire filtration (Table 5). This value is 61% 
of previously reported operating removal capacity 
of mordenite (Nguyen & Tanner, 1998). The 
declining PO4 sorption capacity of MPC summed 
to 0.091 mg-PO4/g of mordenite grain. The 
result is three times higher than the sorption 
capacity obtained a previous study (Fertu & 
Gavrilescu, 2012). The total phosphate removal 
capacity of 0.694 mg/g (Table 5) of polonite falls 
within the 0.2 mg/g to 1.3 mg/g sorption capaci-
ty of polonite as reported after a previous column 
test (Renman, 2008). The PPC had operated at 
1.14 mg-NH4/g removal capacity too. This is 
nearly 60% of the total inorganic nitrogen (TIN) 
operating removal capacity of polonite in the 
findings of column experiment of earlier research 
(Renman, 2008).  

Variation in influent concentrations of NH4 and 
PO4 was therefore likely to be associated with 
removal capacity of MPC. Peak NH4 removal 
values during 198th and 328th PV of PPC 
correspond to th momnt of refiling influent 
containers where influent NH4 got maximum 
(Fig. 8 and 21). Generally NH4 removal of PPC 
was increasing as NH4 concentration of MPC 
effluent lowered. However PO4 removal capacity 
seems unaffected by relatively increasing trends 
of MPC effluent concentration (Fig. 21). 

4.7 Estimation of life time of reactive 
filter materials 

Economical performance of substares can be 
brought by longer service years of the material 
that will result in lower cost of the substrate per 
unit mass of nutrient removed. Longer servicee 
period of a filter bed is governed by filter bed 
performance with minor development of 
hydraulic head loss of filter bed. Substrates with 
little reduction of pore openings due to minor 
structural degradation, clogging, or having 
property of regenerability are likely to be  
economical.  

Parameterizing of life time of a reactive material 
helps in estimation of the amount of the reactive 
filter material needed to design filter beds since 
replacement interval of a reactive media is directly 
proportional to the time of it’s exhaustive use or 
the time spent till the effluent concentrations 
exceed the required limits. Large volume of 
reactive filter materials in filter beds increases the 
HRT and could result in better uptake of 
phosphorous from influent waste water since 
longer reaction periods for precipitation reaction 
will be meet  (Herrmann et al, 2014). 

Figure 13. Ammonium and phosphate removal capacity (mg/g) of PPC. 
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Laboratory methods that immitate the actual site 
condition are best tools in providing sufficient 
data for predicting the life time of reactive filter 
beds (Cuaracella & Renman, 2009). However the 
impact of laboratory conditions should be 
carefully interpreted during extrapolation of data 
and actual estimation of life time of reactive filter 
materials (Westholm, 2006; Herrmann, 2014). 

Reactive filter beds could be extensively used 
based on suitable loading rates, pretreatment and 
the use of properly sorted reactive filter materials 
that will maintain proper hydraulic performance 
and removal efficiency (Nguyen & Tanner, 1998; 
Drizo et al, 1999; Herrmann, 2014). This will 
remove particulate (organically bound) 
phosphorous from the influent waste water and 
increase uptake of the soluble fraction (Herrmann 
et al, 2014).  

Pretreatment steps using sand bed filtration or 
constructed wetland can potentially result in 
extended and better operational condition of real 
time mordenite beds. The extended service age of 
the zeolite and reduced frequency of replacement 
can be achieved by removing pore blocking 
materials through backwashing the filter beds 
either (Nguyen & Tanner, 1998). Filtering 
aerobicaly prefiltered domestic sewage can extend 
performance of polonite bed (Agnieszka 
Renman, 2008) and filtralite-P bed (Jenssen et al, 
2010). 

Since laboratory biochemical environment is 
different to the actual biochemical environment 
of onsite filter bed scaling of laboratory data 
might not always result in ecconomical 
performance of filter bed. Monitoring of a filter 
bed of blast furnace slag perfromed 10 times 
longer at onsite waste water treatment system 
than in laboratory because the raw domestic 
sewage was composed of chemicals that took part 
in phosphate removal (Camargo et al, 2009). 

Estamated design volumes of the reactive filter 
materials required to treat 1 m3 of waste water 
based on the 1 mg-PO4/l effluent limit and 90 % 
removal efficiency were 5.69 kg-polonite and 
10.25 kg-mordenite. This will lead to huge 
volumes of the reactive substrates and 
uneconomical packing materials for indoor use.  

A conservative approach based on the saturation 
point (Ce/Ci) of 0.9 for both columns leed to  1.8 
kg and 3 kg of polonite and mordenite 
respectively required to treat 1 m3 of the waste 
water. A more conservative approach resulted in 
estimated 1.64 kg-polonite to treat 1 m3 of waste 
water at 84.39 % removal efficiency. In the last 

two alternatively suggested aproach the calculated 
design volume is within the previously 
recomended 1 kg to 2 kg of polonite per m3 of 
waste water treated (Renman, 2008). 

5 CONCLUSION 
Technically the experimental investigation had 
verified that removal of phosphate and 
ammonium from the waste water took place to a 
significant level. MPC acted better on ammonium 
than phosphate. Thus the tested materials could 
be used in the managmnt of the nutrints. 

The removal efficiency and removal capacity of 
the filter beds were good. The reverse is true of 
polonite while samples of PPC effluent were 
estimated to contain high amount of free 
ammonia. PPC remained with remarkable 
potential of phosphate removal and few potential 
of  removing ammonium at the end of filtartion. 
Ammonium and phosphate removal criteria for 
onsite waste water treatment system as well as 
acceptable emission limit of SEPA were attained.  

Oxidized nitrogen is slighly higher in MPC 
effluents than in PPC effleunts implying that 
there is higher rate of nitrification in MPC than 
PPC. This confirmes the existence of bacteria 
induced redox condition. As a result grain 
suported biofilm could have impaird the 
hydraulic performance (and lifetime of the future 
filter bed made from the reactive grains) and 
reduce the net ammonium and phosphate 
removal if longer test had been caried on. 
Therefore control over the redox conditions will 
result in a better performane of the actual filter 
bed.    

pH is the only parameter that is related to the 
concentartion of ammonium and phosphate as 
well as to the performnace of the dual column at 
higher significance than temprature and Ec. The 
phosphate removal efficiency of the PPC was 
more significant at higher pH ranges of samples 
of MPC effluent while its ammonium removal 
efficiency was lowest at higher pH ranges of 
MPC effluent. Filtration of the dual column was 
not associated with significant temperature 
changes affecting removal performance.  

The estimated design volumes could help in 
optimizing economical size of filter bed. With a 
carefull understanding of the geochemical 
environment of this experiment when the data is 
obtained the desired real time filter bed can be 
designed sufficeintly satisfying the standards of 
environmental safty. 
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APPENDIX I.  KEY POOLS, FLUXES, AND TURNOVER TIMES OF THE 
GLOBAL PHOSPHOROUS CYCLE (Chopra,  Leemans, Kumar , & Simons, 2005) .   

 

APPENDIX II. KEY POOLS, FLUXES, AND TURNOVER TIMES IN THE 
GLOBAL NITROGEN CYCLE (Chopra, Leemans, Kumar,  & Simons, 2005). 
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APPENDIX III. OPTICAL PROPERTY, CRYSTALLOGRAPHY AND 
CRYSTAL STRUCTURE OF MORDENITE (source www.IZA-
online.org). 

 

 

 

 

 

 

 

 
 

 

 
 
 
 

APPENDIX IV. MINERAL PHASES OF PHOSPHOROUS SORPTION 
REACTIONS OF CALCIUM BASED SUBSTRATES (SOURCE: Michael 
J Baker et al,  1998)   

 
 
 
 
 
 
 
 
 
 
 

Table 1  Phosphate sorption reactions of calcium based substrates 
(Michael J Baker et al, 1998).  

REACTION MINERAL FORMED 
5Ca2+ + 3PO4

- + H2O↔3Ca5(PO4)3OH + H+  Hydroxyapatite (HAP) 

8Ca2+ + 5H2O + 6PO4
3- + H+ ↔ Ca8H2(PO4)6

.5H2O octacalcium phosphate (OCP) 

3Ca2+ + 2PO4↔βCa3(PO4)2
3- tricalcium phosphate (whitlockite) (TCP) 

Ca2+ + PO4
3- ↔ 2H2O + H+CaHPO4

.2H2O  Brushite 

Ca2+ + PO4
3- + H+↔CaHPO4 Monotiet 

Projection of the structure of 
mordenite onto (001). Si and Al 
distribution in tetrahedral sites is 
largely disordered, but Al is con-
centrated in the T3 tetrahedra, 
which are here shaded light green. 
Most non-framework cations are 
in the 8-member ring channels. 
Red circles represent Ca2+ sites 
with about 50% occupancy; 
purple circles, K+ cations with 
25% occupancy; and yellow, Na+ 
with about 50% occupancy. The 
remaining K+ and Na+ probably 
occur in the other sites with H2O 
molecules (blue) in the 12-ring 
channels. 
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 IV 

APPENDIX IV (b). DATA – CONCENTRATION (mg/l) OF NH4, PO4 AND 
NOX.  

 

 

Date 

Influent Waste Water MPC-effluent PPC-effluent 

NH4 

(mg/l) 

PO4 

(mg/l) 

NOx 

(mg/l) 

NH4 

(mg/l) 

PO4 

(mg/l) 

NOx 

(mg/l) 

NH4 

(mg/l) 

PO4 

(mg/l) 

NOx 

(mg/l) 

20-apr-12 45,82 6,30 0,34 6,32 3,01 0,09 39,67 0,06 0,50 

23-apr-12 49,56 6,41 1,47 10,92 4,75 0,07 6,55 0,16 0,08 

26-apr-12 38,81 5,34 0,01 13,55 5,08 0,11 13,73 0,11 0,05 

27-apr-12 35,69 5,36 0,13 12,83 3,55 0,29 11,86 0,07 0,12 

30-apr-12 33,23 4,82 0,01 15,28 3,75 5,73 11,36 0,18 0,73 

02-maj-12 33,69 5,00 0,01       19,77 0,17 3,47 

04-maj-12 33,45 5,11 0,18 13,07 3,73 6,94 11,21 0,29 4,36 

07-maj-12 40,59 5,41 0,04 18,98 3,80 9,63 11,33 0,33 5,20 

09-maj-12 35,59 5,44 0,00 17,50 3,82 11,04 22,01 0,35 8,69 

11-maj-12 40,98 6,40 7,17 59,12 5,23 11,66 14,21 0,89 12,58 

14-maj-12 44,38 6,70 0,04 26,95 4,86 11,83 18,11 1,34 13,11 

16-maj-12 45,60 4,95   17,02 2,57 0,25 15,92 0,42   

18-maj-12 49,95 5,59   18,65 2,37 13,26 14,41 0,59   

21-maj-12 44,63 5,36   22,51 4,95 7,09 15,06 0,72   

23-maj-12 33,07 4,74 0,15 16,86 4,61 19,30 12,78 1,28 34,30 

25-maj-12 45,43 5,47   13,50 4,42 36,77 6,68 0,67   

28-maj-12 24,56 4,03   28,84 5,04   5,80 0,75   

31-maj-12 24,84 3,83   12,59 4,07   3,01 0,91   

01-jun-12 26,28 3,57   13,24 4,18   3,01 0,92   

04-jun-12 30,09 4,09   13,63 3,82     0,82   

07-jun-12 26,41 4,27   15,28 2,78   1,54 0,89   

09-jun-12 17,00 3,83   10,05 7,31   1,25 0,93   

11-jun-12 35,69 6,62   14,24 5,79   2,76 2,34   

13-jun-12 31,27 5,38   11,53 5,14   1,36 1,38   

15-jun-12 22,55 4,48   2,19 4,00   2,35 1,86   

18-jun-12 11,75 4,70   7,20 4,69   12,55 1,51   
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