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ABSTRACT
Existing small scale wastewater treatment systems in Nordic countries have generally low treat-
ment efficiency regarding phosphorus and nitrogen. Even though only 15% of the Swedish popu-
lation is connected to on-site wastewater treatment systems, the total discharge of phosphorus 
from these systems exceeds the total discharge from all municipal treatment plants in Sweden. 

The overall objective of this thesis was to investigate certain components of small wastewater 
treatment systems that improve the effluent quality and facilitate the recovery of wastewater 
phosphorus and nitrogen. Reactive filter materials intended for filter systems and local sludge 
handling were investigated. The experimental methodology used to investigate reactive filter ma-
terials was also examined. The materials studied were blast furnace (BF) slag, wollastonite and 
clinoptilolite, which were investigated by agitation, column and pilot scale experiments as well as 
by literature studies. Ammonium (NH4

+) and phosphate (PO4
3-) solutions and municipal wastewa-

ter were used in the experiments. The local sludge handling was investigated by a full-scale field 
study consisting of sludge freezing, drying and composting. 

Factors influencing phosphorus (P) sorption on BF slag in agitation experiments were grain size, 
weathering, initial P concentration and type of solution. The highest P sorption value obtained was 
1,500 mg tot-P/kg slag for fresh BF slag treating a PO4-P solution of 20 mg tot-P/L. The results 
showed that the properties of BF slag had changed during storage, and the handling of BF slag 
before being used in a reactive filter system may affect the P treatment efficiency of full-scale 
filters. Considerable release of sulphuric compounds was seen in the pilot scale experiment even 
though the used slag was weathered. Thus, the use of fresh slag to optimise the P sorption may be 
a problem when considering sulphuric leakage. The P sorption of wollastonite was 90-93% for 
initial concentrations 14-61 mg PO4-P/L and the sorption was 190 mg PO4-P/kg wollastonite for a 
solution of 14 mg PO4-P/L. For the investigated wastewater, the PO4-P sorption of wollastonite 
was negligible. Wollastonite showed minor NH4

+ removal, varying between 3 and 15%. Neither 
the reaction times nor the initial NH4

+ and PO4
3- concentrations influenced the ammonium sorp-

tion. In column experiments, where clinoptilolite was loaded with wastewater, the highest NH4
+

adsorption was obtained for the finest (4-8 mm) clinoptilolite, i.e. 2,700 mg NH4-N/kg. Break-
through of ammonium occurred immediately in all clinoptilolite experiments. 

Laboratory experiments are easily performed with prepared solutions instead of wastewater. 
However, obtained sorption values from prepared solutions and wastewater differ, as shown in 
agitation experiments where the P sorption for fresh BF slag was almost 100% for an initial PO4

3-

solution of 5 mg tot-P/L. The corresponding P sorption for a wastewater solution with an initial 
concentration of 4.2 mg tot-P/L was 56%. Filter experiments using wastewater are the laboratory 
experiment that can best forecast the performance of full-scale applications. A sorption capacity 
of the filter material can be obtained as well as information about other operation parameters, such 
as suitable grain size, hydraulic load and risk of clogging. 

Most small scale wastewater treatment systems include a sludge separation unit that separates a 
large fraction of the wastewater’s suspended solids. The investigated full-scale septic sludge ap-
plication was a promising method for septic sludge treatment in cold regions, due to its simple 
design and operation. Freezing and drying efficiently dewatered the sludge. The dried sludge and 
kitchen refuse were then intensively composted and a maximum temperature of 73 C was 
achieved. Using the investigated sludge treatment method would contribute to the local recovery 
of wastewater nitrogen and phosphorus from small scale wastewater treatment systems by ap-
proximately 5-20%. 





SAMMANFATTNING
Konventionella småskaliga avloppsanläggningar i Norden har generellt låg avskiljningsgrad med 
avseende på fosfor och kväve. Bruttoutsläppet av fosfor från dessa anläggningar överstiger det 
totala fosforutsläppet från alla kommunala reningsverk, trots att endast 15 % av Sveriges befolk-
ning är anslutna till enskilda avlopp. 

Syftet med denna avhandling var att undersöka komponenter i småskaliga avloppssystem som 
minskar utsläppen av närsalter och möjliggör tillvaratagande av fosfor och kväve från avlopps-
vattnet. Mer specifikt undersöktes reaktiva filtermaterial avsedda för filtersystem och lokal slam-
behandling. Den experimentella metodik som användes för att studera de reaktiva filtermaterialen 
utvärderades också. Masugnsslagg, wollastonit och klinoptilolit är de material som studerats med 
skak-, kolonn- och pilotförsök samt genom litteraturstudier. Ammonium- och fosforlösningar och 
även avloppsvatten användes i experimenten. Lokal slambehandling undersöktes med ett fullska-
leförsök och innefattade frysning, torkning och kompostering av slam från slamavskiljare. 

Faktorer som påverkade sorptionen av fosfor på masugnsslagg i skakförsöken var kornstorlek, 
vittringsgrad, initialkoncentration av fosfor och typ av lösning. Den högsta fosforsorption som 
erhölls var 1500 mg tot-P/kg för färsk masugnsslagg som fick reagera med en fosforlösning med 
concentration av 20 mg tot-P/l. Skakförsöken visade att masugnslaggens egenskaper förändras vid 
lagring och hur slaggen hanteras innan den ska användas i reaktiva filtersystem kan påverka av-
skiljningsgraden av fosfor. I pilotförsöket med masugnsslagg var svavelkoncentrationen i utgåen-
de avloppsvatten betydande, trots att slaggen var vittrad. Detta innebär att nyttjandet av så färsk 
slagg som möjligt för att optimera fosforsorptionen kan vara ett problem om svavelläckaget beak-
tas. Sorptionen av fosfor på wollastonit var 90-93 % för initial koncentrationer 14-61 mg PO4-P/l.
Sorptionen var 190 mg PO4-P/kg wollastonit för en fosforlösning 14 mg PO4-P/L. För det under-
sökta avloppsvattnet var fosforsorptionen till wollastonit försumbar. Ammoniumadsorptionen för 
wollastonit var liten, 3-15 %. Varken reaktionstiden eller initialkoncentrationerna av ammonium 
eller fosfat påverkade adsorptionen. I kolonnförsöken där avloppsvatten filtrerade genom klinopti-
lolit erhölls den högsta ammonium adsorptionen, 2700 mg NH4-N/kg, för det finaste materialet 
(4-8 mm). Genombrott av ammonium i utgående avloppsvatten skedde redan inledningsvis i ko-
lonnförsöket. 

Laboratorieförsök med preparerade lösningar istället för avloppsvatten är enkla att genomföra. 
Däremot ger inte försök med preparerade lösningar samma sorptionsvärden som försök med av-
loppsvatten. Detta visades i skakförsök där fosforsorptionen för masugnsslagg var nära 100 % för 
en preparerad lösning. För avloppsvatten med liknande initialkoncentration (4,2 mg tot-P/l) var 
sorptionen 56 %. Filterförsök med avloppsvatten är det laboratorieförsök som bäst ger informa-
tion om hur en fullskaleapplikation kan fungera. I ett sådant försök erhålls ett värde på sorptions-
kapaciteten men även information om andra driftparametrar kan erhållas, t ex lämplig kornstorlek, 
hydraulisk belastning och risk för igensättning. 

De flesta småskaliga avloppssystem inkluderar en slamavskiljare där en stor del av de suspende-
rade partiklarna i avloppsvattnet avskiljs. Fullskaleförsöket för behandling av slam från slamav-
skiljare visade på en lovande metod for slambehandling i kallt klimat karaktäriserad av enkel ut-
formning och skötsel. Slammet avvattnades effektivt genom frysning och torkning. Det torkade 
slammet samkomposterades med köksavfall och kompostaktiviteten var intensiv. En maximal 
temperatur på 73 C erhölls i komposten. Uppskattningsvis kan 5-20 % av avloppsvattnets fosfor 
och kväve tas till vara lokalt med den studerade slambehandlingsmetoden. 
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1 BACKGROUND 

1.1 Small scale wastewater treatment 
In Europe, the treatment of sewage from single houses and non-urban areas is 
becoming important for improving the environmental quality of streams and 
lakes (Brix et al. 2001; Søvik and Kløve 2005). In residential and rural areas in 
Sweden, a considerable number of dwellings are not connected to municipal 
wastewater treatment plants. About 1 million houses were estimated to have on-
site sanitation systems, with 55% being used full-time (Palm 2005). These local 
on-site wastewater treatment systems contribute significantly to the Swedish an-
thropogenic discharge of phosphorus; about 20% of the gross discharge (SEPA 
2003). The corresponding value for nitrogen is 3%. Although only 15% of the 
Swedish population is connected to on-site wastewater treatment systems (SCB 
2004), the total discharge of phosphorus from these systems exceeds the total 
discharge from all municipal treatment plants in Sweden (SEPA, 2003). Further, 
on-site sewage systems are the largest contributor of phosphorus to many small 
recipients (Palm et al. 2002). 

Ejhed et al. (2004) have studied the status and frequency of on-site wastewater 
treatment systems in Sweden, where the most frequent systems were infiltration 
systems, two or three chamber sedimentation tanks (septic tanks), collecting 
tanks and sand filter beds. Palm et al. (2002) compiled the reported treatment 
efficiencies of these systems and a summary of the frequency and treatment effi-
ciencies is seen in Table 1. 

Table 1 Treatment efficiency of frequent on-site wastewater treatment sys-
tems in Sweden. 

Treatment
System

Frequency of 
Treatment Systems 

(%)

Total Phosphorus 
Reduction

(%) 

Total Nitro-
gen Reduc-

tion
(%) 

BOD 
Reduction

(%) 

Septic Tank 241) 3-202,3,4,5) 3-202,3,5) 10-203)

Infiltration
System 401) 25-1003,4,5,6,10) 10-403,5,6) 90-953,6)

Sand Filter 
Beds 131) 25-805,7,8,12);5013) 10-805,7,8,11,12) 85-972,3,8,9)

Collecting
Tanks 181) 14) 14) 14)

1)Ejhed et al. (2004), 2)Palm et al. (2002), 3)SEPA (1987), 4Miljøverndepartement (1992), 
5)Refsgaard and Etnier (1998), 6)Siegrist et al. (2000), 7)Aaltonen and Andersson (1995), 8)Nilsson
et al. (1998) 9)Nilsson (1990) 10)Malmén et al. (2004) 11)Kristiansen (1978), 12)SEPA (1991) 13)50% 
was a median value determined by Palm et al. (2002). 14)The treatment efficiency of collecting 
tanks depends on how the collected sludge is treated.  



2

The new directives for small wastewater treatment systems, to be published by 
the Swedish Environmental Protection Agency, demand the design of the system 
to enable wastewater nutrients to be recovered (SEPA 2005). In the long-term, 
the recycling of waste and wastewater phosphorus should reach 75% in Sweden, 
and 60% of wastewater phosphorus should be recycled to productive land by 
2015, of which more than 50% should be reused in agricultural fields (SEPA 
2002). Since the small wastewater treatment systems are located in rural areas, 
often near agricultural regions, there is a great potential to recycle wastewater 
phosphorus to agriculture. The new directives for small wastewater treatment 
systems also specify treatment efficiencies of the systems. At a normal protec-
tion level, the total phosphorus and BOD7 reduction should be at least 90 and 70 
%, respectively. At a high environmental protection level, the total phosphorus 
and nitrogen removal should be at least 90 and 50 %, respectively (SEPA 2005). 

A majority of existing small scale wastewater treatment systems will not fulfil 
the new criteria considering nutrient removal and recovery. The design of tradi-
tional infiltration systems and sand filters do not aim at a recovery of nutrients. 
The nutrients separated in the septic tanks are the only fractions that easily can 
be reclaimed. Further, Table 1 shows the treatment efficiencies of septic tanks 
and sand filter beds, which are generally insufficient to fulfil the discharge crite-
ria for a normal protection level. 

Alternatives for small wastewater treatment systems have been recently studied 
and developed: urine and black water separation systems (Hanaeus et al. 1997; 
Otterpohl et al. 1997; Jonsson 2002; Vinneras and Jonsson 2002; Hellström and 
Jonsson 2003; Berndtsson 2006), small wastewater treatment plants (package 
plants) based on biofilm processes often in combination with chemical precipita-
tion (Daude and Stephenson 2003; Hellström and Jonsson 2003), dosage of pre-
cipitation chemicals before or in a septic tank which is followed by a conven-
tional sand filter bed, an infiltration system or a reed bed (Hellström and Jonsson 
2003; Brix and Arias 2005), wetlands with recycling flow for enhanced nitrogen 
removal (Arias et al. 2005), small wetlands and reed beds (Maehlum 1998; 
Kadlec et al. 2000; Vandaele et al. 2000; Brix and Arias 2005) and reactive filter 
systems (Maehlum et al. 1995; Arias and Brix 2005; Jenssen et al. 2005). The 
dosage of precipitation chemicals prior to or within the septic tank and reactive 
filters are systems recently highlighted as possible solutions for upgrading exist-
ing sand filter beds and infiltration systems (Malmén et al. 2004). 

A small wastewater treatment system with a reactive filter system can be located 
in a garden without changing existing sanitary installations within the buildings. 
Units included in a reactive filter system can be a sludge separation unit, such as 
a septic tank, a pre-treatment step, and finally, a reactive filter unit, as shown in 
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Figure 1. In the septic tank, the largest particles in the wastewater are separated. 
However, further pre-treatment of the wastewater is required before it enters a 
reactive filter unit, otherwise the filter will clog. Therefore, a pre-treatment step 
located before the reactive filter unit is needed to reduce suspended solids and 
organic matter in the wastewater. Finally, the wastewater passes the reactive fil-
ter unit where nutrients such as phosphorus and ammonium are sorbed to the 
reactive filter material. Which nutrients are sorbed depends on which material 
that has been chosen for the filter unit.

Figure 1 A wastewater treatment system with a reactive filter. 

1.2 Septic sludge handling 
Most conventional and new small scale wastewater treatment systems, such as 
reactive filter systems, include a septic tank or a sedimentation tank that sepa-
rates coarse particles or sludge from the wastewater. In Sweden, nearly all septic 
sludge from rural areas is collected and transported by sludge trucks to a central 
wastewater treatment plant to be dewatered and treated together with sludge 
from urban areas, resulting in considerable transportation. Also, heavy metals 
and organic compounds from urban activities may pollute the septic sludge dur-
ing treatment. 

The nutrients of the wastewater separated in septic tanks are the nutrient frac-
tions which can most easily be recovered from treatment systems not using urine 
or black water separation. Though the nutrient content of common septic sludge 
is rather low, with about 3-20% of the total phosphorus and nitrogen content of 
the sewage ending up in the septic sludge (SEPA 1991; Miljøverndepartement 
1992; Refsgaard and Etnier 1998), to reach the aim of the new directive for 
small wastewater treatment systems concerning nutrient recovery (SEPA 2005), 
a sludge treatment facilitating nutrient recovery becomes relevant.

Influent

Effluent

Reactive filter 
Pre-
treat-
ment

Sludge
separa-
tion unit 
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Locally treating the septic sludge from small scale wastewater treatment systems 
would decrease sludge transport and facilitate a local recovery of the sludge. A 
method for local treatment was developed and evaluated in this thesis (Paper I).
This concept included natural freezing, thawing and drying combined with com-
posting. 

1.3 Reactive filter materials for wastewater treatment
systems

1.3.1 Definition
Different terms for materials that sorb phosphorus and heavy metals have been 
used within the research areas of wastewater and landfill leakage, such as reac-
tive filter media (Jenssen et al. 1991; Kietlinska and Renman 2005), reactive 
filter material (Stark 2004; Kietlinska and Renman 2005), reactive medium 
(Hylander and Siman 2001), phosphorus sorbent (Johansson 1999a), reactive 
sorbent material (Johansson 1999a), reactive substrate (Johansson 1999a), sub-
strate (Drizo et al. 1999; Sakadevan and Bavor 1998; Brooks et al. 2000; West-
holm 2006) and active filter (Shilton et al. 2006). No clear definitions of these 
terms have been given, though the considered materials contain substances that 
can react with phosphorus. Reactive substances can be Fe or Al hydroxides, ox-
ide groups or calcareous materials (Drizo et al. 1999). Corresponding terms used 
for materials sorbing ammonium are, for example, ammonium exchanger or 
ammonium adsorbents because the concerned materials attract the ammonium 
ions onto the surfaces, often by an ion-exchange mechanism. In this thesis, the 
term reactive filter material has been chosen as a general expression and in-
cludes the sorption of phosphorus as well as ammonium adsorption. 

1.3.2 Investigated reactive filter materials 
Reactive filter materials can be used in filter units to increase the phosphorus 
and nitrogen removal from small wastewater systems. In recent years, a number 
of reactive materials have been investigated, with most studies having been con-
ducted in a laboratory scale with agitation and column experiments. However, 
few materials have been studied in full-scale applications. 

Reactive filter materials investigated for phosphorus removal can be divided into 
three categories: natural materials, industrial by-products and industry produced 
materials.  

Investigated natural materials have been, e.g. limestone (Drizo et al. 1999; Brix 
et al. 2001; Arias and Brix 2005; Shilton et al. 2005), wollastonite (Geohring et 
al. 1999; Brooks et al. 2000), opoka (Johansson 1999b; Johansson and Gustavs-
son 2000; Brogowski and Renman 2004), biotite (Vilpas et al. 2005), zeolites
(Phillips 1998; Sakadevan and Bavor 1998), shell and shell sand (Roseth 2000; 
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Arias and Brix 2005; Søvik and Kløve 2005), shale (Drizo et al. 1999), Ca, Fe or 
Fe rich sands (Arias et al. 2001; Jenssen et al. 2005) and soils, such as, vermicu-
lite (Brix et al. 2001) and spodosols (Johansson 1999b). 

Blast furnace slag (Sunahara et al. 1987; Mann and Bavor 1993; Sakadevan and 
Bavor 1998; Johansson 1999a; Johansson 1999b; Johansson and Gustavsson 
2000; Grüneberg and Kern 2001; Cameron et al. 2003; Hylander et al. 2006), 
electric arc furnace steel slag (Drizo et al. 2002), melter slag (Shilton et al. 
2006) and fly ash (Mann and Bavor 1993; Drizo et al. 1999; Cheung and Venki-
tachalam 2000; Agyei et al. 2002) are industrial by-products which have been 
examined.

Industry produced materials have been investigated as filter materials, e.g. 
lightweight clay aggregates (LWA, LECA) (Johansson 1997; Zhu et al. 1997; 
Drizo et al. 1999; Brix et al. 2001; Zhu et al. 2003). Filtralite P (Heistad et al. 
2004; Adam et al. 2005; Adam et al. 2006) is an LWA product produced and 
investigated in particular for phosphorus sorption in wastewater treatment sys-
tems. Produced from opoka, Polonite is another material developed for sorption 
applications (Eveborn 2003; Renman et al. 2004; Hylander et al. 2006). Fur-
thermore, granules consisting of lime, iron compounds and gypsum named 
Nordkalk Filtra P were recently investigated in Finland to be a phosphorus sor-
bent (Vilpas et al. 2005). 

Westholm (2006) performed a literature review concerning substrates for phos-
phorus removal in on-site wastewater treatment and concluded that wollastonite, 
slag materials and LWA-products were promising regarding phosphorus sorp-
tion and hydraulics. 

Different kinds of natural zeolites have been frequently studied regarding am-
monium adsorption in wastewater treatment applications, of which clinoptilolite
probably is the most studied (Koon and Kaufmann 1975; Jørgensen et al. 1976; 
Hlavay et al. 1982; Beler-Baykal and Guven 1997; Kithome et al. 1998; Nguyen 
and Tanner 1998; Demir et al. 2002) (see Figure 2). Ferrite (Townsend and Lo-
izidou 1984), mordenite (Townsend and Loizidou 1984; Nguyen and Tanner 
1998; Weatherley and Miladinovic 2004) and chabazite (Green et al. 1996; La-
hav and Green 1998; Ibrahim 2002) are other natural zeolites that have been in-
vestigated regarding ammonium adsorption. Wollastonite, which has been inves-
tigated concerning phosphorus sorption, has also been considered for ammo-
nium adsorption (Lind et al. 2000; Granrot 2005). 
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Figure 2 Clinoptilolite grains, 4-8 mm 

1.4 The concepts of sorption and capacity 
Phosphorus and ammonium removal from wastewater by reactive filter materi-
als can be described by the term “sorption”, a set of reactions ranging from ad-
sorption to precipitation (McBride 1994). The “sorption” can be used when dif-
ferentiating between physical and chemicals retention mechanisms is difficult 
(Metcalf and Eddy 1991). Adsorption can be defined as the net accumulation of 
substances at the interface between a solid phase and an aqueous solution phase 
(Sposito 1989), and adsorption mechanisms can be either physical (physical ad-
sorption) or chemical (chemisorption) (Montgomery 1985). Both mechanisms 
are based on electrostatic forces, though chemisorption is stronger, more irre-
versible and more specific concerning which compounds sorb to which sites 
(Montgomery 1985). Precipitation reactions are generally much slower com-
pared to adsorption reactions, and will not occur until the solubility product has 
been exceeded (McBride 1994). The precipitation is three-dimensional, as op-
posed to the two-dimensional surface process of chemisorption (McBride 1994). 

The physical adsorption capacity, or ion exchange capacity, can be given as the 
theoretical exchange capacity (TEC). TEC is equal to the framework charge of 
an adsorbent, which is balanced by exchangeable ions (Inglezakis 2005). Cation 
exchange capacity, CEC, is a similar concept, but limited in that positive ions 
are attracted to the adsorbents (McBride 1994). A common method to determine 
the TEC of adsorbents is through chemical analysis of the material. However, 
achieving TEC in laboratory experiments with solutions is not possible due to, 
e.g. low mobility of some outgoing ions (Inglezakis 2005). Therefore, “practical 
capacity” was introduced to describe the active fraction of the exchangeable ions 
of an adsorbent (Inglezakis 2005), which can be determined by agitation ex-
periments. However, for a specific ion-exchange system the practical capacity 
can be equal to one of several points depending on the initial concentration of 
the solution (Inglezakis 2005). Therefore, the concept of maximum exchange 
level (MEL) was defined. MEL is measured by repeated equilibrations until a 
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saturation level is reached, i.e. the exchange capacity no longer increases, 
though the concentrations of the solutions increase (Townsend and Loizidou 
1984; Inglezakis 2005). The practical capacity in a specific ion-exchange system 
can also be determined through column experiments and includes the operating 
capacity (OC) and breakthrough capacity (BC) (Inglezakis 2005). OC is defined 
by an adsorption capacity obtained when the adsorbent is exhausted and the ef-
fluent equals the influent concentration. BC is the adsorption capacity received 
when the effluent concentration of the studied compound reaches a predeter-
mined breakthrough level, e.g. 1-10% of the influent concentration. 

For chemisorption and precipitation reactions, the number of, e.g., functional 
groups and reactive substances to which the studied substance can react limit the 
sorption capacity. Chemisorption and precipitation reaction can rarely be sepa-
rated experimentally (McBride 1994). However, the operation and breakthrough 
capacities for ion exchange reactions defined by Inglezakis (2005) can also be 
used for sorption reactions, since the experimental output for adsorption and 
sorption reactions are similar. 
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2 OBJECTIVES AND SCOPE 

The overall objective of this thesis was to study components of small wastewater 
treatment systems that improve the effluent quality and facilitate the recovery of 
phosphorus and nitrogen from wastewater. Specifically, local sludge handling 
and reactive filter materials intended for filter systems have been investigated. 
The experimental methodology used to investigate reactive filter materials was 
also examined. 

Local sludge handling was investigated by a full-scale field study consisting of 
sludge freezing, drying and composting. The reactive filter materials studied 
were blast furnace slag, wollastonite, and the zeolite clinoptilolite. The materials 
were investigated by agitation, column and pilot scale experiments and literature 
studies. Ammonium and phosphorus solutions and municipal wastewater were 
used in the laboratory experiments. 
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3 LOCAL TREATMENT OF SEPTIC SLUDGE (paper I)

3.1 System background and description 
A method to locally treat septic sludge from a small scale wastewater treatment 
system was investigated in this thesis. The studied method included sludge de-
watering by freezing and drying, followed by sludge composting. The method of 
freezing and thawing is well-known for sludge dewatering and conditioning. 
During slow freezing, particles are separated from water due to the growth of ice 
crystals, thus not incorporate impurities into the structure without severe strain 
(Halde 1980; Vesilind and Martel 1990). Under certain conditions, this separa-
tion is irreversible (Baskerville 1971; Ezekwo et al. 1980) and the sludge dewa-
tering properties are improved when thawing (Vesilind and Martel 1990). 

Figure 3 presents a schematic sketch of the investigated system. During the late 
autumn of 1996, septic sludge from an on-site infiltration system was pumped 
up onto an impermeable freezing-thawing-drying surface (FTD-bed) located 
close to the septic tank. During the spring of 1997, the sludge thawed, the water 
evaporated and the sludge dried during a period of about 3 weeks. Thereafter, 
the sludge was transferred to a household compost bin, where about 180 L of 
dewatered sludge was mixed with about 35 L of biodegradable kitchen refuse. 
More kitchen refuse and grass was added during the summer to the compost bin. 
At the end of the summer, the compost residue from the sludge and kitchen re-
fuse mixture could be left on the bottom of the compost bin for additional 9 
months of maturing. New kitchen refuse was added to the compost bin during 
the whole winter. The following spring, the composted sludge-kitchen refuse 
product located at the bottom of the compost bin could be used for cultivation in 
the garden. 

Wastewater treatment system 

Infiltration 
system 

Compost bin

Cultivation 

 Fresh sludge 

Effluent 

FTD-bed 

Kitchen Refuse 

Dried Sludge 

Composted sludge  
and refuse 

Dwelling house 

Figure 3 Investigated system for on-site treatment of septic sludge. 
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3.2 Results

3.2.1 Sludge Dewatering by Freezing, Thawing and Drying 
The septic sludge froze and was covered by snow almost immediately after ap-
plication, and remained frozen during the entire winter. When it had thawed, the 
sludge structure was more homogenous and porous compared to before the 
freezing and the water had separated from the particles. After a 3-week drying 
period, the dry matter content had increased from an initial value of 4-6% to 25-
95%. The freezing-thawing-drying process reduced the weight by about 90% 
and the volume by about 65%. The volume reduction was not as large as the 
weight reduction due to the porous structure formed. 

3.2.2 Sludge composting 
Composting of the dewatered septic sludge with the kitchen refuse began on 
June 6, 1997. Within two weeks, the temperature at the middle of the compost 
bin was above 65 C, shown in Figure 4. The temperature then declined, possibly 
caused by an inhibition of the termophilic organisms responsible for the com-
posting activity due to the high temperature (Mara 1989). However, the com-
posting activity increased again and the composting temperature exceeded 55 C
for almost 7 days. The maximum measured temperature was 73 C. After about 7 
weeks, the composting process abated and the temperature declined. The tem-
perature changes at the edge of the compost bin showed the same pattern as in 
the middle with the exception of an obvious day-night variation. 
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Figure 4 Sludge composting temperature. 
 (Observe that the temperature measurements began June 20, but the composting 

process started June 6.) 
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3.3 Discussion
Experiences from this full-scale experiment showed the method to be a promis-
ing on-site treatment for septic sludge in cold regions, due to its simple design 
and operation. It would be possible to use this method to treat sludge from small 
scale wastewater treatment systems that include sludge separation, such as sand 
filter beds, reactive filter systems, package plants or systems with a dosage of 
precipitation chemicals. 

During the full-scale experiment, hardly any operational problems occurred. 
Odours arose when the sludge was initially applied onto the FTD-bed, but 
ceased because of the cold weather. It was snowing at the application and the 
sludge froze within a day. The sludge was covered by snow until mid-May, and 
no odours were emitted during the snowy period. Odours were hardly noticed in 
spring when the sludge was drying. During the composting period, no opera-
tional problems occurred; neither disturbing odours, flies, nor large amounts of 
leaching water. 

Using the investigated sludge treatment method would contribute to a local re-
covery of wastewater nutrients from small scale wastewater treatment systems. 
The degree of separation in the sludge separation unit, such as a septic tank, de-
termines how much of the nutrients in the wastewater influent that can be recov-
ered. With a conventional septic tank, approximately 5-20% of the wastewater 
ammonium and phosphorus could be recovered, see in Table 1. The composted 
product would also contribute to the soil structure if used in cultivation due to its 
high organic content. 
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4 REACTIVE FILTER MATERIALS (paper II-V)

4.1 Phosphorus and blast furnace slag 
Blast furnace slag (BF slag) is an industrial by-product from steel plants derived 
from the slag forming minerals, mainly limestone, during iron production in the 
blast furnace (Tossavainen 2005). The cooling process of the molten slag affects 
the properties of the solidified slag. Cooling by water results in an amorphous 
and glassy slag, whereas a slow air-cooled slag is a half crystallized, rock-like 
material (Tossavainen 2005).

Air-cooled crystalline (ungranulated) BF slag material consists mainly of ternary 
compounds, the most common being melilite, which is a series of silicate miner-
als including akermanite (2CaO MgO 2SiO2), merwinite (3CaO MgO 2SiO2),
anorthite (CaO Al2O3 2SiO2) and gehlenite (2CaO Al2O3 SiO2) (Lindgren 1992; 
Tossavainen and Forssberg 2000; Tossavainen 2005). 

The content of major elements in the investigated crystalline BF slag was 30-
33% CaO, 33-36% SiO2, 15-19% MgO, 11-13% Al2O3, 2-3% TiO2, 1-2% S, 
0.3-0.5% MnO, 0.281% Fe2O3 and <0.012% P2O5 (Paper II). The soluble 
amounts of many heavy metals from blast furnace slag are lower compared to 
natural rock materials due to the low content of these elements in the slag (Tos-
savainen and Forssberg 1999; Tossavainen and Forssberg 2000). However, the 
vanadium concentration of blast furnace slag is rather high (Tossavainen and 
Forssberg 2000) and may leach out in larger amounts. 

Both adsorption and precipitation mechanisms contribute to the phosphorus 
sorption by BF slag. Khelifi et al. (2002) found adsorption processes to account 
for about 20% of the total removal of phosphate. When metals of the BF slag 
were washed away with HCl and distilled water, the phosphorus retention capac-
ity was drastically reduced. Johansson and Gustavsson (2000) investigated crys-
talline and amorphous BF-slags and found that the major mechanism for phos-
phorus retention was the precipitation of hydroxyapatite. However, Grüneberg 
and Kern (2001) performed sequential extraction tests showing that the major 
fraction of the sorbed phosphorus was defined as readily available, loosely 
bound phosphorus or phosphorus associated with free Ca or Mg carbonates. Jo-
hansson (1999a) reported similar results. 

4.2 Ammonium, phosphorus and wollastonite 
Wollastonite is a calcium metasilicate (CaSiO3) with a theoretical composition 
of 48.3% calcium oxide and 51.7% silicon dioxide (Rieger and Virta 1999). 
Wollastonite belongs to the pyroxenoid group, often appearing with a needle 



13

shaped structure (Loberg 1980; Bates and Jackson 1984). It is built up by Si-O 
tetrahedra and Ca atoms situated inside the tetrahedra (Deer et al. 1992).

The attraction mechanisms for positively charged ions to wollastonite have not 
been thoroughly described. However, Xie and Walther (1994) studied alkali and 
alkaline earth metal-bearing silicates, e.g. wollastonite, and found that cations 
(e.g. Ca2+) were released when added to pure water, leaving a negatively 
charged mineral surface. In the same study, silicon (Si4+) of wollastonite was 
released into solution, also contributing to the negative surface of the wollaston-
ite. The negative wollastonite surfaces attracted positively charged ions such as 
H+. Cations such as K+, Na+, and Ca2+ as well as NH4

+ were adsorbed to the wol-
lastonite surfaces and exchanged H+, which was most easily bound to the nega-
tively charged surface (Xie and Walther 1994). 

Wollastonite has been investigated regarding its adsorption of positively charged 
metal ions (Panady et al. 1986; Singh et al. 1988; Sharma et al. 1990; Yadava et 
al. 1991; Livergren 1997). Lind et al. (2000) studied adsorption of ammonium in 
human urine on wollastonite, with about 50% of the ammonium in the solution 
being adsorbed to the wollastonite. The capacity of wollastonite to remove am-
monium from aqueous solutions and wastewater was further studied in this the-
sis (paper III).

In addition, wollastonite has been investigated regarding removal of phosphorus. 
Wollastonite was suggested as a filter material for phosphorus removal in con-
structed wetlands in surveys performed by Brooks et al. (2000) and Hill et al. 
(2000). Palacios and Timmons (2001) obtained promising results when investi-
gating wollastonite as a filter material to treat recirculating water in an aquacul-
ture.

The mechanisms for phosphorus removal by wollastonite have not been thor-
oughly investigated. Brooks et al. (2000) suggested that the calcium content of 
the wollastonite contributed to the phosphorus sorption. Further, they proposed 
that the observed sorption reactions in their study was either a combination of 
both adsorption and a more complex reaction, such as surface precipitation, or a 
mineral dissolution and a subsequent precipitation of phosphate without the in-
fluence of adsorption. Crystal seeding experiments indicated a precipitation re-
action of phosphorus when reacting with wollastonite, since phosphorus reduc-
tion was faster when adding crystal seeds (Brooks et al. 2000). 

4.3 Ammonium and clinoptilolite (paper IV-V)
Clinoptilolite is a natural zeolite that belongs to a group of hydrated aluminosili-
cate minerals containing alkali and alkaline-earth-metals (Encyclopædia Britan-
nica, 2006), shown in Figure 5. The chemical formula of clinoptilolite is 
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(Na,K,Ca0,5,Mg0,5,)6(AlO2)6(SiO2)30·24H2O (Breck 1974; Passaglia and Sheppard 
2001). Clinoptilolite has a structure consisting of a three-dimensional framework 
of SiO4 and AlO4 tetrahedra, with the Si4+ or Al3+ ions located at the centres of 
the tetrahedra (Curkovic et al. 1997). Substituting aluminium for silicon in the 
mineral lattice of clinoptilolite creates a negative charge of the lattice balanced 
by positively charged ions, such as sodium, calcium and potassium (Curkovic et 
al. 1997). Theese ions are located in the relatively large cavities of the outer 
framework (Encyclopædia Britannica, 2006) and are exchangeable by other 
cations (Curkovic et al. 1997). Furthermore, clinoptilolite has an ion sieving ca-
pability, since the framework structure forms narrow ring channels with dimen-
sions of 3x4.4 Å and 3.5x7.9 Å (Breck 1974; Vaughan 1978). 

Figure 5 Clinoptilolite crystals 

The positively charged ions located within the clinoptilolite framework can be 
replaced relatively easily with other positive ions, known as “ion exchange” or 
“cation exchange”. The concept “adsorption” can be used for the same phe-
nomenon, referring to positively charged ions that can be adsorbed to the nega-
tively charged surfaces of the clinoptilolite. The term adsorption is connected to 
“desorption”, since the adsorbed ions can be removed/desorbed by other ions. 

Ames (1960; 1967) conducted experiments to rank cations according to their 
affinity to clinoptilolite and developed the following order: 

LiMgAlFeCaNaSrBaNHKRbCs 233222
4

As can be seen by the above affinity sequence, clinoptilolite has a high affinity 
for ammonium in solutions as studied by e.g. Jørgensen et al. (1976), Jørgensen 
et al. (1979), Hlavay et al. (1982) and Kithome et al. (1998). The ammonium 
adsorption capability of clinoptilolite makes it interesting for wastewater treat-
ment applications (Koon and Kaufmann 1975; Liberti et al. 1981; Chmielewska-



15

Horvathova et al. 1992; Booker et al. 1996; Green et al. 1996; Beler-Baykal and 
Guven 1997; Nguyen 1997a; Beler-Baykal 1998; Lahav and Green 1998; 
Nguyen and Tanner 1998; Beler-Baykal and Inan 2005). 

Many factors influence the adsorbed amount of ammonium on clinoptilolite in 
practical applications. Studied aspects are the origin and clinoptilolite concentra-
tion of the ore sample used (Townsend and Loizidou 1984; Mondale et al. 
1995), transformation of the clinoptilolite to a homoionic form (Koon and 
Kaufmann 1975; Jørgensen et al. 1979; Booker et al. 1996; Beler-Baykal and 
Guven 1997), grain size (Ames 1960; Hlavay et al. 1982; Nguyen 1997a), hy-
draulic load (Beler-Baykal et al. 1996; Booker et al. 1996; Beler-Baykal and 
Guven 1997; Nguyen 1997a), ammonium concentration (Jørgensen et al. 1979; 
Hlavay et al. 1982; Kithome et al. 1998), competition with other cations (Koon 
and Kaufmann 1975; Jørgensen et al. 1976; Demir et al. 2002; Weatherley and 
Miladinovic 2004), occurrence of suspended solids and organic matter in the 
wastewater (Hlavay et al. 1982; Liu and Lo 2001), pH (Koon and Kaufmann 
1975; Kithome et al. 1998), temperature (Koon and Kaufmann 1975; Atkins Jr 
and Scherger 1997) and scale of system (Hlavay et al. 1982). 

Desorption of ammonium ions from the clinoptilolite is of interest to enable re-
covery of the ammonium ions or make the exchange sites available for new ions. 
Dimova et al. (1999) studied desorption of ammonium ions by water, and am-
monium desorption by water was presented in paper V. Another method for de-
sorption of ammonium ions is chemical regeneration with NaCl brine solutions, 
as studied by, e.g., Koon and Kaufmann (1975), Semmens and Porter (1979), 
Liberti et al. (1981) and Hlavay et al. (1982), and means that adsorbed ammo-
nium ions are desorbed/exchanged by Na ions when the regeneration solution is 
flushed through the clinoptilolite. Chemical regeneration can be combined with 
nitrification to desorb ammonium ions, called biological regeneration, as studied 
by Semmens et al. (1977a), Semmens et al. (1977b), Semmens and Goodrich Jr 
(1977); Semmens and Porter (1979); Green et al. (1996); Nguyen (1997b) and 
Lahav and Green (1998), shown in Figure 6. Reasons for the development of 
biological regeneration were to decrease the brine consumption during regenera-
tion (Semmens et al. 1977b) or to achieve a more efficient nitrification process 
(Lahav and Green 1998). 
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Figure 6 Example of biological regeneration of an ammonium loaded clinop-
tilolite (Semmens and Porter 1979) 

4.4 Material and methods 

4.4.1 Blast furnace slag experiments (paper II)
Agitation experiments and a pilot scale experiment were performed to investi-
gate the phosphorus sorption of blast furnace (BF) slag. 

The investigated air-cooled crystalline BF slag originated from the SSAB steel 
plant in Luleå, northern Sweden. The BF slag was collected from different piles: 
the first one that had been outdoors for about one year (called “fresh”), the sec-
ond for a couple of years (called “weathered”). This slag was sieved to the grain 
size 0.5-2 mm. A third BF slag sample was collected from a weathered slag pile 
of unknown age, sieved to the grain size 1-5.6 mm and rinsed with tap water 
(called “weathered+”). Part of this BF slag was further washed with tap water at 
a liquid/solid ratio of 16 (weathered++) prior to the experiment to remove dust 
and any excess of easily soluble calcium compounds. 

The phosphate solutions used in the agitation experiments consisted of Na2HPO4
mixed with distilled water. Mechanically and biologically treated municipal 
wastewater was also used in the agitation experiments when fresh and weathered 
BF slags were evaluated. Prior to the experiments, the wastewater was filtered 
through a 0.45 μm filter and the phosphorus concentration after filtration was 
0.75 mg tot-P/L. Part of the filtered wastewater used in these experiments was 
spiked with Na2HPO4 to a phosphorus concentration of about 4.2 mg tot-P/L. In 
the pilot scale experiment, partially treated primary wastewater was used. The 
influent total phosphorus concentration into the BF slag filter was 1.0-5.3 mg 
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tot-P/L and the phosphate concentration was 0.5-4.3 mg PO4-P /L. The BOD7
concentration was 26-28 mg/L and the SS concentration was 5-25 mg/L. 

Agitation experiments were carried out with fresh, weathered and weathered++

BF slags. The slag materials were shaken with phosphate solutions of different 
concentrations (5-20 mg PO4-P/L) for 20 h at room temperature. Furthermore, 
the fresh and weathered BF slag samples were shaken with wastewater or 
Na2HPO4 spiked wastewater. After the agitation, the solutions were filtered 
through a 0.45 μm filter and analysed. 

A pilot scale experiment was carried out for 96 days, with the experimental set-
up shown in Figure 7. A box was filled with weathered+ 1-5.6 mm BF slag to a 
height of 5 cm. Wastewater was pumped with an average flow of 3 L/d from the 
influent container to a settling tank and further distributed on the bed. The 
wastewater then percolated through the filter bed with a horizontal flow during 
water saturated conditions. The average hydraulic retention time in the BF filter 
was 3.8 d. This experiment was carried out at room temperature. 

Figure 7 Experimental set-up of the pilot scale experiment with BF slag 

4.4.2 Wollastonite experiments (paper III)
The wollastonite used in the experiment originated from China and had a grain 
size of <0.355 mm. Agitation experiments were carried out at room temperature, 
where the wollastonite samples were shaken with different NH4Cl and KH2PO4
solutions for 0.5-20 h. The initial ammonium concentrations varied between 11 
and 114 mg NH4-N/L and the phosphate concentrations were in the interval 0-
1700 mg PO4-P/L. After agitation, the samples were filtered and the filtrates 
were analysed. In one experimental set, wollastonite samples were agitated for 
1-20 h with primary treated wastewater that was filtered through a 0.45 μm filter 
before the experiments.
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4.4.3 Clinoptilolite experiments (paper V)
Three column experiments were performed to investigate the ammonium ad-
sorption capacity of a pure clinoptilolite originating from Turkey. Primary 
treated municipal wastewater was used in experiment 1. In experiments 2 and 3, 
the wastewater was filtered through a coarse paper filter before being loaded 
into the columns. The influent ammonium concentrations varied between 19 and 
29 mg NH4-N/L.

The wastewater was pumped from a storage container and loaded into water 
saturated columns filled with clinoptilolite. The clinoptilolite grain size 7-15 
mm was used in column experiments 1 and 2 and the grain size 4-8 mm was 
used in experiment 3. The wastewater filtered through the columns and was then 
collected in storage containers. The wastewater flow through the column was 
4.4 bed volumes (BV)/h in experiment 1 and 3 BV/h in experiments 2 and 3. 
Experiment 1 operated for about 2 days and experiments 2 and 3 for more than 6 
days. All column experiments were carried out at a temperature of about +4 C.
The set-up of the column experiments is shown in Figure 8. 
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2 cm gravel 
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30 L 
container for 
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Pump 
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Effluent tube

Figure 8 Experimental set-up of clinoptilolite column experiments. 

Two laboratory experiments were performed to study desorption of the previ-
ously adsorbed ammonium. In the desorption experiment A, the clinoptilolite 
column from experiment 2 was drained and tap water was pumped through the 
column at a flow of 3 BV/h for 48 h. The conditions in the column were alter-
nated between water saturated and drained conditions by manually changing the 
level of the effluent tube. The total volume of percolated water was 140 BV. 
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In the desorption experiment B, the column from experiment 3 was drained and 
stored at room temperature for 2 days before the desorption phase started. The 
column was then filled with about 0.15 L of tap water, which was replaced every 
24 h during the first days and then about every 35 h. During the 6 days of de-
sorption, 5 BV of water were used. 

4.5 Results and Discussion 

4.5.1 Blast Furnace Slag 
Grain size, degree of weathering, initial phosphorus concentration and type of 
solutions were factors influencing the phosphorus sorption of the blast furnace 
slag investigated in the agitation experiments, shown in Table 2. Reasons for the 
differences in results are discussed below in the chapter “Experimental method-
ology for investigation of reactive filter material”. 

Table 2 Phosphorus sorption of blast furnace slag related type of slag and 
solution used in agitation experiments. 
Water Quality Initial Phosphorus 

Concentration
Phosphorus Sorption 
(mg tot-P/kg BF slag) 

Fresh
BF slag 

(0.5-2 mm) 

Weathered
BF slag 

(0.5-2 mm) 

Weathered++

BF slag 
(1-5.6 mm) 

Phosphate solution 20 mg tot-P/L 1493±11 638±53 239±46 
Phosphate solution 10 mg tot-P/L 821±0.1 563±64 185±15 
Phosphate solution 5 mg tot-P/L 380±0.5 321±12 118±7 
Filtered wastewater, 
P-spiked 4.2 mg tot-P/L 176±5.3 105±0.0 

Filtered wastewater 0.75 mg tot-P/L 38±0.0 25±1 
The phosphorus sorption values are based on the average of duplicate samples and the stan-
dard deviations are given.

The agitation experiments showed that fresh blast furnace slag had a much 
higher sorption capacity than the investigated weathered blast furnace slag, 
shown in Figure 9 and Table 2. At an initial phosphorus concentration of 20 
mg/L, 1,493 mg tot-P/kg fresh BF slag was sorbed. The corresponding value for 
weathered BF slag was 638 mg tot-P/kg. 
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Figure 9 Phosphorus sorption isotherms related to handling of BF slag before 
utilization, reaction time 20 h. 

These sorption results indicated that the properties of blast furnace slag had 
changed while being stored. The change of properties was supported by the 
analyses of the final calcium concentrations and the pH of the solutions after 
agitation. The pH and final calcium concentration of the water for fresh blast 
furnace slag were higher than for the weathered, even though the fresh blast fur-
nace slag sorbed more phosphate. 

These findings imply that the handling of BF slag before being used in a reactive 
filter system affect the phosphorus treatment efficiency of the filter. The fresh 
and weathered BF slag samples investigated in this experiment were collected in 
uncovered slag heaps stored outdoors, but for different durations, i.e. about one 
year for fresh BF slag and a couple of years for the weathered slag. 

In the pilot scale experiment performed in this thesis where blast furnace slag 
was loaded with wastewater during a 3 months period, the release of sulfuric 
compounds was considerable, especially during the initial operation phase. 
When the filter had operated for 5 days, the effluent SO4-S concentration was 
1,235 mg/L. After 2 weeks, the effluent SO4-S concentration had stabilized to 
80-150 mg/L, shown in Figure 10.  
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Figure 10 Influent and effluent concentrations of SO4-S in a pilot scale experi-
ment with blast furnace slag as a reactive filter material. 

Therefore, using as fresh slag as possible to optimise the phosphorus sorption 
may be a problem when considering the sulphuric leakage. Sulphuric com-
pounds may leach out and possibly affect the recipients and groundwater, and 
malodours may appear from the reactive filter system. 

During the pilot scale investigation, phosphorus compounds were sorbed to the 
blast furnace slag filter. The initial reduction rates of both total phosphorus and 
phosphate were about 100%, which decreased to about 70% by the end of the 
experiment. The sorbed amount of phosphate in the BF filter was estimated to 
58 mg PO4-P/kg. The removal of total phosphorus was 75 mg P/kg. The higher 
removal of total phosphorus compared to phosphate was caused by a separation 
of phosphorus containing particles during the filtration process. 

The effluent concentrations of phosphate and total phosphorus increased over 
time, but were both below 0.5 mg/L during the first 50 days (11.5 bed volumes 
passed) when the influent total phosphorus concentration varied between 1-3.5 
mg/L, shown in Figure 11. At the end of the experiment, the effluent concentra-
tion slightly exceeded 1 mg/L, while the concentration in the influent was above 
3 mg/L. Since the phosphate concentration in the influent was higher than in the 
effluent, the BF slag was not saturated with phosphate. This uncompleted satura-
tion of the filter was confirmed by extraction analyses of the slag. From the 
samples taken at the inlet of the pilot filter, 16-18 mg tot-P /kg TS was ex-
tracted, while analyses of the slag from the outlet showed about 6 mg tot-P /kg 
TS.



22

0

1

2

3

4

5

6

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98

Time (d)

C
on

ce
nt

ra
tio

n
(m

g/
L)

 Influent tot-P  Effluent tot-P 
 Influent PO4-P  Effluent PO4-P

Figure 11 Influent and effluent concentrations of phosphate and total phospho-
rus during the operation of the pilot scale experiment with blast fur-
nace slag. 

These results showed that the blast furnace slag could not be completely ex-
hausted regarding phosphorus sorption if high effluent quality concerning phos-
phorus is to be attained with this type of system. Therefore, phosphorus sorption 
values of the reactive filter material related to effluent quality achieved from fil-
ter studies should be considered when designing a filter for wastewater treat-
ment.

The results further showed that the phosphorus sorption of the investigated slag 
in the pilot-scale experiment was low. The investigated slag was weathered and 
further rinsed with tap water before the experiments. Since the agitation experi-
ments presented above demonstrated that the extent of weathering had a signifi-
cant impact on the phosphorus sorption, a higher phosphorus sorption would 
most likely have been obtained with a less weathered slag. 

4.5.2 Wollastonite
The agitation experiments with wollastonite showed minor ammonium removal, 
varying between 3 and 15%. Neither the investigated reaction times nor the ini-
tial ammonium concentrations were important, shown in Figure 12. Further, ex-
cluding phosphate from the solution did not have a significant impact on the 
ammonium adsorption (data not shown). The ammonium adsorption was 5.5% 
for the filtered primary treated wastewater with an initial ammonium concentra-
tion of 18 mg NH4-N/L. 
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Phosphorus was sorbed to wollastonite, but the reaction was rather slow. The 
phosphate concentrations decreased for 8 hours, after when the decrease contin-
ued but at a much slower rate, shown in Figure 12. The percentage of phosphate 
reduction increased with initial concentrations up to about 60 mg PO4-P /L. For 
initial concentrations between 14 and 61 mg PO4-P/L, the reduction was 90-93% 
after 20 h of agitation. For concentrations as low as 0.8 mg PO4-P/L, as for the 
investigated wastewater, the sorption of phosphate was negligible. 
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Figure 12 Filtrate ammonium and phosphorus concentrations after reaction 
with wollastonite for different reaction times and different initial 
concentrations.

The quantity of phosphate sorbed to wollastonite increased with higher initial 
phosphate concentrations, shown in Table 3. At a reaction time of 20 h and an 
initial concentration of 14 mg PO4-P/L, the sorption was about 190 mg PO4-P
/kg wollastonite. At a concentration of 1,700 mg PO4-P/L, the PO4-P sorption 
was 12,000 mg/kg. At such a high initial PO4-P concentration, the sorption ca-
pacity of wollastonite was still available and the phosphate reduction was about 
50%.

Table 3 Quantity of sorbed phosphate related to initial phosphate concentra-
tion, reaction time 20 h. 

Initial PO4-P
concentration [mg/L] 0.81) 2.7 6.7 14 27 61 117 241 504 780 1700 
Equilibrium PO4-P
concentration [mg/L] 0.79 2.5 3.5 1.4 1.9 4.4 15 56 220 390 880 
Sorbed PO4-P on 
wollastonite [mg/kg] 0.1 3 48 190 380 850 1500 2800 4300 5900 12000
1) Phosphate concentration of filtered wastewater. Total phosphorus concentration of waste-
water was 1.2 mg/L. 
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The ammonium adsorption of the investigated wollastonite was low; therefore, 
using the material in wastewater ammonium applications cannot be recom-
mended. The ammonium adsorption obtained in this study was much lower than 
the removal previously reported by Lind et al. (2000), who quantified the am-
monium removal to about 50% for an initial ammonium concentration of about 
280 mg NH4-N/L. Reasons for the difference between the studies might be due 
to different wollastonite compositions and ammonium concentrations. 

The wollastonite investigated in this study sorbed phosphorus, but the sorption 
was minor for the lowest phosphorus concentrations. A comparison between the 
wollastonite and blast furnace slag experiments presented in this thesis indicated 
the BF slag was a more efficient phosphorus sorbent. In another wollastonite-
phosphorus sorption study, Brooks et al. (2000) obtained higher sorption for 
lower initial phosphorus concentrations compared to the present results. The dif-
ferent results between the studies may be due to differences in origin and com-
position of the wollastonites used and the use of an ammonium and phosphate 
solution in the present study versus a pure phosphate solution in the other study. 

4.5.3 Clinoptilolite
In the column experiments where clinoptilolite was loaded with wastewater, the 
highest ammonium adsorption was obtained for the finest clinoptilolite, 2,700 
mg NH4-N/kg, shown in Table 4. A slightly lower ammonium adsorption was 
achieved for the coarser clinoptilolite investigated in experiment 2, 2,200 mg 
NH4-N/kg clinoptilolite. However, complete ammonium saturation of the cli-
noptilolite was not attained at the end of the column experiments, since the ef-
fluent ammonium concentration was about 10% lower than the influent, shown 
in Figure 13.

Table 4 Operational ammonium adsorption capacity and total nitrogen re-
moval of clinoptilolite obtained in column experiments. 

Exp Grain size Hydraulic 
retention time 

Flow Influent 
concentration 

Operational 
adsorption
capacity

Removed 
total nitrogen 

(mm) (min) (BV/h) (mg NH4-N/L) (mg NH4-N/kg) (mg tot-N/kg)
1 7-15 14 4.4 28a) 1,400c) 2,200 
2 7-15 20 3.0 22b) 2,200 3,400 
3 4-8 20 3.0 20b) 2,700 2,700 
a) Primary treated wastewater 
b) Filtered wastewater 
c) The experimental run was stopped due to clogging and complete ammonium saturation was 
not obtained 
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The breakthrough of ammonium during filtration can be described as a ratio be-
tween the effluent and influent concentrations, see chapter 1.4. In all adsorption 
experiments, the effluent ammonium concentrations were high on the first sam-
pling occasion, shown in Figure 13. At the first sampling, the effluent concentra-
tion for experiment 2 was 9 mg/L corresponding to a 42% breakthrough and for 
experiment 3, 2.2 mg/L, corresponding to a 10% breakthrough. 
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Exp 1 Grain size 7-15, primary treated wastewater, flow rate 4.4 BV/h
Exp 2 Grain size 7-15 mm, filtered wastewater, flowrate 3.0 BV/h
Exp 3 Grain size 4-8 mm, filtered wastewater, flow rate 3.0 BV/h

Figure 13 Ratios between effluent and influent ammonium concentrations in 
clinoptilolite experiments 1, 2 and 3. 

The investigated clinoptilolite proved to be an efficient ammonium adsorbent, 
though the breakthrough occurred immediately. The breakthrough would proba-
bly have been delayed by using a lower flow rate (Nguyen and Tanner 1998) 
and a finer grain size (Hlavay et al. 1982). However, the use of finer clinoptilo-
lite grain sizes increases the clogging, which was considerable in this investiga-
tion and especially in experiment 1 where primary treated wastewater was used. 
Therefore, decreasing the influent concentration of suspended solids and organic 
matter as much as possible into an adsorption filter application is critical to de-
crease the headloss and clogging risk. Furthermore, maintaining the nitrogen 
compounds as ammonium ions is necessary during the pre-treatment of waste-
water. If nitrification occurs in a pre-treatment step, the fraction of nitrogen that 
can be adsorbed decreases. 

In desorption experiment A, 23% of the earlier adsorbed ammonium was de-
sorbed and the desorption was more pronounced at water saturated conditions. 
The desorption process was not optimised and desorption would have carried on 
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if the experiment had continued. However, the concentrations of ammonium and 
total nitrogen were low in the regeneration flows, 2.6 mg NH4-N/L and 3.1 mg 
tot-N/L, and lower than the influent concentrations. In desorption experiment B 
only 1% of the adsorbed ammonium was desorbed, though the ammonium con-
centration of the regeneration flow was slightly higher, 7.2 mg NH4-N/L. There-
fore, the investigated regeneration methods cannot be used without further de-
velopment, if the nitrogen in the regeneration flow is to be recovered. 

4.6 Experimental methodology for investigation of reactive 
filter material 

Laboratory experiments to investigate reactive filter material are often per-
formed to forecast the success of the material in full-scale applications. How-
ever, an important question is how well the laboratory experiments can predict 
future full-scale performance. 

Agitation experiments are easily and rapidly accomplished and may be useful 
when different sorbents are to be evaluated and compared (Arias et al. 2001). In 
this thesis, valuable results of agitation experiments were received concerning 
fresh and weathered slag. The phosphorus sorption was considerably higher for 
the fresh slag. Further, the agitation experiments using ammonium and wollas-
tonite showed that the investigated wollastonite would not be suitable for a full-
scale application of ammonium adsorption due to the low ammonium adsorp-
tion. The phosphorus sorption obtained by wollastonite in the agitation experi-
ments showed promising results for initial phosphate concentrations of 15-60 
mg PO4-P/L. However, the acquired absolute values for the phosphorus sorption 
cannot be expected in full-scale sorption applications. Adam et al. (2005) found 
that agitation experiments could lead to misinterpreting and overestimating the P 
sorption capacity of the investigated material. 

When a reactive filter material is shaken with a solution, the direct contact be-
tween the grains and solution differs compared to when a solution is filtered 
through the material. The sorption results of the agitation experiments are influ-
enced by the experimental method chosen. Factors affecting the results are the 
nature of the material studied, reaction time, temperature, type of solution, solu-
tion-material ratio, vessel volume and rotation speed (Drizo et al. 2002; Søvik 
and Kløve 2005). The agitation of a medium may also fragmentise the material, 
leading to an increase of the sorption sites; hence, the sorption capacity can be 
overestimated (Drizo et al. 2000). 

When determining the sorption capacity of a filter material with an agitation ex-
periment, the initial concentration of the solution greatly impacts the sorption 
results (Drizo et al. 2002). In general, the sorption increases with a higher initial 
concentration of the species. This phenomenon was seen in the blast furnace 
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slag and wollastonite experiments conducted in this thesis. At an initial phos-
phate concentration of 1,700 mg PO4-P/L, a phosphorus sorption of 12,000 
mg/kg wollastonite was obtained. Sakadevan and Bavor (1998) obtained a 
maximum phosphorus sorption capacity of about 40,000 mg P/kg blast furnace 
slag at an initial phosphate concentration of approximately 10,000 mg PO4-P/L.
Since the phosphorus concentration of domestic wastewater is drastically lower, 
the practical value of these results is limited. These sorption results are theoreti-
cal capacities but would not be practically attained for municipal wastewater. 
Therefore, the sorption values achieved in laboratory experiments with initial 
concentrations similar to wastewater are more relevant. 

The maximum adsorption constant (a) of the Langmuir equation, derived from 
agitation experimental data, can be used to determine the sorption capacity of a 
material, (equation 1) (Metcalf and Eddy 1991).

RL is amount adsorbed per unit weight of the material (mg/kg) 
a is the adsorption maximum constant (mg/kg) 
b is the constant related to the binding strength (L/mg) 

a
C

ba
1

R
C e

L

e (1)
Ce is the equilibrium concentration of adsorbate in the solution after ad-

sorption (mg/L) 

Langmuir adsorption isotherm was developed by assuming a fixed number of 
accessible sites available on the adsorbent surface, which have the same energy 
and that the adsorption is reversible (Metcalf and Eddy 1991). 

When calculating the Langmuir maximum adsorption constant the range of con-
centrations applied in the calculations influences the value of the constant. In 
Drizo et al. (2002), the maximum adsorption constant increased 13 times when 
calculating the constant for the highest concentration range compared to the 
lowest. Although the maximum phosphorus adsorption capacity of a filter mate-
rial may be underestimated by using sorption isotherms calculated for low con-
centrations (Stuanes and Nilsson 1987), the capacity is often exceeded when 
higher concentrations are used (Barrow 1978). Drizo et al. (2002) concluded that 
sorption capacities derived by agitation experiments and the Langmuir equation 
do not provide realistic values and should only be used with caution in designing 
full-scale systems. Furthermore, the Langmuir isotherm is an empirical model 
that cannot explain precipitation reactions or changes in the homogeneity of the 
adsorption surfaces (Mann and Bavor 1993). Therefore, using the Langmuir iso-
therms to describe sorption reactions where precipitations may occur is not ad-
visable. However, Cheung and Venkitachalam (2000) suggested that the Lang-
muir maximum adsorption constant could be useful in comparing alternative 
materials, though it does not represent the long-term sorption capacity. 

Laboratory experiments performed are more easily controlled using phosphate 
solutions instead of wastewater and it is possible to replicate parts of or entire 
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experimental set-ups. However, obtained sorption values from phosphate solu-
tions and wastewater differ, as was shown in this thesis where the phosphorus 
removal for fresh blast furnace slag was almost 100% for an phosphate solution 
with an initial concentration of 5 mg tot-P/L. Corresponding phosphorus re-
moval for a wastewater solution with an initial concentration of 4.2 mg tot-P/L 
was 56%, as shown in Figure 14.
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Figure 14 Percentage phosphorus reduction related to the quality of blast fur-
nace-slag and the strength of phosphorus solutions used in agitation 
experiments. 

The different results obtained with phosphate solutions and wastewater may be 
due to the presence of competing ions in the wastewater (Yamada et al. 1986; 
Ramakrishna and Viraraghavan 1997), formation of biofilm on the sorbent 
(Arias et al. 2003a; Adam et al. 2006), presence of phosphorus compounds not 
as reactive as phosphate, (Snoeyink and Jenkins 1980; Sedlak 1991; Bolan et al. 
2004) and a lower pH when using wastewater in the experiments (Jenkins et al. 
1971; Agyei et al. 2002). 

Therefore, sorption capacities acquired from experiments using prepared solu-
tions are overestimated compared to using wastewater. The higher values ob-
tained by a prepared solution cannot be expected in full-scale applications. 

Laboratory filter experiments where the sorbent is loaded with prepared solu-
tions or wastewater are other methods to determine the sorption capacity of reac-
tive filter materials. Both vertical column and horizontal filter units can be used. 
In experiments where filter units are loaded with wastewater, information about 
operational parameters can also be received besides the sorption capacity of the 
material. In the clinoptilolite experiments performed in this thesis, where the 
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columns were loaded with wastewater, the ammonium adsorption capacity was 
achieved in relation to the factors grain size, hydraulic load, degree of pre-
treatment and clogging. In the pilot-scale experiment carried out in this thesis, 
blast furnace slag was studied in a horizontal filter unit loaded with wastewater, 
indicating whether the investigated combination of operational parameters (de-
gree of wastewater pre-treatment, hydraulic load and grain size of the filter ma-
terial) would work in a full-scale application (e.g. scaled up 100-fold). Further-
more, in this experiment the phosphorus sorption of the filter material could be 
related to the effluent quality during the operation, since the wastewater load 
corresponded to a load considered realistic in a full-scale application. Even 
though a reactive filter material is not completely saturated, the effluent concen-
tration of the studied species may be too high from an environmental point of 
view, as was observed in this study. Thus, filter units loaded with wastewater are 
the laboratory experiments that best can forecast the performance of full-scale 
applications.

If a laboratory filter experiment is designed as a small copy of a planned full-
scale system concerning, e.g. water quality and hydraulic load, it may be take 
years to reach a sorption saturation value. Johansson (1999a) performed column 
experiments for 13 months and Arias et al. (2001) performed for 12 weeks, 
where the duration of both studies was insufficient to saturate the studied sor-
bents. In this thesis, a duration of 14 weeks was insufficient to reach phosphorus 
saturation of the investigated BF-slag. Drizo et al. (2002) suggested that if the 
sorption capacity of a material is to be determined through laboratory filter ex-
periments, the influent concentration must be increased and thus speed up the 
saturation process. By this method, the value for the sorption capacity of the 
studied filter material is achieved faster. Another way to speed up the sorption 
process may be to increase the hydraulic load, as in the clinoptilolite experi-
ments performed in this thesis. However, with both these methods, the condi-
tions for the sorption processes are changed. Higher concentrations may facili-
tate precipitation reactions and a higher load may cause too short a contact time. 
Therefore, studies of full-scale filter system applications should be conducted to 
determine the longevity of the studied filter materials and derive practical design 
criteria. Furthermore, technical aspects of the system design, such as wastewater 
distribution and freezing problems, can be observed during investigations of 
full-scale applications. 

If scaling up a laboratory filter set-up to full-scale, the treatment performance of 
the full-scale wastewater treatment application would probably not be the same 
as of the smaller laboratory system, since a full-scale system is more complex. 
Different scales of systems have been studied by, e.g., Hlavay et al. (1982), Su-
liman et al. (2005) and Adam et al. (2006), where irregularity in hydraulic pa-
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rameters, such as channelling, grain size distribution or porosity, were explana-
tions for the variable sorption within the studied filters. 

4.7 Full-scale reactive filter systems (paper VI)
Although numerous reactive filter materials have been investigated in the labo-
ratory, see chapter 1.3, few materials have been studied in full-scale reactive fil-
ter systems. Lightweight aggregate (LWA) products, such as Filtralite P, a few 
slag materials, and Nordkalk Filtra P, are materials that have been investigated 
in full-scale applications for wastewater phosphorus sorption. 

4.7.1 Examples of full-scale reactive filter systems for municipal 
 wastewater 
More than 200 reactive filter systems using Filtralite P have been constructed in 
Norway during recent years (Rystad, personal communication, 2006), which 
makes it the probably most used reactive filter material in full-scale applications. 
About 70-80 compact reactive filter systems with Nordkalk Filtra P have been 
built in Finland during the last 2-3 years (Carla, personal communication, 2006). 
A reactive filter system with blast furnace slag for small scale wastewater treat-
ment was constructed in Luleå in 2005 (Rastas 2006). A larger reactive filter 
system to treat urine separated wastewater was built in 2003 at a highway rest 
stop with toilet facilities in Ångersjön, Hudiksvall. In one of the treatment lines, 
a filter bed with blast furnace slag for phosphorus sorption was located after a 
limestone filter (Stråe 2005). In Turkey, a reactive filter bed using blast furnace 
slag and planted with Phragmites australis to treat domestic wastewater (3 m3/d)
was built in 2001 (Korkusuz et al. 2005). In a Canadian system designed for 
about 100 persons, blast furnace slag was investigated at an experimental plant 
with reactive filter beds to treat lagoon and wetland effluents (Cameron et al. 
2003). In New Zealand, a pond system for a population of about 6,000 was up-
graded 1993 with steel melter slag filters to increase the phosphorus removal 
(Shilton et al. 2006). 

4.7.2 Phosphorus sorption in small scale reactive filter systems 
The phosphorus treatment efficiencies of large Norwegian filter bed systems 
using about 40 m3 of filter material have been high. Systems using porous filter 
materials with high phosphorus sorption capacity have consistently removed 
more than 90% of the phosphorus for more than 10 years. These systems were 
designed with a total surface area of 7-12 m2/person (Jenssen et al. 2005). The 
compact filter systems built in Finland using Nordkalk Filtra P reduced phos-
phorus concentrations of the wastewater by more than 90% during a period of 1-
2 years (Carla, personal communication. 2006). In these systems, a 1 m3 tank 
filled with the Nordkalk Filtra P was loaded with wastewater from one family. 
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4.7.3 Pre-treatment 
Almost all the reviewed full-scale reactive filter systems for small scale waste-
water treatment included a pre-treatment step where the wastewater was biologi-
cally treated before entering the reactive filter unit. The purpose of the pre-
treatment steps was to reduce suspended solids and organic compounds of the 
wastewater (Jenssen et al. 2005) and prevent clogging of the reactive filter. 

Examples of full-scale pre-treatment steps are water unsaturated gravel or Leca 
beds through which the wastewater percolates vertically (Maehlum and Stål-
nacke 1999; Heistad et al. 2004), a water unsaturated vertical flow bed planted 
with reeds (Arias et al. 2003a; Arias et al. 2003b), and a small vertical water un-
saturated gravel bed combined with a horizontal water saturated gravel bed 
planted with willows, shown in Figure 15 (Rastas 2006). Using a conventional 
sand filter bed as a pre-treatment step before the reactive filter unit has also been 
investigated (Vilpas et al. 2005). The reviewed pre-treatment steps contributed 
significantly to the total BOD and nitrogen removal of the treatment systems 
(Heistad et al. 2004; Arias et al. 2005; Jenssen et al. 2005). 

Figure 15 Reactive filter system with a gravel bed planted with willows as pre-
treatment step (Rastas 2006) 
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5 CONCLUSIONS 

Experiences from the full-scale investigation of locally treated septic 
sludge showed this method to be a promising on-site treatment alternative 
for sludge from small scale wastewater treatment systems in cold regions, 
due its the simple design and operation. The process of freezing, thawing 
and drying efficiently dewatered the water, and the dry matter content of 
the sludge increased from 4-6% to 25-95%. The composting of sludge and 
kitchen refuse was intensive and the maximum temperature measured was 
73 C.

The use of the investigated sludge treatment method would contribute to a 
local recovery of wastewater ammonium and phosphorus from small-
scale wastewater treatment systems by approximately 5-20%, using con-
ventional septic tanks. 

The phosphorus sorption of the investigated blast furnace slag was influ-
enced by the factors grain size, degree of weathering, initial phosphorus 
concentration and type of solutions in the agitation experiments. The 
highest phosphorus sorption value of 1,500 mg tot-P/kg BF slag was ob-
tained for the finest, less weathered slag and for the highest influent phos-
phate concentration. 

The blast furnace slag experiments showed that the properties of the slag 
changed during storage. To optimise the phosphorus sorption, the blast 
furnace slag should not be exposed to rain and snow, before being used as 
a filter medium. 

The release of sulphuric compounds from the blast furnace slag was con-
siderable in the pilot scale experiment, especially during the initial opera-
tional phase. 

The wollastonite was not as efficient as the investigated fresh blast fur-
nace slag in sorbing phosphorus and the sorption reactions were slow. For 
initial phosphorus concentrations of 14-61 mg PO4-P/L, 90-93% was 
sorbed. At an initial concentration of 14 mg PO4-P/L, 190 mg PO4-P /kg 
wollastonite was sorbed. However, for concentrations as low as 0.8 mg 
PO4-P/L, as for the investigated wastewater, the sorption of phosphate 
was negligible.

The investigated wollastonite was not suitable as an ammonium adsorb-
ent. Neither the investigated reaction times nor the initial ammonium and 
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phosphate concentrations had a significant impact on the adsorption proc-
ess. The ammonium removal for municipal wastewater was 5.5%. 

Ammonium adsorbed to clinoptilolite when municipal wastewater filtered 
through a clinoptilolite column, and the highest ammonium adsorption 
was obtained for the finest clinoptilolite, 2,700 mg NH4-N/kg.

The performed clinoptilolite experiment with wastewater showed the im-
portance of pre-treating the wastewater before filtering it through the reac-
tive filter material to avoid clogging. Although the grain size was as large 
as 4-8 mm and the wastewater was filtered through a coarse paper filter 
before the experiment, a headloss appeared in the column due to clogging.  

Sorption experiments performed by prepared solutions result in phospho-
rus sorption values being overestimated compared to if wastewater is 
used. In this thesis the phosphorus sorption for fresh blast furnace slag 
and wastewater was about half the phosphorus sorption obtained with 
phosphate solution. 
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6 FURTHER STUDIES 

During the full-scale investigation of septic sludge treatment from a small scale 
wastewater treatment system, hygienic aspects, such as reduction of pathogens 
of the sludge, were not directly investigated. Because of the high composting 
temperature and the long maturing period, the sludge treatment was likely suffi-
cient to hygienically treat the sludge. However, further studies of the hygienic 
aspects, including pathogen die-off and risk assessment of the working envi-
ronment during the operation, should be conducted before the studied sludge 
treatment method can be recommended. 

A hindrance for practical implementation of the investigated sludge treatment is 
the lack of adequate equipment, e.g. a small pump, to be used at a household 
level to empty the septic sludge. Technical equipment needed for the application 
should therefore be developed. 

Due to rather low nutrient concentrations of the septic sludge, the fertilising 
value of the composted product is uncertain and what being composted together 
with the sludge will influence the fertilising value of the product. Therefore, the 
nutrient and heavy metal concentrations of the mixed compost product are of 
interest to study. 

Blast furnace slag is promising as phosphorus sorbent, though further studies of 
the material are needed before the material can be recommended for small scale 
wastewater treatment systems. Phosphorus sorption and sulphuric leakage of 
blast furnace slag should be investigated simultaneously regarding the age and 
weathering of the slag. Full-scale investigations with adequate wastewater pre-
treatment are desirable. 

The longevity of blast furnace slag and many other sorbents is uncertain and 
should be investigated in full-scale applications. One parameter that should be 
considered is the phosphorus sorption capacity in relation to the effluent quality. 
In full-scale longevity studies, for example, heavy metal accumulation of the 
sorbents can also be investigated. 

In other investigations (Adam et al. 2005; Drizo et al. 2002), resting periods of 
reactive filters using electric arc furnace steel slag and Filtralite P were shown to 
regenerate the sorption capacity. This phenomenon should be investigated fur-
ther and both the regeneration efficiency of resting periods and the mechanisms 
are of interest to study. 
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Blast furnace slag contains vanadium that may leach out during the operation of 
a reactive filter system using slag. Therefore, environmental aspects of vana-
dium should be investigated in more detail. 

The operational ammonium adsorption capacity of the investigated clinoptilolite 
in this study was high. However, before full-scale experiments of the material 
can be performed, further laboratory filter experiments should be conducted to 
investigate the influence of the hydraulic load of wastewater on the ammonium 
breakthrough.

In most studied full-scale reactive filter systems and laboratory filter experi-
ments, the whole wastewater flow has been distributed in the initial part of the 
filter. However, whether this distribution is the most efficient method for utilis-
ing the sorption capacity of the whole reactive filter volume is not obvious. For 
example, dividing the wastewater flow into separate streams and loading the ma-
terial at different levels may be one method to increase the utilisation of the ma-
terial. Such aspects should be investigated to optimise the design of full-scale 
reactive filter systems. 

Many laboratory investigations concerning reactive filter materials have been 
carried out around the world. Interpreting the results of these investigations is 
problematic and the value of the laboratory investigations is uncertain when try-
ing to forecast future full-scale applications. Therefore, further investigations, 
evaluations and development of the experimental methodology concerning reac-
tive filter materials are necessary. 
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Abstract
Blast furnace (BF) slag is a by-product from steel plants. The objective of this study was to 
evaluate experimental methods to determine the phosphorus sorption capacity of BF slag. The 
handling of BF slag before usage, and clogging were also considered, as well as estimating 
the phosphorus retention capacity. Agitation and pilot scale experiments were performed us-
ing both wastewater and phosphate solutions. This investigation showed that sorption capaci-
ties derived by wastewater experiments were considerably lower compared to those by phos-
phate solutions. Fresh BF slag briefly exposed to rainfall had a higher phosphorus sorption 
than weathered BF slag, indicating the importance of handling the slag carefully before usage. 
The risk for leakage of sulfuric compounds is considerable, especially during the initial opera-
tion phase of BF slag filters. Locations of BF slag filter beds for wastewater treatment must be 
carefully chosen from an environmental point of view. 

Key words: Phosphorus, Sorption, Slag, Clogging, Wastewater, Filters 

Background
Small on-site wastewater treatment systems for residential buildings in Sweden contribute 
significantly to the anthropogenic discharge of phosphorus to the surrounding sea, about 20% 
of the gross discharge (SEPA 2003). Discharge from municipal wastewater treatment plants is 
only about 15% (SEPA 2003), though as much as 85% (SCB 2004) of the Swedish population 
are connected to wastewater treatment plants. Small wastewater treatment systems may be 
upgraded by phosphorus sorbing reactive filter materials to improve their phosphorus reten-
tion. Suggested reactive filter materials for this purpose are, e.g. limestone (Johansson 1999; 
Hill et al. 2000), opoka (Johansson and Gustafsson 2000), wollastonite (Brooks et al. 2000; 
Hill et al. 2000), shell sand (Roseth 2000), Light expanded Clay Aggregates (Leca) (Zhu et al. 
2003), fly ash (Mann and Bavor 1993; Johansson 1999) and blast furnace slag (Yamada et al. 
1986; Sunahara et al. 1987).

The sorption capacity of the filter material is an important parameter for the longevity of 
wastewater treatment applications. During the last decade, phosphorus sorption of blast fur-
nace slag (BF slag) has been studied intensively (Lee et al. 1997; Sakadevan and Bavor 1998; 
Johansson 1999; Johansson and Gustafsson 2000; Grüneberg and Kern 2001; Agyei et al. 
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2002; Khelifi et al. 2002; Cameron et al. 2003; Oguz 2004; Hylander et al. 2005; Korkusuz et 
al. 2005). The obtained sorption capacity of these studies varied to a great extent. The varia-
tion can not be explained only by the difference between the materials, e.g. crystalline and 
amorphous BF slag but by the differences in the experimental methods, such as agitation ver-
sus filter experiments, influent solution, phosphorus content of influent, contact time and 
grain size of filter material. A higher reaction temperature caused higher phosphorus reten-
tion, according to Yamada et al. (1986) and Agyei et al. (2002). An increased influent phos-
phorus concentration resulted in an increased phosphorus sorption when conducting agitation 
experiments (Sunahara et al. 1987; Agyei et al. 2002). A higher concentration of salt in the 
solution seemed to decrease the phosphate sorption on the BF slag. Yamada et al. (1986) in-
vestigated the effect of NaCl content on phosphorus retention, showing that a higher NaCl 
concentration decreased the phosphorus sorption. 

For practical wastewater treatment applications, phosphorus sorption capacities of filter mate-
rials are not solely relevant but environmental and other practical aspects, such as possible 
leaching of hazardous compounds and clogging of filter. So far, leaching of hazardous com-
pounds from BF slag filter in wastewater treatment applications has not achieved attention. 
However, the leaching has been considered in the use of by-products as construction material 
(Tossavainen, 2005). 

Most experiments done to investigate the phosphorus retention capacity of BF slag are labora-
tory tests (agitation and column tests) using artificial phosphorus solutions (Yamada et al. 
1986; Mann and Bavor 1993; Lee et al. 1997; Johansson 1998; Sakadevan and Bavor 1998; 
Agyei et al. 2002; Khelifi et al. 2002). However, research findings from experiments with 
artificial phosphorus solutions (particularly agitation experiments) cannot be extrapolated to 
wastewater applications due to, e.g. hydraulic differences and competing ions. The findings 
may only result in a comparison between the efficiency of different materials. Additional 
studies of BF slag being loaded with wastewater are of interest to evaluate its suitability as a 
filter medium for wastewater treatment. Further, environmental and practical aspects of using 
BF slag should be elucidated. Assessing different experimental approaches is also of interest 
to better understand how laboratory experimental results should be interpreted to the follow-
ing design of full-scale systems. 

Objectives and scope 
The objective of this study was to evaluate different experimental methods to determine the 
phosphorus sorption capacity of blast furnace slag. Further, practical aspects, such as clog-
ging, handling of BF slag prior to usage and effluent quality when utilizing blast furnace slag 
in wastewater treatment applications were evaluated. Moreover, the phosphorus sorption ca-
pacities of blast furnace slag in contact with artificial phosphate solution and municipal 
wastewater were determined. Environmental aspects of using blast furnace slag in wastewater 
treatment applications were discussed. 

Agitation experiments and a pilot scale study with horizontal flow were performed in this 
investigation. Both municipal wastewater and artificial phosphorus solutions were used in 
these experiments. Crystalline blast furnace slag of different ages was collected at the SSAB 
steel plant in Luleå, Sweden.  
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Materials and Methods 

Materials 

Blast furnace slag 
The BF slag used in the experiments originated from the SSAB steel plant in Luleå, northern 
Sweden. Two particle sizes of crystalline BF slag, 0.5–2 mm and 1–5.6 mm, were used in the 
experiments. Furthermore, two types of 0.5-2 mm BF slag were used: one which had been 
outdoors in a pile for about one year (fresh), the other (weathered) for a couple of years. Dur-
ing storage time, the material was exposed to various weather conditions (rain, snowfall, etc.). 
This situation may have caused leaching of important elements for phosphorus sorption. The 
weathered BF slag material was rinsed once with tap water in a hydraulic conductivity test 
prior to some of the experiments (weathered+). Part of this BF slag was further washed with 
tap water at a liquid/solid ratio (L/S, [volume/volume]) of 16 (weathered++) prior to the ex-
periment to remove dust and any excess of easily soluble calcium compounds. Information 
about the materials investigated in the experiments is compiled in Table 1.  

Table 1 BF slag materials used in the different experiments 
Term of BF slag Grain size 

(mm) 
Storage of BF slag at steel plant Treatment before experiment Experiment 

Fresh  0.5-2 Outdoors about one year - Agitation 
Weathered  0.5-2 Outdoors a couple of years - Agitation 
Weathered++ 1-5.6 Outdoors a couple of years Rinsed and washed (L/S=16) Agitation 
Weathered+ 1-5.6 Outdoors a couple of years Rinsed Pilot scale 

Crystalline (ungranulated) BF slag material consists of ternary compounds, the most common 
being melilite, a series of solid solutions from akermanite (2CaO MgO 2SiO2), merwinite 
(3CaO MgO 2SiO2) and anorthite (CaO Al2O3 2SiO2) to gehlenite (2CaO Al2O3 SiO2)
(Lindgren 1992; Tossavainen and Forssberg 2000). The content of major elements in the in-
vestigated BF slag was 30-33% CaO, 33-36% SiO2, 15-19% MgO, 11-13% Al2O3, 2-3% 
TiO2, 1-2% S, 0.3-0.5% MnO, 0.281% Fe2O3 and <0.012% P2O5. The content of minor ele-
ments and the physical properties of the BF slag used in this study are given in Table 2 and 
Table 3, respectively. 

Table 2 Chemical composition of BF slag used in experiments, minor elements 
Element Cr As Ba Be Co Cu La Mo Nb Ni Pb Sc Sn Sr Zn Zr V W Y 
(mg/g) 33 <3 550 5 <1 <1 37 <5 <5 <1 <10 27 <5 360 2 14 170 <5 40 

Analyses delivered by SSAB 

Table 3 Physical properties of BF slag used in experiments 
Physical parameter Fine BF slag Coarse BF slag 
Grain size (mm) 0.5-2 1-5.6 
Density (kg/m3) 1245 1158 
Porosity (%) 55 54 
Hydraulic conductivity (m/d) 1990 4260 

The parameters were determined a week before the start of the 
experiments
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Phosphate solutions and wastewater used in the experiments 
The phosphate solutions (0-20 mg PO4-P/L) used in the agitation experiments consisted of 
Na2HPO4 mixed with distilled waster. The range of phosphorus concentrations was selected 
with respect to the properties of typical municipal wastewater (Metcalf and Eddy 1991; 
Kadlec and Knight 1996). Municipal wastewater, mechanically and biologically treated in a 
wastewater treatment plant, was used in the agitation experiments when fresh and weathered 
BF slag was evaluated. Prior to the experiments, the wastewater was filtered through a 0.45 
μm glass fibre filter. The phosphorus concentration after filtration was 0.75 mg tot-P/L. A 
part of the wastewater used in these experiments was spiked with Na2HPO4 to a phosphorus 
concentration of about 4.2 mg tot-P/L. 

The municipal wastewater used in the pilot scale experiments passed through the step screen 
and was collected in the following grit chamber. The wastewater was collected once a week 
and was stored at +4 C, except for the amount of influent needed daily in the pilot scale ex-
periment. The influent total P and PO4-P concentrations into the BF slag filter were 1.0-5.3 
mg/L and 0.5-4.3 mg/L. The BOD7 and SS concentrations were 26-28 mg/L and 5-25 mg/L, 
respectively. 

Agitation experiments 
Fresh, weathered and weathered++ BF slags were used in this experiment. Duplicate 1 g sam-
ples of BF slag materials were brought into contact with 75 mL of phosphate solutions (5, 10, 
15 and 20 mg PO4-P/L). The fresh and weathered BF slags were brought into contact with 
wastewater or Na2HPO4 spiked wastewater. Initial pH was adjusted to 7.0 with HCl in all so-
lutions. The flasks were shaken at 200 rpm in room temperature (about 20 C) for 20 h. After 
the agitation, the suspensions were filtered (0.45 m) and pH was measured. All of the super-
natant solutions were analyzed regarding total phosphorus, while those solutions which re-
acted to fresh and weathered BF slags were also analyzed with respect to Ca. 

Pilot scale experiment 

Experimental set-up 
A box lined with plastic was filled with weathered+ 1-5.6 mm BF slag to a height of 5 cm and 
covered with plastic to avoid evaporation. Drainage compartments comprised of washed 
gravel were placed at both ends of the box, see Figure 1.  

Figure 1 Experimental set-up of the pilot scale study 
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Wastewater was pumped to a settling tank to separate suspended solids of the wastewater and 
conveyed through a rotating wastewater distributor and distributed on the gravel. The waste-
water was then percolated through the filter bed with a horizontal flow during hydraulically 
saturated conditions. The experiment was conducted at room temperature (about 21 C). Op-
erational data of the experiment can be seen in Table 4. 

Table 4 Operation parameters of the pilot scale experiment 
Parameter Value Unit 
Hydraulic retention time in settling tanka) 1.6 d 
Range of hydraulic retention time in settling tank 1.5-3.9 d 
Hydraulic retention time in BF filtera) 3.8 d 
Range of hydraulic retention time in BF filter  3.4-9.2 d 
Duration of experiment  96 d 
Average of flowa)  3.0 L/d 
Range of flow  1.3-3.4 L/d 
Mass of 1-5.6 mm BF slag  10.3 kg 

a) Time weighted average 

Sampling
The effluent was collected in a container stored at room temperature and emptied biweekly. 
Water samples were taken after the settling tank and in the effluent container, see Figure. 1. 
Tot-P and PO4-P were sampled biweekly and samples for SO4-S and SS analyses were taken 
weekly during the investigation. Temperature, pH and volume of the percolated wastewater 
were measured during sampling.  

Analyses of water samples 
pH was measured with a WTW pH 330 meter. Digestion of total phosphorus samples was 
done according to the Swedish standard SS 02 81 27. Phosphate and total phosphorus were 
analyzed with a continuous auto-analyzer (TRAACS 800, Bran+Lubbe) based on molybde-
num blue method. The suspended solids, SS, were analyzed according to the standard SS-EN 
872. The sulfate concentrations were analyzed with Hach, DR-EL2 which uses a turbidimetric 
method. Barium ions react with sulfate ions producing milky barium sulfate precipitation. The 
amount of turbidity is proportional to the amount of sulfate present, and the turbidity can be 
measured spectrophotometrically. The calcium concentrations were determined by Hach 
method 8204 which is based on titration with EDTA.  

Calculations 
The sorbed amounts of phosphate and total phosphorus in the agitation experiments were de-
termined by the product of P concentration difference before and after agitation, and volume. 
In the pilot experiment, the phosphate and total phosphorus sorption were determined as the 
product of P concentration difference in the influent and the effluent, and volume 

Phosphorus retention maximum was determined from Langmuir equation (Metcalf & Eddy 
1991):

e

e
L bC

abC
R

1
    (1) 

where Ce is the concentration of P in the solution after sorption (mg P/L), RL is the amount of 
P sorbed per unit weight of the material (mg/kg), a is the P sorption maximum (mg/kg) and b 
(L/mg P) is the constant related to the binding strength of P on the material. 
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Phosphorus extraction estimations of BF slag from pilot scale ex-
periments
When the loading period of the pilot scale experiments was finished, the phosphorus content 
of the BF slag materials was estimated by a phosphorus extraction method. Slag samples were 
taken at two different positions, i.e. 10 cm from the inlet and 10 cm from the outlet. These 
two samples were taken from the surface down to the bottom and divided into three layers of 
about 1.5 cm thick: called “surface”, “middle” and “bottom”. 

The phosphorus content of the BF slag filter materials was analyzed as follows: 25 mL 0.04 
M H2SO4 was added to each 1 g BF slag sample and boiled in an autoclave at a temperature of 
120°C for 30 minutes with 0.25 g peroxide sulfate (K2S2O8). The leachate was then analyzed 
with respect to total phosphorus with a continuous auto-analyzer (TRAACS 800 Bran+Lubbe) 
based on molybdenum blue method. Before analysis, the total phosphorus samples were di-
gested according to the Swedish standard 02 81 27. 

Results and Discussion 

Influence of experimental methods on phosphorus sorption 
When trying to determine the phosphorus sorption capacity of the BF slag, the obtained re-
sults depend on the chosen experimental method. The phosphorus sorption of BF slag in-
creased with a higher initial phosphate concentration, see Table 5. At an initial phosphorus 
concentration of 20 mg/L, 1,493 mg tot-P/kg fresh BF slag was sorbed. The corresponding 
value for the initial phosphorus concentration of 10 mg/L was 821 mg tot-P/kg. 

Table 5 Phosphorus sorption of BF slag related type of slag and solution used in agita-
tion experiments 

Water quality Initial  
Phosphorus 

Phosphorus Sorption Capacity 
(mg tot-P/kg BF slag) 

concentration Fresh BF slag 
(0.5-2 mm) 

Weathered BF slag 
(0.5-2 mm) 

Weathered++ BF slag 
(1-5.6 mm) 

Phosphate solution 20 mg tot-P/L 1493±11 638±53 239±46 
Phosphate solution 10 mg tot-P/L 821±0.1 563±64 185±15 
Phosphate solution 5 mg tot-P/L 380±0.5 321±12 118±7 
Filtered wastewater, P-spiked  4.2 mg tot-P/L 176±5.3 105±0.0  
Filtered wastewater 0.75 mg tot-P/L 38±0.0 25±1  
The phosphorus sorption values are based on average of duplicate samples and the standard deviations are 
given.

Sakadevan and Bavor (1998) obtained a maximum phosphorus sorption capacity of about 
40,000 mg P/kg BF slag at an initial phosphate concentration of approximately 10,000 mg 
P/L. These results show a theoretical sorption capacity of the BF slag, but because the com-
mon phosphorus concentration of municipal wastewater is much lower, such high capacities 
would not be practically attained for this kind of wastewater.

Table 5 shows the phosphorus sorption capacities of BF slag acquired from different agitation 
experiments with an initial phosphorus concentration of about 5 mg/L. The highest phospho-
rus sorption was obtained for fresh BF slag shaken with an artificial phosphate solution, 380 
mg tot-P/kg BF slag. The corresponding value for fresh BF slag shaken with filtered and 
phosphate-spiked wastewater with a phosphorus concentration almost equal to 5 mg tot-P/L 
(4.2 mg tot-P/L) was 176 mg tot-P/kg BF slag. Similar results were received for the weathered 
BF slag. 
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One explanation for the big difference between the results obtained with phosphate solutions 
and wastewater may be due to the presence of competing ions in the wastewater such as chlo-
ride (Yamada et al. 1986), sulfate and negatively charged, dissolved organic substances 
(Ramakrishna and Viraraghavan 1997). Another explanation could be microorganisms that 
may form a biofilm on the BF slag particles covering the sorption sites while degrading or-
ganic matter in the wastewater. When using artificial phosphorus solutions, the phosphorus 
constituent is orthophosphate, i.e. the ion that reacts most efficiently with calcium. Wastewa-
ter not only contains orthophosphate, but also, e.g. organic phosphorus compounds and poly-
phosphates (Snoeyink and Jenkins 1980; Sedlak 1991). These are not as reactive as dissolved 
inorganic orthophosphates (Droste 1997). pH has an effect on the phosphorus sorption as 
well. Calcium phosphate precipitation is facilitated by high pH (Jenkins et al. 1971; Agyei et 
al. 2002). In this study, pH of the solutions after reaction were 10.5 (fresh BF slag) and 9.8 
(weathered BF slag) for the phosphate solutions. Corresponding values for the wastewater 
were 8.7 (fresh BF slag) and 8.5 (weathered BF slag) due to the buffering capacity of waste-
water.

Therefore, phosphorus sorption capacities acquired from experiments using artificial phos-
phorus solutions are overestimated when transferred to wastewater, as illustrated in Figure 2 
where the phosphorus reductions obtained for fresh and weathered slag in agitation experi-
ments are shown. The phosphorus reduction for, e.g., fresh BF slag was almost 100% for the 
initial phosphorus solution of 5 mg tot-P/L. Corresponding phosphorus reduction for a 
wastewater solution with an initial concentration of 4.2 mg tot-P/L was 56%. Similar results 
were acquired for the weathered BF slag. 
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Figure 2 Phosphorus reduction rates related to quality of BF-slag and phosphorus solu-
tions used in agitation experiments. 

However, the advantage of using artificial phosphate solutions allow for the possibility to 
repeat parts or whole experimental set-ups since the solution can be replicated. Wastewater 
quality is continually changing, making comparing results of different set-ups more difficult 
since the results are inconsistent. 

For practical wastewater applications, results from wastewater experiments are more relevant. 
So far, few studies estimating the phosphorus sorption capacity of BF slag with wastewater 
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have been performed. Grüneberg and Kern (2001) as well as Cameron et al. (2003) stated that 
they would continue with their filter experiments until they had reached complete phosphorus 
saturation of the slag. Other similar studies have not been found. 

Agitation experiments are easily and rapidly accomplished and their use is suitable when dif-
ferent materials are to be evaluated and compared (as the investigation of fresh and weathered 
slag in this study). However, the acquired absolute values for the phosphorus sorption capaci-
ties from such experiments cannot be extrapolated to practical filter applications. When BF 
slag is shaken with solutions, the direct contact between the grains and solution differs com-
pared to when a solution is filtered through the slag. Further, the sorption results of agitation 
sorption experiments are dependent on the numerical value of the ratio between the solid and 
dissolved phases. A more comprehensive discussion of these aspects was presented by Drizo 
et al.(2002). Further, agitation of BF slag may cause a destruction of the material which in-
creases the sorption sites and thus the sorption capacity can be overestimated. 

Filter experiments loaded with wastewater can result in phosphorus sorption capacity of the 
investigated filter medium but information about other aspects is received as well. The reten-
tion of phosphorus containing particles and dissolved organic phosphorus can be investigated. 
Furthermore, operation problems, such as clogging can be studied. Such filter experiments 
thus improve forecasting filter results of full-scale applications for treating wastewater.  

Practical aspects of using BF slag as a phosphorus sorbent 

Clogging 
Clogging appears in filter beds from the settling of wastewater particles at the entrance of the 
filter. Microorganisms may degrade organic matter in the wastewater, thereby forming a 
biofilm on the BF slag particles. This may cause clogging when the filter has been in opera-
tion for some time (Stark 2004). The magnitude of clogging in wastewater filter beds depends 
on numerous factors, such as the grain size of the filter material, hydraulic load, filter’s degree 
of water saturation, pH in the filter, influent concentrations of suspended solids and organic 
matter.  

In the pilot scale experiment, the grain size of the filter was 1-5.6 mm while the retention time 
in the settling tank and the filtration rate were 38 h and 0.3 m/d, respectively. No clogging 
problems occurred. The hydraulic head loss during the operational period of the three-month 
long pilot scale study was estimated at 1-2%.  

However, in the completed pilot scale experiment, the influent load of suspended solids (SS), 
7-23 mg SS/L, was low compared to concentrations obtained after conventional septic tanks. 
The effluent SS concentration of a Swedish septic tank for municipal wastewater was esti-
mated at 50-100 mg SS/L (SEPA 1991). Therefore, the risk of clogging is larger in a practical 
wastewater filter application compared to the results acquired in the present pilot scale study. 
For this reason, when constructing full-scale systems, it is important to have an efficient 
wastewater pre-treatment before the BF filter. 

Handling of BF slag before application 
The handing of BF slag before being used in a filter bed application may affect the phospho-
rus sorption capacity of the slag. In performed agitation experiments, fresh, weathered and 
weathered++ BF slag of a coarser grain size were investigated when reacting with artificial 
phosphorus solutions. The results of the experiments showed fresh BF slag to have the highest 
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phosphate sorption while the weathered++ BF slag had the lowest. At an initial phosphorus 
concentration of 20 mg/L, 1,493 mg tot-P/kg fresh BF slag was sorbed. The corresponding 
value for weathered++ BF slag was 239 mg tot-P/kg, see Figure 3. These results indicated 
changing BF slag properties when being exposed to precipitation such as rain and snow. The 
fresh and weathered BF slag samples investigated in this experiment were collected in uncov-
ered slag heaps stored outdoors, but for different durations. The fresh BF slag had been stored 
for about one year and the weathered slag for a couple of years. The slag being stored outside 
for a shorter period had higher phosphorus sorption capacity.
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Figure 3 Phosphorus sorption capacities related to handling of BF slag before utilization 
and phosphate concentrations at equilibrium, reaction time 20 h. 

The amount of dissolved calcium in the solution is vital for phosphorus sorption in BF slag. 
Figure 4 shows the final calcium concentration and pH after the agitation experiment with 
fresh and weathered slag. The final calcium concentration and pH in the solutions with fresh 
BF slag were higher than weathered, even though more phosphate was retained by the fresh 
BF slag. This verifies the hypothesis that BF slag is depleted of calcium when being exposed 
to rainfall or melting of snow. 
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Figure 4 Final calcium concentration and pH in agitation experiment where fresh and 
weathered BF slag reacted with phosphate solutions of different concentrations 

If BF slag is planned to be used for phosphorus removal, proper storage before usage is criti-
cal, i.e. it may be good to cover the slag and try to use it in a wastewater treatment application 
as soon as possible after being produced. 

Sorption capacity of BF slag 
To compare results of phosphorus sorption capacity experiments is problematic since the pre-
requisites often differ between studies. A study performed by Drizo et al. (1999) had similar 
prerequisites as the present study with the exception of initial phosphorus concentrations (2.5-
40 mg/L). A comparison between these studies showed that the Langmuir sorption maximum 
for fresh BF slag was higher than for all the other filter materials (see Table 6). Thus, the agi-
tation experiments of this study indicated that fresh BF slag has a potential of being an effi-
cient phosphorus sorbent. 

Table 6 Langmuir sorption maxima for different filter materials 
Substrate Sorption maximum 

(mg/kg) 
Fresh BF slag a) 1600 
Weathered BF slag a) 680 
Bauxiteb) 610
Shaleb) 650 
Burnt oil shaleb) 580 
Limestoneb) 680 
Zeoliteb) 480 
LECAb) 420 
Fly ashb) 860 
a) The present study 
b) Drizo et al. (1999) 



11

Filter saturation versus effluent quality 
During the pilot scale investigation, phosphorus compounds were sorbed to the filter. The 
reduction rates of both total phosphorus and phosphate were initially about 100% and de-
creased to about 70% by the end of the experiment. The sorbed amount of phosphate in the 
BF filter was estimated to 58 mg PO4-P/kg. The corresponding value for total phosphorus was 
75 mg P/kg. Since the effluent concentrations of total phosphorus and phosphate were similar, 
most phosphorus containing particles were removed in the filter.  

The effluent concentrations of phosphate and total phosphorus increased with time, but were 
below 0.5 mg/L during the first 50 days (11.5 bed volumes passed), when the influent total 
phosphorus concentration varied between 1-3.5 mg/L, see Figure 5. 
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Figure 5 Influent and effluent concentrations of phosphate and total phosphorus during 
the operation of the pilot scale experiment. 

At the end of the experiment, the effluent concentration slightly exceeded 1 mg/L, while the 
concentration in the influent was above 3 mg/L. Since the phosphate concentration in the in-
fluent was higher than in the effluent, the BF slag was not saturated with phosphate. Further, 
this uncompleted saturation of the filter was confirmed by the extraction analyses of the slag. 
From the samples taken at the inlet of the pilot filter, 16-18 mg tot-P /kg TS was extracted, 
while analyses at the outlet showed about 6 mg tot-P /kg TS, see Table 7.  

Table 7 H2SO4 extracted phosphorus from the BF slag at the end of the pilot-scale ex-
periment (96 days) 

Sample location Total Phosphorus Extracted 
(mg tot-P/kg TS) 

 Inlet Outlet 
Surface  16 5.6 
Middle 16 6.3 
Bottom 18 5.6 
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This pilot scale experiment showed that the total sorption capacity of the BF slag cannot be 
utilized in the design of full-scale filters, if high effluent quality concerning phosphorus is to 
be attained. Therefore, phosphorus sorption values related to effluent quality achieved from 
filter experiments should be employed when designing a filter for wastewater treatment. 

With the experimental set-up of low influent phosphate concentrations and long hydraulic 
retention time, it takes long time to determine the phosphate sorption capacity of the filter 
material. If the phosphate sorption capacity is to be achieved faster, Drizo et al. (2002) rec-
ommended higher influent phosphorus concentration than concentrations in domestic waste-
water. This results in overestimated phosphate sorption capacities, and thus overestimated 
filter longevities. Therefore, we suggest a higher hydraulic load rather than high influent 
phosphate concentrations which causes an underestimated phosphate capacity.  

Environmental aspects of using blast furnace slag in wastewater 
treatment applications 
The content of heavy metals is low in BF slag and soluble amounts of heavy metals from BF 
slag are smaller than rock materials, e.g. gabbro and granite (Tossavainen and Forssberg 
2000). Vanadium is the only minor element that may leach out in larger amounts (Tos-
savainen and Forssberg 2000). 

BF slag consists of 1-2% reduced sulfuric compounds which can be oxidized and leached out 
(Kanschat 1996). During the oxidation, protons are formed and possibly resulting in a pH 
decrease (Kanschat 1996). However, BF slag contains alkaline oxides such as calcium-
aluminum-silicates. During the weathering of the silicates, protons are consumed and hydro-
carbonates are produced. Thus, a decrease in pH caused by an oxidation of sulfuric com-
pounds is counteracted by the pH-buffering properties of alkaline oxides in the BF slag 
(Lindgren 1998). During the first month, the pH was 8-9 in the effluent of pilot scale experi-
ment. Thereafter, the pH decreased to 7-8. The effluent pH was higher than the influent pH 
during the whole experiment. The decrease in the effluent pH could not be correlated by oxi-
dization of sulfuric compounds.  

In the present pilot scale experiment, the release of sulfuric compounds was considerable. 
When the filter had operated for five days, the effluent SO4-S concentration was 1235 mg/L. 
After two weeks, the SO4-S concentration was stabilized to 80-150 mg/L. These SO4-S con-
centrations exceed the SO4-S limit for Swedish drinking water which is 33 mg/L. The influent 
SO4-S concentration varied between 2.2 and 6.8 mg/L during the experiment. 

Due to the oxidation and subsequent leakage of sulfuric compounds, using BF slag in road 
constructions located close to water resources for drinking water purposes is not recom-
mended (Kanschat 1996). If BF slag is to be used as a component in a wastewater treatment 
system, there is a risk of polluting groundwater with sulfuric compounds. Therefore, it is of 
importance to locate a BF-filter away from drinking water resources to guarantee the drinking 
water quality, especially when used as a component in an on-site sanitation system.  

Sulfuric odors were observed from the open pilot scale box during the whole experiment. This 
indicates that the full-scale BF slag filter should be covered in order to avoid sulfuric odors. 
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Conclusions
This investigation emphasized the varying phosphorus sorption of BF slag as a result of which 
experimental method has been used for the estimations. Experimental set-ups with wastewater 
resulted in a considerably lower phosphorus sorption compared to phosphate solutions, at 
equal phosphate concentrations.

Results from agitation experiments showed that Langmuir adsorption maximum for fresh BF 
slag was higher than some other suggested phosphorus sorbents, e.g. LECA, limestone and fly 
ash. In the pilot scale experiment, 58 mg PO4-P/kg was sorbed to the weathered BF-slag while 
the effluent exceeded 1 mg/L. However, the BF-slag was not saturated with respect to phos-
phorus. This pilot scale experiment showed that the total sorption capacity of the BF slag can-
not be utilized in the design of full-scale filters, if high effluent quality concerning phosphorus 
is to be attained. Therefore, phosphorus sorption values related to effluent quality achieved 
from filter experiments should be employed when designing a filter for wastewater treatment. 

The risk of a clogging BF filter was considered in this investigation. Clogging was avoided in 
the pilot scale experiment by using a grain size of 1-5.6 mm, an infiltration rate of 0.3 m/d and 
an influent particle concentration of 7-23 mg SS/L. This load of suspended solids was low 
compared to the effluent concentration from conventional Swedish septic tanks. Therefore, it 
is important to have an efficient wastewater pre-treatment before the BF filter in a full-scale 
system. 

The results of this study indicated that the properties of the BF slag change when exposed to 
precipitation, such as rainfall. Fresh BF slag had the highest phosphate sorption, i.e. 46% 
higher than weathered slag and 344% higher than weathered++ BF slag at an initial phosphate 
concentration of 10 mg tot-P/L. 

During the initial operation phase, leaching of sulfuric compounds was extensive in the pilot 
scale experiment. This leakage can be a considerable environmental problem, when BF slag is 
used in a wastewater treatment application, especially if the effluent is released close to drink-
ing water resources. High content of sulfuric compounds causes taste and odors in drinking 
water. Further, the sulfuric compounds caused odors during this study. 

In the pilot scale experiment, acid pH in the effluent was not observed. However, there might 
be a risk for a lowered effluent pH from the long-loaded wastewater filters since the buffering 
agent of BF slag is leached. 
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Notation 
The following symbols are used in this paper: 
Ce = concentration of P in the solution after sorption, mg/kg 
RL = amount of P sorbed per unit weight of material, mg/kg 
a = P sorption maximum, mg/kg 
b = constant related to binding strength of P on material, L/mg P 
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ION EXCHANGE OF AMMONIUM IN ZEOLITES: A LITERATURE REVIEW

By Annelie Hedström1

ABSTRACT: The objective of this review was to acquire knowledge concerning the ammonium ion exchange
technique within the field of wastewater treatment. General concepts as well as details concerning the loading
and the regeneration phases were included. Both chemical and biological regeneration processes were reviewed.
Concerning ion exchangers, the study focused on different kinds of zeolites. The possibilities of employing the
ion exchange technique for the recovery of nitrogen was also discussed. The study was carried out as a literature
review. Conclusions from this study are that full-scale wastewater treatment plants that employ the ammonium
ion exchange technique are scarce and few applications have been developed to recover ammonia nitrogen, for
example, for agricultural purposes. Zeolites are somewhat heterogeneous because of natural variations of the
minerals. Factors that influence the ammonium adsorption during the loading phase are well known. Biological
regeneration has primarily been developed to decrease the brine consumption at regeneration or to improve the
conventional nitrification-denitrification process. If the ion exchange technique is to be used to recover ammo-
nium, both chemical and biological regeneration might be employed.

BACKGROUND

Municipal wastewater contains nitrogen compounds, prin-
cipally originating from urine and feces. Urine and feces are
organic compounds, but on their way to the wastewater treat-
ment plant, the organic nitrogen is frequently decomposed to
ammonium. In regions with sensitive recipients (e.g., southern
Sweden), a nitrogen treatment step (nitrification-denitrifica-
tion) is often included as a part of the wastewater treatment
process. Nitrogen is biologically transformed from ammonium
to nitrite, nitrate, and further to nitrogen gas. A certain amount
of nitrogen becomes assimilated in bacteria and accumulated
in the sludge. This kind of nitrogen management does not aim
at reusing wastewater nitrogen as, for example, a fertilizer, but
rather to reduce the nitrogen content of the wastewater and
decrease the nitrogen load of the recipient.

An option to recover wastewater ammonium, for example,
for agricultural purposes may be to employ ammonium ad-
sorption or the ion exchange technique, where ammonium is
adsorbed permanently or temporarily to an adsorbent/ex-
changer (e.g., zeolite). If the adsorbent is just saturated once,
the saturated adsorbent may be applied onto agricultural fields
as a fertilizer (Perrin et al. 1998). When applying the ion
exchange technique where regeneration is included, ammo-
nium is first separated from the wastewater flow during the
loading phase by filtering it through a column packed with an
exchanger (Bolto and Pawlowski 1987). As the exchanger be-
comes saturated with ammonium ions, the exchanger is regen-
erated chemically by passing a salt solution through the col-
umn. The ammonium ions are exchanged by cations such as
sodium ions, and the ammonium ions thereby become dis-
placed (Semmens et al. 1977a). The chemical regeneration can
also be combined with biological regeneration [e.g., Green et
al. (1996) and Semmens et al. (1977a)]. The regeneration
phase results in a concentrated effluent stream of ammonium
chloride (chemical regeneration) or sodium nitrate (biological
regeneration). The ion exchange process may be followed by
ammonia stripping when the brine solution is recovered, and
the ammonia gas may be sorbed in sulfuric (Liberti et al. 1982)
or nitric acid (Liberti et al. 1981). Another possibility may be
to dry the nitrate solution obtained from the biological regen-
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eration in an evaporation facility. If the nitrogen compound is
not regarded as a valuable resource, the biological regeneration
of the brine may then be followed by a denitrification step
(Semmens and Goodrich 1977).

Different kinds of natural zeolites are most frequently sug-
gested as ammonium exchangers for wastewater treatment ap-
plications. Natural zeolites are aluminum silicates with high
adsorption capacities.

The ammonium ion exchange technique has not been ex-
tensively used on a commercial scale within the field of do-
mestic wastewater treatment. The technique has, however,
been investigated as an alternative to conventional biological
nitrogen treatment (nitrification-denitrification) when the
BOD/N ratio, wastewater temperature, or nitrogen concentra-
tion are low (Ødegaard 1992; Verkerk and van der Graaf
1999). It may also be an alternative if the wastewater contains
nitrification inhibitors. Applying the ammonium ion exchange
technique with the aim to recover nitrogen has not been in-
vestigated as much. Lahav and Green (1998) mentioned that
the drained nitrified brine might be used as a fertilizer. Liberti
et al. (1986) developed a combined anion and cation exchange
technique where both ammonium and phosphorus ions were
separated, desorbed, and then precipitated as magnesium am-
monium phosphate. This compound is known as a slow release
fertilizer (Liberti et al. 1986; Dolan et al. 1990). Liberti et al.
(1982) also reported that, when ammonia was stripped after
an ion exchange process and then sorbed in sulfuric acid, the
formed solution could be used as a fertilizer.

OBJECTIVE, SCOPE, AND METHOD

The objective of this review was to study and acquire
knowledge concerning the ammonium ion exchange technique
within the field of wastewater treatment. General concepts as
well as details concerning the loading and the regeneration
phases were included. The review of the regeneration pro-
cesses comprised both chemical and biological regeneration.
Because zeolites are most frequently suggested within this
field, this study focused on the various kinds of zeolites as
adsorbents—in particular, the characteristics causing the cat-
ion exchange properties, adsorption capacity, and occurrence
of zeolites. Also discussed were the possibilities of employing
the ion exchange technique to recover wastewater nitrogen,
for example, for agricultural purposes.

The study was done as a literature review and the literature
search was performed using Swedish and international scien-
tific databases containing references dealing with wastewater
treatment, agriculture, and soil science.

mailto:hedstrom@sb.luth.se
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ZEOLITES

Properties

Natural zeolites are aluminum silicate minerals with high
cation exchange capacities (CECs) and high ammonium selec-
tive properties (Kithome et al. 1998). More than 50 different
species of this mineral group have been identified (Tsitsishvili
et al. 1992). Different kinds of zeolites are clinoptilolite (Kith-
ome et al. 1998), ferrierite and mordenite (Townsend and Lo-
izidou 1984), erionite (Mondale et al. 1995), and chabazite
(Green et al. 1996). It has been stressed that the characteristics
of a zeolite mineral depend on its origin because of variations
in natural processes during the genesis (Townsend and Loizi-
dou 1984; Mondale et al. 1995). Mondale et al. (1995) men-
tioned that, for example, structural imperfections, a variety of
exchangeable cations, and the presence of clay may lead to
pore blockage and slow diffusion rates. Another relevant as-
pect is that the zeolite mineral concentration of an ore sample
depends on the deposit from which the zeolite originates.
Mondale et al. (1995) used zeolite samples with 80–100%
zeolite and other occurring minerals such as volcanic glass,
quartz, and feldspars. However, Curkovic et al. (1997) used a
clinoptilolite that was 40–50% pure and Jørgensen et al.
(1979) used clinoptilolites with 50–90% purity. Therefore,
ammonium exchange experiments may sometimes result in a
higher exchange capacity for clinoptilolite compared to, for
example, chabazite, but similar experiments with the same
minerals, originating from other deposits, might give contra-
dictory results.

Clinoptilolite (a commonly suggested zeolite for wastewater
treatment applications) has ion sieving properties, high CEC,
and affinity for ammonium. Its chemical formula is
(Na4K4)(Al8Si40)O96 �24H2O (Vaughan 1978). Clinoptilolite
has a framework structure consisting of four- and five-tetra-
hedral ring channels (Vaughan 1978) that form ion sieve chan-
nels (Breck 1974). Channel diameters are within the interval
3–8 Aº (Vaughan 1978). The porosity of clinoptilolite is about
34% (Ming and Mumpton 1989). Not only does the clinoptil-
olite have an ion sieving capability, it also has a CEC that is
caused when silica (Si4�) is substituted by aluminum (Al3�),
thereby raising a negative charge of the mineral lattice. This
negative charge is balanced by cations such as sodium, cal-
cium, and potassium, which are exchangeable with other cat-
ions (Curkovic et al. 1997). Other zeolites that adsorb am-
monium do not exactly have the same structure as
clinoptilolite, but their ion sieving and ion exchange capacity
is governed by the same principles.

Ames (1960, 1967) conducted experiments to rank cations
according to their affinity to clinoptilolite and developed the
following order:

� � � � 2� 2� � 2� 3�Cs > Rb > K > NH > Ba > Sr > Na > Ca > Fe4

3� 2� �> Al > Mg > Li

Howery and Thomas (1965) developed a similar series. The
corresponding cation affinity sequence for chabazite is as fol-
lows (Breck 1974):

� � � � � 2� � 2� 2�Ti > K > Ag > Rb > NH > Pb > Na = Ba > Sr4

2� �> Ca > Li

These series show that potassium is adsorbed to the zeolites
to at least the same extent as ammonium. In a practical appli-
cation, the separation of both ammonium and potassium could
therefore be achieved.

The above sequences contain only a few heavy metals.

Other researchers, however, have stated that several heavy
metals such as lead, chromium, cadmium, zinc, and copper
have a high affinity to zeolites (clinoptilolite, chabasite, and
phillipsite) (Semmens and Seyfarth 1978; Sherman 1978; Co-
lella 1993; Colella et al. 1993; Mondale et al. 1995).

The ion exchange capacity of zeolites may be given as the
total CEC, which is defined by the number of equivalents of
fixed charges per amount of exchanger (Bolto and Pawlowski
1987). The CEC indicates the theoretical amount of cations
that can be accommodated by the zeolites; however, the CEC
does not correspond to the operating exchange capacity, which
is lower (Haralambous et al. 1992). Townsend and Loizidou
(1984), Haralambous et al. (1992), and Nguyen (1997) have
all given values of CEC within the interval 1–2.27 meq/g
(corresponding to 14–32 mg NH4-N/g) for different zeolites.
Nguyen (1997) found that in practical applications it was dif-
ficult to obtain an operating exchange capacity that exceeded
50% of CEC. Townsend and Loizidou (1984) could achieve
an ammonium exchange capacity of 76% of CEC for clinop-
tilolite. Other researchers have performed column and batch
experiments to determine the operating ammonium exchange
capacity, which were all within the range 1–7 mg NH4-N/g
(Jørgensen et al. 1979; Semmens and Porter 1979; Hlavay et
al. 1982; Townsend and Loizidou 1984; Chmielewska-Hor-
vathova et al. 1992; Haralambous et al. 1992; Booker et al.
1996; Beler-Baykal and Guven 1997; Nguyen 1997). In prac-
tical applications, it would not be relevant to discuss ‘‘total
operating exchange capacity’’ because too much ammonium
would leach out when trying to saturate the exchanger. Sem-
mens and Porter (1979) put the results of their pilot-scale ex-
periment in relation to a 10% breakthrough. Furthermore, there
is a competition in the wastewater for exchange sites between
ammonium ions and other cations, resulting in a lower am-
monium exchange compared to if only an ammonium solution
would have been applied (Koon and Kaufmann 1975).

Different researchers have discussed what happens to the
ammonium exchange capacity when the exchanger is loaded
and regenerated repeatedly. Liberti et al. (1981) revealed that,
although they had treated 40,000 bed volume (BV) of waste-
water in their laboratory plant, no obvious decrease in am-
monium exchange was noted and no replacement or restora-
tion of the clinoptilolite had been required. Booker et al.
(1996) did not observe any capacity decrease. Beler-Baykal
and Guven (1997) found that there was a decrease in ammo-
nium exchange capacity for a clinoptilolite that had been in
operation and regenerated 10 times, compared to a fresh cli-
noptilolite. Koon and Kaufmann (1975) found that caustic re-
generation solutions seemed to cause an attrition of zeolites
because the caustic solution attacked the clinoptilolite frame
structure. There was also a significant decrease in zeolite
weight when the pH of the regeneration solution was increased
from 11.5 to 12.5.

Occurrence

Zeolite deposits are found in many parts of the world. The
zeolites used in experiments referred to in reviewed research
papers originated from southeastern Europe (Jørgensen et al.
1979; Chmielewska-Horvathova et al. 1992; Beler-Baykal et
al. 1996), the United States (Koon and Kaufmann 1975; Sem-
mens and Goodrich 1977; Jørgensen et al. 1979; Liberti et al.
1981; Townsend and Loizidou 1984; Chmielewska-Horva-
thova et al. 1992; Perrin et al. 1998), Australia (Booker et al.
1996), and New Zealand (Nguyen 1997). Zeolite deposits have
also been found in Russia, Mongolia, Korea, China, Mexico,
Cuba, South Africa, Tanzania, and Kenya (Tsitsishvili et al.
1992).
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FIG. 1. Impact of pH on Ammonium-Ammonia Equilibrium [from
Ødegaard (1992)]

FACTORS HAVING IMPACT ON AMMONIUM
EXCHANGE ON ZEOLITES

Homoionic Form of Zeolite

Chemical pretreatment of the zeolite to transform it to a
homoionic form and increase its ammonium exchange capacity
has been discussed by many authors (Koon and Kaufmann
1975; Semmens and Goodrich 1977; Jørgensen et al. 1979;
Hlavay et al. 1982; Townsend and Loizidou 1984; Haralam-
bous et al. 1992; Beler-Baykal et al. 1996; Booker et al. 1996;
Beler-Baykal and Guven 1997). When preparing a zeolite to
be of a homoionic form, the zeolite is loaded with a solution
containing, for example, a sodium, magnesium, or calcium
salt. Once saturated, the zeolite is then rinsed with distilled
water. Pretreatment with sodium ions has been shown to im-
prove the selectivity and ammonium exchange capacity of the
zeolite more than pretreatment with magnesium and calcium
ions (Jørgensen et al. 1979; Booker et al. 1996). The calcium
form of the clinoptilolite had an even lower ammonium
exchange capacity than untreated clinoptilolite (Hlavay et al.
1982), which was explained in terms of cation size. Because
the calcium ion is larger than the sodium ion, it cannot ap-
proach the exchange sites as closely as sodium, which is
smaller and freer to migrate through the zeolite channels
(Koon and Kaufmann 1975). Haralambous et al. (1992) sug-
gested, however, that pretreatment may not be necessary if the
zeolite is regenerated with a sodium solution because the ze-
olite turns more homoionic during regeneration. Jørgensen et
al. (1976) observed that the three first regenerations increased
the ammonium exchange capacity.

Grain Size

The grain size distribution of the zeolite has an impact on
the operating ammonium ion exchange capacity. Hlavay et al.
(1982) investigated grain sizes in the intervals of 0.5–1.0,
0.3–1.6, and 1.6–4.0 mm. The smallest fraction resulted in
the highest ammonium exchange capacity. The investigation
by Jørgensen et al. (1976) gave analogous results in experi-
ments with zeolites in the interval 1.4–5.0 mm. Ames (1960)
concluded that grain sizes >1.0 mm drastically decreased the
ammonium exchange capacity. However, the head loss in-
creases with smaller grain sizes. Hlavay et al. (1982) and Øde-
gaard (1992) recommended minimum grain sizes of 0.4–0.5
mm. Nguyen (1997) showed that, with a low surface loading,
the ammonium exchange capacity was similar for the smaller
(0.25–0.5 mm) and larger (2.0–2.8 mm) grain size distribu-
tion. When the loading was higher, a higher ammonium
exchange capacity was obtained for the smaller grain sizes.
When using smaller grain sizes, the higher ammonium
exchange capacity is probably caused by a higher mass trans-
fer into the zeolite.

Hydraulic Retention Time

The hydraulic retention time influences the operating am-
monium exchange capacity when filtering wastewater through
a zeolite packed column. Beler-Baykal et al. (1996) investi-
gated the effect of the hydraulic retention time within the range
0.5–12 min. They did not recommend a hydraulic retention
time of <3 min because the breakthrough would occur too fast,
and they eventually selected a retention time of 5 min for their
experiments. Beler-Baykal and Guven (1997) found that a
longer hydraulic retention time (within the interval 3–10 min)
delayed the breakthrough but that most ammonium was ad-
sorbed after 5 min. Booker et al. (1996) conducted batch ex-
periments, which indicated that the ammonium adsorption to
the zeolite was a fast process that occurred within 10 min.
Their following experiment showed that, if the hydraulic re-

tention time was <6 min (10 BV/h), then the breakthrough
occurred significantly faster.

Influent Concentration of Ammonium

Hlavay et al. (1982) conducted experiments to investigate
the effects of influent concentrations of ammonium in the in-
terval 17–45 mg NH4-N/L and found that a higher influent
concentration resulted in a faster breakthrough. The exchanged
amount of ammonium was rather similar for the different con-
centrations, although slightly higher for the influent concen-
tration 45 mg NH4-N/L. Kithome et al. (1998) and Jørgensen
et al. (1979) performed similar experiments and found that
greater influent concentrations of ammonium resulted in a
larger amount of exchanged ammonium.

Ionic Strength—Competition

Although some zeolites (e.g., clinoptilolite) have a high af-
finity and selectivity for ammonium ions, other ions in the
solution have a negative impact on the ammonium exchange.
Koon and Kaufmann (1975) performed experiments where the
ammonium exchange was investigated in relation to the total
cation concentration of the influent. The exchange capacity
decreased significantly up to a cation concentration of 0.01
mol/L. Increases of cationic strength above this value contin-
ued to decrease the exchange capacity but to a much lesser
degree. Jørgensen et al. (1976) observed that the ammonium
exchange capacity was lower when the influent was based on
tap water instead of distilled water. Simply measuring the ionic
strength to estimate the competition of exchange sites between
different ion species may, however, be of limited value, be-
cause they do not have the same affinity for the zeolite (see
the affinity sequences described above).

pH

Koon and Kaufmann (1975) investigated the impact of pH
on the ammonium exchange in zeolites by varying the pH
between 4 and 10 and obtained the highest ammonium
exchange at pH 6.

They explained that at low pH, the ammonium ions had to
compete with hydrogen ions among the exchange sites; how-
ever, when the pH was high, the ammonium ions were trans-
formed to ammonia gas (Fig. 1). For practical applications,
they recommended a pH value within the interval 4–8 during
the loading phase (Koon and Kaufmann 1975). Kithome et al.
(1998) found that, when they performed experiments where
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TABLE 1. Summary Table of Chemical Regeneration

Parameter
Koon and Kaufmann

(1975)
Liberti et al.

(1981)
Semmens and Porter

(1979)
Hlavay et al.

(1982)

Zeolite type Clinoptilolite Clinoptilolite Clinoptilolite Clinoptilolite
Grain size of zeolite (mm) 0.84–0.3 — 0.3–1.0 —
Exhaustion flow (BV/h) 15 24 5.5–6.9 5–15
Regeneration mode Upflow mode Upflow mode Upflow mode Downflow mode
Regeneration interval 2 times/day 6 times/day 1 time/day —
Regeneration brine NaCl NaCl NaCl/NaNO3 NaCl
Brine concentration (M) 0.34, 0.21, 0.21 0.6 0.3 0.34, 0.34, 0.34
Regeneration flow (BV/h) 15, 15, 15 30 12–20 5, 7, 7.5
Duration of regeneration (h) 1.3, 1.3, 0.7 0.7 1 4, 1.4, 1.7
Brine volume needed (BV) 20, 20, 10 20 12–20 20, 10, 12.5
Regeneration pH 11.5, 12, 12.5 �7 7–8.4 12.3, 12.3, 12.3
Regeneration efficiency (%) �100, �100, �100 �100 — 98.7, 99.2, 98.4

the pH was varied between 4 and 7, most ammonium was
adsorbed at pH 7. They gave the same explanation for low pH
values as Koon and Kaufmann (1975), but Kithome et al.
(1998) assumed that new sorption sites were formed at a
higher pH.

Temperature

Koon and Kaufmann (1975) discussed the temperature ef-
fect on the ammonium exchange process and claimed that tem-
peratures between 10� and 20�C did not impact on the pro-
cesses. Atkins and Scherger (1997) mentioned that one
advantage of employing ammonium exchange for nitrogen
treatment was the temperature independence of this method.

Scaling Up

When scaling up an ion exchange system, the larger system
will probably not achieve the same operating ammonium
exchange capacity as one of a smaller laboratory scale. Hlavay
et al. (1982) observed that, when scaling up a system 100-
fold, just 60% of the ammonium breakthrough capacity could
be reached compared to that of the smaller system. The ex-
planation given was that channeling occurred in the ion
exchange column in the larger system because of larger di-
mensions of the column.

REGENERATION

Chemical Regeneration of Ammonium Saturated
Zeolites

Chemical regeneration aims at desorbing ammonium ions,
thus making the exchange sites of the exchanger available for
new cations. The regeneration phase is often followed by air
stripping, whereby the ammonium ions are turned into am-
monia gas and absorbed to an acid.

When the zeolite is exhausted, the loading is interrupted and
brine is pumped through the column. Both upflow (Koon and
Kaufmann 1975; Liberti et al. 1981) and downflow (Hlavay
et al. 1982) applications of the brine have been described.

Many authors have used sodium chloride with the concen-
tration 0.1–0.6 M NaCl as the regeneration brine (Koon and
Kaufmann 1975; Liberti et al. 1981; Hlavay et al. 1982;
Chmielewska-Horvathova et al. 1992). The time needed for
satisfactory regeneration of the exchanger depends on the con-
centration and pH of the brine. Koon and Kaufmann (1975)
investigated the impact of pH on the regeneration perfor-
mance. At pH 11.5 and 2% regeneration brine, 20 BV of re-
generation brine were needed, corresponding to 1.3 h of re-
generation. When pH was increased to 12 and 12.5, 20 and
10 BV of brine were needed, respectively. In both cases, 1.2%
regeneration brine was sufficient. Ødegaard (1992) recom-
mended a mixture of sodium chloride and sodium hydroxide

as a regeneration brine. This would decrease the need for brine
by 90% compared to using only sodium chloride. However,
the advantage of using caustic regeneration brine must be put
in relation to the disadvantage of possible zeolite attrition
(Koon and Kaufmann 1975).

Koon and Kaufmann (1975) found that the regeneration per-
formance was independent of the flow rate within the interval
4–20 BV/h and chose 15 BV/h. Similar results were observed
by Semmens and Porter (1979), who varied the regeneration
flow between 12 and 20 BV/h and continued with the regen-
eration flow 12 BV/h for 1 h. Liberti et al. (1981) investigated
the performance of a pilot plant and applied a regeneration
brine with the concentration 0.6 M, flow of 24 BV/h, and
regeneration period of 40 min. Hlavay et al. (1982) found that,
if the regeneration flow rate was 5 BV/h, 4 h of regeneration
was needed. However, if they increased the flow rate to 7
BV/h, the regeneration period decreased to 1.4 h. Sodium
brine with the concentration 0.34 M was used.

The frequency of the regeneration periods depends on the
amount of exchanger used, loading rate, influent concentration,
and acceptable effluent concentration of ammonium. Koon and
Kaufmann (1975) suggested a regeneration interval of about
12 h, corresponding to a loading of 150–180 BV. Liberti et
al. (1981) regenerated the exchangers every third hour, after
80 BV of loading, and Semmens and Porter (1979) suggested
a single regeneration per day. Metcalf and Eddy (1991) rec-
ommended calcium hydroxide to be used as a regeneration
solution. Hlavay et al. (1982) wrote, however, that the sodium
ions regenerated the zeolite faster and more efficiently com-
pared to calcium ions because the calcium ions may be per-
manently sorbed to the exchanger and permanently decrease
its ion exchange capacity. It could, however, be practical to
use calcium hydroxide if ammonia stripping follows the ion
exchange. Thus, the need of a caustic chemical addition in the
following step would be decreased. Buday (1994) used nitric
acid as a regenerant agent.

Liberti et al. (1981) and Semmens and Porter (1979) ob-
tained regeneration effluents with ammonium concentrations
of about 280 and 100–200 NH4-N/L, respectively. Verkerk
and van der Graaf (1999) wrote, however, that ammonium
concentrations in the interval 300–1,000 mg NH4-N/L could
be achieved with chemical regeneration.

Table 1 gives a summary of data for chemical regeneration.

Biological Regeneration of Ammonium Saturated
Zeolites

An alternative to chemical regeneration is biological regen-
eration, which actually is a combination of chemical regener-
ation and nitrification (Semmens et al. 1977a,b; Semmens and
Goodrich 1977; Semmens and Porter 1979; Green et al. 1996;
Nguyen 1997; Lahav and Green 1998). One reason given for
the development of biological regeneration was to decrease
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TABLE 2. Summary Table of Biological Regeneration

Parameter
Biological regeneration

of zeolite by nitrifying sludge
Biological regeneration

of regeneration
Biological regeneration

of zeolite in single reactor

Regeneration principle Nitrifying sludge with sodium ions
is pumped through zeolite col-
umn and ammonium ions are
desorbed

Nitrified brine solution is pumped
through zeolite column and
ammonium ions are desorbed

Nitrified brine solution is pumped through
zeolite column and ammonium ions are
desorbed

Nitrification process Takes place in aeration tank lo-
cated after zeolite column; nitri-
fying bacteria are not separated
from regeneration brine

Takes place in aeration tank lo-
cated after zeolite column; ni-
trifying bacteria are separated
from regeneration brine

Takes place in zeolite column; nitrifica-
tion bacteria are attached on zeolite
grains

Duration of regeneration Limited by nitrification process Limited by ion exchange process Limited by nitrification process
Regeneration flow Fluidization needed Fluidization needed

FIG. 2. Process Scheme for Regeneration of Ammonium Exchanger
with Nitrifying Sludge [from Semmens and Porter (1979)]

brine consumption (Semmens et al. 1977b). A second reason
was to achieve a more efficient nitrification process in a small
volume with minimal competition between autotrophic nitri-
fying bacteria and heterotrophic bacteria caused by a low con-
centration of organic compounds (Lahav and Green 1998).

The combined chemical and biological regeneration mech-
anisms were derived by Semmens et al. (1977a). Their exper-
iments showed that the nitrification rate correlated to the dis-
solved ammonium concentration in the solution and not to the
amount of ammonium adsorbed to the zeolite that was sus-
pended in the water. These observations agreed with investi-
gations performed by Goldberg and Gainey (1955). The am-
monium concentration was, in turn, correlated to the amount
of ammonium displaced by ion exchange (Semmens et al.
1977a,b). The equilibrium and reaction formulas for chemical
and biological regeneration suggested by Semmens et al.
(1977a) were

� � � �[Z]NH � NaHCO ↔ [Z]Na � NH � HCO (ion exchange)4 3 4 3

� � �NH � 2O → NO � 2H � H O (total nitrification reaction)4 2 3 2

The combination of these two reactions is

� � � �[Z]NH � 2O � 2NaHCO ↔ [Z]Na � NO � Na � 3H O4 2 3 3 2

� 2CO (combined ion exchange and nitrification reaction)2

Because the nitrification reaction causes a consumption of
alkalinity, sodium bicarbonate can be added as a chemical re-
generant instead of sodium chloride. The bicarbonate ions
would neutralize the hydrogen ions formed during the nitrifi-
cation process and half the sodium ions would contribute to
the displacement of the adsorbed ammonium. The other half
of the added sodium ions would remain in the solution,
thereby resulting in a buildup of sodium nitrate in the solution.

Three different methods of biological regeneration are pre-
sented below. Table 2 presents a summary of the different
methods.

Biological Regeneration of Zeolite by Nitrifying
Sludge

A few applications on biological regeneration were found
upon researching the literature. Semmens et al. (1977b) inves-
tigated one application (Fig. 2) where zeolite was used as an
ion exchanger during the loading phase as ammonium ions
were being adsorbed. When the zeolite was exhausted, it was
regenerated by pumping a nitrifying sludge up through the
zeolite. The sludge fluidized the bed and drained back to the
same aeration tank from which the nitrifying sludge was
drawn. The fluidization corresponded to about 50% expansion
of the bed. The concentration of sodium nitrate in the sludge
was about 0.3 M, and the sodium ions were there to displace
the ammonium ions from the zeolite. The ammonium ions
were then to be oxidized in the aeration tank. During nitrifi-
cation, sodium carbonate was added to compensate for the

alkalinity consumption. After the zeolite was completely re-
generated, it was backwashed to remove any excess sludge.
The first portion of the backflush water was collected to re-
cover the nitrifying bacteria of the sludge and was returned to
the aeration tank. The remaining backwash water was drained
out of the system.

Of note from this experiment was that the regeneration time
was limited by the nitrification rate and not by the ion
exchange, a much faster process (Semmens et al. 1977b). The
regeneration period seemed, however, to not exceed 2 h. The
biological regeneration was not as efficient as the chemical
regeneration, performed at the same conditions pertaining to
brine concentration (0.3 M), flow, and temperature. The reason
given by Semmens et al. (1977b) was an accumulation of cal-
cium and magnesium ions in the recycled regenerant during
the biological regeneration. However, they neither noticed any
significant fouling during 40 cycles nor observed any loss in
zeolite capacity or deterioration in column performance.

Semmens and Porter (1979) wrote that the advantage with
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FIG. 4. Biological Regeneration of Ammonium Exchanger in Single
Reactor [from Lahav and Green (1998)]

FIG. 3. Process Scheme for Biological Regeneration of Regeneration
Solution [from Semmens and Porter (1979)]

the above application was its simplicity. However, they re-
ported that the method had several problems such as an un-
steady ammonium concentration in the aeration tank that fol-
lowed the ion exchange column. In the beginning of the
regeneration phase, a peak of ammonium ions would appear
in the aeration tank, ions that may pass through the tank with-
out being oxidized and be adsorbed to the zeolite again during
the regeneration phase. This problem would link the regener-
ation time to the nitrification rate. Furthermore, a high flow
rate would be needed to fluidize the zeolite, ensuring that the
nitrifying bacteria are flushed through the column and returned
to the aeration tank.

Biological Regeneration of Regenerant

Because of the problems associated with the above concept,
Semmens and Porter (1979) suggested an alternative applica-
tion that was very similar in nature except that the nitrification
and the ion exchange steps were separated (Fig. 3). The ex-
hausted zeolite would be regenerated by using a neutral pH
brine containing 0.3–0.4 M sodium nitrate (initially a 0.3 M
NaCl was to be used). When displaced, the ammonium ions
would flow to a feed tank from which they would be fed to a
nitrification tank, preferably with a constant flow. During ni-
trification, sodium carbonate would be added to compensate
for the alkalinity consumption. The nitrification sludge would
be separated from the nitrified brine in a separation/storage
tank, and the brine would be stored in the storage tank until
the next regeneration. This process is more complex but has
some advantages (Semmens et al. 1977b). First, it would elim-
inate the contact between the nitrifying bacteria and the zeo-
lite, hence reducing the possibility of biological fouling of the

zeolite. Second, this process would reduce the time needed for
regeneration to that of the ion exchange, which is shorter than
the required time for nitrification. The separation of the ion
exchange and nitrification mechanisms would also allow each
step to be optimized and the volume of the nitrification tank
would be smaller (Semmens and Porter 1979). Furthermore, a
lower regeneration flow rate may be used and a higher am-
monium concentration of the spent regenerant may be
achieved.

The experiences from the investigations of Semmens and
Porter (1979) showed that this regeneration was stable and
effective. Ninety to ninety-seven percent ammonium was dis-
placed during the 43 regeneration cycles despite not having
optimum conditions. No fouling or permanent loss of
exchange capacity occurred. The magnesium and calcium con-
centrations were, however, built up in the regeneration solution
at the expense of sodium and caused an earlier breakthrough
of ammonium. Reported factors that affected the cation con-
centration of the solution were wastage rate of brine, sludge
wastage rate, chemical precipitation, salinity of brine, cation
concentration in the wastewater, and zeolite characteristics
(Semmens and Porter 1979). They also experienced problems
with maintaining the pH at an optimum level for nitrification
and simultaneously avoiding carbonate precipitation. This re-
generation method may be more expensive compared to the
method presented by Semmens et al. (1977b) because of the
need for more reactors (Semmens and Porter 1979).

Biological Regeneration of Zeolite in Single Reactor

Green et al. (1996) and Lahav and Green (1998) investi-
gated an application of biological regeneration where the entire
process (loading and regeneration) was to be carried out in a
single reactor (Fig. 4). The reactor was to be operated in two
sequential modes. In the first mode, the reactor would work
as an ion exchanger for ammonium capture. In the second
mode, the same column would operate as a fluidizing bed re-
actor for biological regeneration of the saturated zeolite, which
would also act as the carrier for the nitrifying biofilm. During
the regeneration phase, the reactor was operated batchwise and
oxygen and sodium bicarbonate were supplied for the nitrifi-
cation process and to maintain a constant pH. Sodium salt was
added to the recirculating solution to facilitate the ammonium
desorption. Because the ammonium was oxidized to nitrate,
the regeneration solution could be used during several cycles
with no addition of external regenerant. The addition of ex-
ternal cations was limited only to the amount of sodium bi-
carbonate buffer added. At the end of both the adsorption and
the regeneration phases, the column was backwashed. After
the regeneration phase, it was suggested that the nitrate-rich
backwash water could be used for agricultural purposes or
conveyed to a denitrification reactor (Lahav and Green 1998).
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One of the experiences from the investigations presented
above was that ammonium removal efficiency during the load-
ing phase was >95% (2-min retention time) and that a high
nitrification population had been established (Lahav and Green
1998). Green et al. (1996) did not detect any significant dif-
ferences in the ammonium exchange capacity between clean
and biofilm covered zeolite. They also found that the cation
concentration seemed to reach equilibrium; therefore, no so-
dium salt would have to be added except for buffer purposes.
Ammonium desorption experiments showed that the regener-
ation with the concentration 10,000 mg Na/L was more effi-
cient compared to a solution with 2,440 mg Na/L. However,
the nitrification step seemed to limit the time of the regener-
ation process and the lower sodium concentration appeared to
be enough (Green et al. 1996). Further investigations showed
that a regenerant concentration as low as 0.05 M NaNO3

(1,150 mg Na/L) was sufficient to establish maximum nitrifi-
cation rates within the system’s operational parameters. Higher
concentrations did not decrease the regeneration period (Lahav
and Green 1998). The oxygen supply during the nitrification
was the limiting factor even though pressurized oxygen was
used.

Verkerk and van der Graaf (1999) wrote that the brine pro-
duced during various kinds of biological regeneration pro-
cesses could be defined as a high nitrate solution with the
concentration 300–1,500 mg NO3-N/L and a pH within the
interval 5.5–8.5.

Ion Exchange and Nitrification for Peak Loads of
Ammonium

Another application where ammonium exchange in zeolites
and nitrification are combined has been investigated by Beler-
Baykal et al. (1994, 1996) and Beler-Baykal and Guven
(1997). Its purpose was to use the zeolite as an adsorbent when
peak loads of ammonium occurred in a trickling filter. They
noticed that the ammonium, earlier adsorbed to the zeolite,
was desorbed during periods of very low ammonium concen-
trations. Beler-Baykal et al. (1996) performed experiments
where 90% of adsorbed ammonium could be desorbed with
tap water in the first half-hour. Nguyen (1997) showed, how-
ever, that ammonium held tightly to the zeolites and was not
extracted after 116 h of shaking with distilled water.

DISCUSSION

The reviewed ion exchange applications for the treatment
of ammonium appeared to be rather complicated and to require
extensive operation and control. If the regeneration consists of
a combination of chemical and biological regeneration, the
system will be even more complicated because both steps
should be optimized.

The loading phase within the ion exchange technique ap-
pears to have been investigated to a high extent, and the fac-
tors that influence the exchange of ammonium are well known.
Because the characteristics of similar zeolites may differ be-
cause of their origins, laboratory experiments will always be
needed prior to new full-scale applications to optimize the ap-
plication to the present conditions.

If the nitrogen treatment process is to be used to recover
ammonium nitrogen from the wastewater, for example, for ag-
ricultural purposes, ion exchange with chemical or biological
regeneration may be possible solutions. This is because with
both concepts a concentration of wastewater nitrogen is ob-
tained, facilitating the following treatment steps that are
needed. The choice of regeneration process depends on the
actual processes following the ion exchange step. If drying
wastewater in an evaporation facility is considered to be an
alternative after the ion exchange step, it may be suitable to

employ biological regeneration to transform the ammonium
ions to nitrate. In that way, nitrogen losses through ammonia
gas release could be prevented (Johansson 1999). Conversely,
if the ion exchange process is to be followed by air stripping,
it would be more appropriate to regenerate the zeolite chem-
ically. The ammonium ions are then concentrated in the ion
exchange step and converted to ammonia gas during the strip-
ping process. The ammonia nitrogen may, thereafter, be re-
covered by sorption in, for example, sulfuric acid (Liberti et
al. 1982) or peat (Witter and Kirchmann 1989). Liberti et al.
(1986) examined another ammonium recovery method where
ammonia nitrogen, concentrated in an ion exchange process,
was precipitated together with phosphate and magnesium ions.
Here, chemical regeneration was needed.

Most of the investigations referred to in this review did not
attempt to recover wastewater nitrogen. Thus, further labora-
tory investigations are needed if those methods are to be used
for ammonium recovery applications. The biological regener-
ation method investigated by Green et al. (1996) and Lahav
and Green (1998), where the ion exchange and biological re-
generation processes were conducted in the same reactor,
seems to be the simplest biological regeneration process.
Green et al. (1996) wrote that they had not observed any de-
crease of ammonium adsorption capacity, although a biofilm
had developed on the zeolite grains. This was somewhat un-
expected because the adsorption capacity of, for example,
granulated activated carbon, an adsorbent with a high specific
surface, was reduced rather rapidly when a film of nitrifying
bacteria had developed on the grain surfaces (Servais et al.
1992). Therefore, the ammonium exchange processes of the
single reactor may be further investigated in more detail.

CONCLUSIONS

Conclusions from this literature review were that not many
full-scale wastewater treatment plants employ the ammonium
ion exchange technique and only a few applications were de-
veloped to recover ammonia nitrogen, for example, for agri-
cultural purposes. Liberti et al. (1982) investigated a system
where ammonium ions were concentrated by the ammonium
exchange technique, followed by air stripping of ammonia gas,
which was subsequently absorbed in sulfuric acid. Another
investigated nitrogen recovery method was the use of a com-
bination of anion and cation exchangers to concentrate both
ammonium and phosphorus ions and, thereafter, precipitate the
nutrients as magnesium ammonium phosphate (Liberti et al.
1986). Different kinds of zeolites, such as clinoptilolite and
chabazite, have been used as exchangers in cation exchange
experiments. Zeolites are heterogeneous materials because of
natural variations of the minerals. Therefore, ammonium
exchange experiments may sometimes result in a higher
exchange capacity for clinoptilolite compared to, for example,
chabazite. However, similar experiments with the same min-
erals, originating from other deposits, may yield contradictory
results. The loading phase of the ammonium ion exchange
process has been investigated to a great extent, and the factors
influencing ammonium adsorption on zeolites are quite well
known. To obtain a high ammonium adsorption, the grain size
of the zeolites should be <1 mm in diameter and the hydraulic
contact time >5 min. A greater influent ammonium concentra-
tion increased the adsorption of ammonium, but a competition
of other cations caused a decrease of adsorbed ammonium.
Optimum pH for ammonium adsorption on zeolites was be-
tween 6 and 7. Ammonium adsorption was rather temperature
independent when operating in the interval 10�–20�C. Total
CEC was reported to be 1–2.27 meq/g (corresponding to 14–
32 mg NH4-N/g), but the operating ammonium exchange ca-
pacity seemed to be just about 1–7 mg NH4-N/g. When re-
generating ammonium saturated zeolites chemically, a sodium
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chloride brine with the concentration 0.1–0.6 M was mostly
used. A high pH (>11) improved the regeneration. The biolog-
ical regeneration, which actually is a combination of chemical
and biological regeneration, has primarily been developed to
decrease the brine solution at regeneration or to improve the
conventional nitrification-denitrification process. Regeneration
with nitrifying sludge, nitrification of regeneration brine, and
finally, ammonium adsorption and regeneration in a single re-
actor are different biological regeneration methods that were
suggested. If the ion exchange technique is to be used for
ammonium recovery, both chemical and biological regenera-
tion may be used. The treatment steps that follow the ion
exchange determine which regeneration process would be
most suitable.

FURTHER STUDIES

Because there are only a few full-scale applications em-
ploying the ammonium ion exchange technique, further de-
velopment and evaluation of the technique is needed. From
this review the following areas are suggested:

• A further development of biological regeneration to im-
prove nitrogen recovery

• Further studies of the biological regeneration in a single
reactor to investigate the impact of the biofilm, attached
on the zeolite, on the ammonium exchange capacity

• Because many of the experiments referred to were per-
formed at lab-scale, it would be interesting to investigate
the operation efficiency in a pilot-scale experiment
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Abstract
Natural zeolites as clinoptilolite may be used to recover wastewater ammonium, decrease the 
nitrogen effluent from on-site sanitation systems and in wastewater treatment plants when 
nitrification-denitrification efficiency is low. The objective of this study was to estimate the 
ammonium adsorption capacity of clinoptilolite when being loaded with wastewater. Phos-
phorus and potassium sorption, ammonium desorption with tap water, and clogging were also 
studied. The study was performed by column experiments. Results of the investigation 
showed the ammonium adsorption capacity to increase with decreasing grain size, and the 
highest experimental adsorption capacity was 2.7 mg NH4-N/g. The breakthrough occurred 
immediately, probably due to a too high loading rate. Phosphorus and potassium sorption 
were minor. Of adsorbed ammonium, 23 % was desorbed by tap water and desorption was 
more pronounced during saturated conditions. Filter clogging was extensive and probably 
caused by particles in effluent wastewater and microbiological growth. 

Background
In recent decades, the Swedish West Sea and associated coastal waters have been negatively 
affected by, e.g. increased inputs of nitrogen from diffuse and point sources. To improve the 
conditions of these waters, a reduction of nitrogen inputs was recommended (Boesch et al., 
2005). These improvements would recover habitats previously diminished due to organic 
sedimentation and oxygen depletion. Further, in residential and rural areas where people have 
private groundwater wells, preventing nitrogen leakage to the groundwater from the local 
wastewater treatment systems is vital. According to a draft directive formulated by the Swed-
ish Environmental Protection Agency for small wastewater treatment systems, the design of 
the system should enable recovery of wastewater nutrients. Further, at a high environmental 
protection level, nitrogen removal should be at least 50% for small wastewater treatment sys-
tems (SEPA, 2005). 

Removal of nitrogen compounds from wastewater is regularly achieved by a nitrification-
denitrification process at municipal wastewater treatment plants (VAV, 1999). However, this 
method converts the nitrogen compounds to nitrogen gas (Metcalf and Eddy, 1991), which is 
then lost to the atmosphere. By using ammonium adsorption where the adsorbent (e.g. zeo-
lites) is used once or several times (Hedström, 2001), the nitrogen resource of the wastewater 
could be recovered for, e.g. agricultural purposes (Lahav and Green, 1998; Perrin et al., 
1998). Small on-site wastewater treatment systems may be upgraded with reactive filter media 
that adsorb ammonium to decrease the nitrogen discharge to ground and surface waters and 
facilitate nitrogen recovery. Further, adsorption may be an alternative for ammonium removal 
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when either the BOD/N ratio is low or during cold seasons in wastewater treatment plants 
when the efficiency of nitrification and denitrification is low (Ødegaard, 1992; Verkerk and 
van der Graaf, 1999). Another adsorption application could be combining the nitrification-
denitrification process with ammonium adsorption to treat wastewater with fluctuating influ-
ent ammonium concentrations (Beler-Baykal and Guven, 1997; Beler-Baykal and Inan, 2005). 

Different kinds of natural zeolites, aluminium silicates with high adsorption capacities, are 
frequently suggested as ammonium adsorbents. Clinoptilolite has ion sieving properties, a 
cation exchange capacity (Koon and Kaufmann, 1975; Inglezakis et al., 2005), and an affinity 
for ammonium (Mercer et al., 1970; Jørgensen et al., 1976). Its chemical formula is 
(Na,K,Ca0,5,Mg0,5)6(AlO2)6(SiO2)30·24H2O, and Na and K are more abundant than Ca and Mg 
(Breck, 1974; Passaglia and Sheppard, 2001). Clinoptilolite has a structure consisting of a 
three-dimensional framework of SiO4 and AlO4 tetrahedra and the Si4+ or Al3+ ions are lo-
cated in the centres of the tetrahedra (Curkovic et al., 1997). The cation exchange capacity of 
clinoptilolite is created when silicon (Si4+) is substituted by aluminium (Al3+), thereby raising 
a negative charge of the mineral lattice. This negative charge is balanced by positively 
charged ions such as sodium, calcium, potassium and ammonium, which are exchangeable 
with other cations (Curkovic et al., 1997). Other ammonium adsorbing zeolites do not exactly 
have the same structure as clinoptilolite, but ion sieving properties and a cation exchange ca-
pacity due to substitutions. 

Inglezakis (2005) has discussed different concepts of “capacity” in zeolite ion-exchange sys-
tems. The ion exchange capacity, or the adsorption capacity, can be given as theoretical ex-
change capacity (TEC), equal to the framework charge of the adsorbent. The framework 
charge is balanced by the exchangeable cations. A common method to determine the TEC of 
ion exchangers (including zeolites) is through chemical analysis of the material. However, 
achieving TEC for zeolites in laboratory experiments with solutions is not possible due to, e.g. 
low mobility of some outgoing zeolite cations. Therefore, a practical capacity was introduced 
to describe the active fraction of the exchangeable cations (Inglezakis 2005). The practical 
capacity is determined by agitation or column experiments in a specific ion-exchange system 
and includes operating capacity (OC) and breakthrough capacity (BC), both of which are de-
termined by column experiments. OC is defined by an adsorption capacity obtained when the 
adsorbent is exhausted. BC is the adsorption capacity received when the effluent concentra-
tion of the studied compound has reached a predetermined breakthrough level, e.g. 1-10 % of 
the influent concentration. 

Many researchers have determined the practical ammonium adsorption capacity in laboratory 
with agitation experiments using ammonium solutions (Jørgensen et al., 1979; Semmens and 
Porter, 1979; Townsend and Loizidou, 1984; Haralambous et al., 1992; Nguyen and Tanner, 
1998). As well, some research groups have studied the ammonium adsorption capacity ob-
tained with wastewater in columns (Chmielewska-Horvathova et al., 1992; Booker et al., 
1996; Nguyen and Tanner, 1998). The ammonium adsorption capacities obtained in these 
studies are more appropriate for designing of full-scale applications, since information is re-
ceived about hydraulic aspects like needed retention time and breakthrough compared to 
batch experiments. Furthermore, when wastewater is filtered through the column, the risk of 
clogging and the competition between cations and organic matter can be examined. 

If adsorbed ammonium is to be recovered or if the adsorbent is to be reused, the ammonium 
ions have to be removed from the clinoptilolite grains. Desorption by chemical regeneration 
with brine solutions (Koon and Kaufmann, 1975) or desorption by a combination of chemical 
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and biological regeneration have been studied (Semmens et al., 1977; Green et al., 1996; 
Nguyen, 1997b; Lahav and Green, 1998). 

Further studies are necessary to determine the influence of wastewater on the ammonium ad-
sorption capacity of zeolites such as clinoptilolite. If full-scale wastewater treatment applica-
tions with clinoptilolite are planned, finding design values for the ammonium adsorption ca-
pacity derived under realistic conditions is important. It is also of interest to study the ammo-
nium desorption process. 

Objectives and scope 
The objective of this investigation was to estimate the ammonium adsorption capacity of a 
clinoptilolite when being loaded with primary treated municipal wastewater. The influence of 
potassium on the ammonium adsorption, the existence of phosphorus sorption, and the effi-
ciency of desorbing ammonium from the clinoptilolite with tap water were also investigated. 
The extent of clogging was studied when using clinoptilolite as an adsorbent for ammonium 
in a wastewater treatment application. 

Three column experiments were performed where municipal wastewater was filtered through 
clinoptilolite of two different grain sizes, and two experiments were carried out where previ-
ously adsorbed ammonium was desorbed by tap water. 

Material and Methods 

Clinoptilolite
A pure clinoptilolite originating from the deposit of Manisa-Gördez in Turkey was chosen for 
this experiment to investigate the ammonium adsorption capacity. Chemical properties of the 
clinoptilolite can be found in Table 1 and Table 2. 

Table 1 Chemical composition of clinoptilolite used in the experiments – major elements 
Element SiO2 Al2O3 TiO2 Fe2O3 Na2O K2O CaO MgO P2O5 SO3 LOI a

(1050 C)
[%] 65.72 10.88 0.07 1.19 0.65 2.98 2.55 0.98 0.035 0.06 14.10 
a Loss on ignition 
Note: The analyses were performed by “Geschellschaft für Umveltschutztechnik und Auftragsforschnung mbH” 
before the delivery of the clinoptilolite. 

Table 2 Chemical composition of clinoptilolite used in the experiments – minor elements 
Element As Ba Br Cd Cl Cr Cu P Hg Mn Mo Ni Pb Sb Se Sn Tl Zn Zr 
mg/kg 35 342 5.5 1.4 189 18 <3 331 <0.3 358 25.4 6 85 8.7 1.3 7 4.9 41 92 
Note: The analyses were performed by “Geschellschaft für Umveltschutztechnik und Auftragsforschnung mbH” 
before the delivery of the clinoptilolite. 
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Municipal wastewater 
Wastewater used in the adsorption experiments originated from the Uddebo municipal waste-
water treatment plant, Luleå, Sweden (60,000 people connected). The wastewater was col-
lected after the step screen in the grit chamber. In adsorption experiment 1, the wastewater 
was used without further treatment, though in experiments 2 and 3, the wastewater was fil-
tered through a coarse paper filter before being loaded into the columns. The influent ammo-
nium and total nitrogen concentrations can be seen in Table 4. 

Table 3 Ammonium and total nitrogen concentrations of influent wastewater 
Experiment Ammonium concentration 

[mg NH4-N/L]
Total nitrogen concentration 

[mg tot-N/L] 
1 27-29 (27.6) 31-43 (36.5) 
2 21-22 (21.6) 30-40 (33.3) 
3 19-21 (19.9) 19-28 (21.8) 
Note: Average values in parentheses 

Adsorption experiments 

Experimental set-up 
Three separate ammonium adsorption experiments were carried out at an ambient temperature 
of about +4 C. The low operational temperature was chosen to avoid bacterial activities, such 
as nitrification, denitrification, and in general, growth on the clinoptilolite surfaces. Wastewa-
ter was pumped from a wastewater container using a peristaltic pump and loaded into a hy-
draulically saturated column filled with clinoptilolite. The clinoptilolite was covered with a 2 
cm layer of gravel that functioned as a distribution layer, and the gravel and clinoptilolite lay-
ers were separated by a geotextile. Wastewater filtered through the column and into a storage 
container. Details of the experimental set-up are shown in Figure 1 and data of adsorption 
experiments 1, 2 and 3 are shown in Table 4. 

30 l container for 
wastewater 

Water level 
of the column 

20 cm
clinoptilolite 

2 cm gravel 

Geotextiles 

30 l container 
for effluent  

Peristaltic
Pump 

=31,6 mm

Effluent tube 

Figure 1 Experimental set-up of the ammonium adsorption experiments. 



5

Table 4 Experimental data of ammonium adsorption experiments 1, 2 and 3. 
Exp Grain size 

(mm) 
Clinoptilolite 

(g) 
Wastewater Flow

(BV/h)a
Flow
(l/h) 

MHRTb

(min) 
Durationc

(h) 
pH Temp 

( C)
1 7-15 129 Unfiltered 1.6-7.4 

(4.4) 
0.29-1.16 

(0.69) 
13.6 52 7.3 3.5-5.0 

2 7-15 125 Filtered 2.6-3.2 
(3.0) 

0.40-0.50 
(0.48) 

19.7 145 7.2 3.5-5.5 

3 4-8 143 Filtered 2.6-3.2 
(3.0) 

0.41-0.50 
(0.46) 

20.3 147 7.4 4.0-5.0 

a BV/h = Bed volumes per hour 
b MHRT = Mean hydraulic retention time 
c duration of experiment 
Note: Average flow in brackets

Sampling
Samples from experiments 1, 2 and 3 were taken regularly from the storage containers, before 
and after the columns, about 3 times per day. These samples were analysed for ammonium, 
nitrite, nitrate, total nitrogen and pH. In experiments 2 and 3, some of the water samples were 
also analysed for total phosphorus and phosphate. In experiment 3, potassium concentrations 
were analysed in samples of influent and effluent collected during the whole experimental 
period and compiled to one influent and one effluent sample.  

Desorption experiments 

Experimental set-up 
Two laboratory experiments were performed to study desorption of the previously adsorbed 
ammonium. In the desorption experiment A, the clinoptilolite column from experiment 2 was 
drained and stored at room temperature for a resting period (one week) before the desorption 
study started. The purpose of the resting period was an attempt to initiate a nitrification proc-
ess in the column. Tap water was then pumped through the column for 48 h, alternating be-
tween hydraulically saturated conditions and drained conditions. The hydraulic conditions 
were changed by varying the height of the effluent tube. 

In the desorption experiment B, the column from experiment 3 was drained and stored at 
room temperature for 2 days before the desorption phase started. After that, the column was 
filled with about 0.15 L of tap water that was changed every 24 h during the first days and 
thereafter about every 35 h. When the water was changed in the column, the column was hy-
draulically unsaturated for 5-10 minutes. Desorption experiment B continued for 6 days. 

Table 5 shows the experimental data of experiments A and B. 

Table 5 Experimental data of ammonium desorption experiments A and B. 

Desorption
Experiment 

Adsorbent from ad-
sorption experiment: 

Duration of 
experiment 

(h)

Flow

(BV/h)

Total volume of 
percolated water 

(BV)

Temp

( C)
A 2 48 3 150 21-22
B 3 143 -a 5 21-23
a There was no flow through the column in experiment B. 
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Sampling
In desorption experiment A, samples were taken from a container whose water was collected 
after having passed the column. Samples in desorption experiment B were taken during the 
daily changing of the water in the column. The samples were analysed for ammonium, nitrite, 
nitrate and total nitrogen. Volume of percolated water, pH and water temperature were meas-
ured.

Analyses
Ammonium, total nitrogen, nitrite, nitrate, phosphate and total phosphorus were determined 
with a continuous auto-analyser (TRAACS 800, Bran+Lubbe). Before analysis, total phos-
phorus samples were digested according to the Swedish standard SS 02 81 27 and total nitro-
gen samples were digested according to SS 02 81 31. The compiled potassium samples were 
analysed without prior digestion, meaning that the analyses only included ionic potassium. 
The potassium samples were analysed with ICP-AES. pH was measured with a WTW pH 330 
meter.

Calculations
Adsorbed quantities of ammonium were determined as the difference between the quantity of 
ammonium ions in the influent and effluent wastewaters, which had percolated through the 
columns.  

Statistical calculations were performed to analyse the impacts of hydraulically saturated and 
unsaturated conditions on the ammonium desorption. The curve of the ammonium desorption 
showed in Figure 4 was divided into sections either describing saturated or unsaturated condi-
tions. Slopes of the sections were calculated and median values of the slopes were determined 
for the two different conditions. Further, confidence intervals were estimated for the two me-
dian values according to Vännman (1990). The statistical confidence coefficient was deter-
mined to 0.9375 for the confidence intervals. 

Results 

Adsorption experiments 

Ammonium adsorption  
The highest ammonium adsorption was obtained for the finest clinoptilolite, 2.7 mg NH4-N/g
(see Table 6), whereas a slightly lower ammonium adsorption was acquired for the coarser 
clinoptilolite investigated in experiment 2, 2.2 mg NH4-N/g clinoptilolite. However, complete 
saturation was not attained at the end of the column experiments, since the effluent ammo-
nium concentration was about 10 % lower than the influent, see Figure 2.
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Table 6 Ammonium adsorption and total nitrogen removal of clinoptilolite obtained in 
column experiments 

Exp Experimental adsorptiona

(mg NH4-N/g)
Removed total nitrogen 

(mg tot-N/g) 
1 1.4a 2.2 
2 2.2 3.4 
3 2.7 2.7 
a The experimental run was stopped due to clogging and complete ammonium saturation was not obtained.
Notes:  
Exp 1: Grain size 7-15 mm, Flow 4.4 BV/h, Primary treated wastewater, Influent NH4-N conc. 28 mg/L 
Exp 2: Grain size 7-15 mm, Flow 3.0 BV/h, Filtered wastewater, Influent NH4-N conc. 22 mg/L 
Exp 3: Grain size 4-8 mm, Flow e 3.0 BV/h, Filtered wastewater, Influent NH4-N conc. 20 mg/L 

In all of the adsorption experiments, the breakthrough of ammonium occurred immediately, 
see Figure 2. At the first sampling, the effluent concentration for experiment 2 was 9 mg/L 
corresponding to 42% breakthrough and for experiment 3 2.2 mg/L, corresponding to 10 % 
breakthrough. At the end of the experiment 2, the effluent concentration was 19 mg NH4-N/L
and for experiment 3, 18 mg NH4-N/L. 

0.0

0.2

0.4

0.6

0.8

1.0

0 25 50 75 100 125 150 175
Duration [h]

C
/C

0 

Grain size 4-8 mm, filtered wastewater, flow rate 3.0 BV/h
Grain size 7-15 mm, filtered wastewater, flowrate 3.0 BV/h
Grain size 7-15, primary treated wastewater, flow rate 4.4 BV/h

Figure 2 Ratios between influent and effluent ammonium concentrations in adsorption 
experiments 1, 2 and 3. 

No nitrification occurred as the influent and effluent concentrations of nitrite and nitrate were 
below 0.15 mg N/L during the loading phase. 
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Potassium and phosphorus  
In adsorption experiment 3, the potassium concentrations of the collected compiled samples 
of influent was 14.2 mg/L and for effluent 22.7 mg/L. 

The estimated phosphate reduction ranged from 0-16 % in experiments 2 and 3. Minor phos-
phate reduction occurred until hour eight of the experiments. Thereafter, the reduction of 
phosphate was not statistically significant, since statistical deviation of the analysis precision 
was 8 %. The reduction of total phosphorus ranged from 12-20 %, indicating a minor me-
chanical separation of phosphorus containing particles, see Table 7.

Table 7 Total phosphorus and phosphate concentrations before and after the filters in 
experiment 2 and 3. 

Experiment 2a Experiment 3b

Time PO4-P tot-P Time PO4-P Tot-P 

[h] 
Before 
[mg/L] 

After
[mg/L] 

Redc

[%] 
Before 
[mg/L] 

After
[mg/L] 

Redc

[%] [h] 
Before 
[mg/L] 

After
[mg/L] 

Redc

[%] 
Before 
[mg/L] 

After
[mg/L] 

Redc

[%] 
7 0.51 0.47 7.8 3.9 3.3 15 3 1.9 1.6 16 2.4 2.1 12.5 
25 0.54 0.48 11 3.9 3.2 18 8 1.8 1.8 0 2.8 2.1 25 
50 2.4 2.3 7.5 4.0 3.2 20 12 1.8 1.9 -6 2.6 2.3 12 
80 2.4 2.3 4.2 2.9 2.8 3      
a Grain size 7-15 mm, Flow 3.0 BV/h, Filtered wastewater 
b Grain size 4-8 mm, Flow 3.0 BV/h, Filtered wastewater 
c Reduction

Desorption of nitrogen compounds 
The desorption process was not optimised in experiments A and B, though about 23 % of the 
adsorbed ammonium was desorbed in experiment A. The corresponding desorption of total 
nitrogen was 17 %, see Table 8. The release of nitrite and nitrate was minor in both of the 
desorption experiments. 

Table 8 Desorption and release of nitrogen compounds in experiments A and B 

NH4-N Tot-N NO2-N NO3-N Water volume Desorption
experiment [mg/g] [%]a [mg/g] [%]a [mg/g] [mg/g] [BV] 
A 0.5 23 0.6 17 0.004 0.012 150 
B 0.04 1 0.05 2 0.0002 0.0003 5 
a Percent desorbed of earlier adsorbed ammonium 

The slopes of the curves describing the accumulated desorption of nitrogen compounds in 
experiment A did not decrease during the experiment (Figure 3), indicating that the desorption 
process would have carried on if the desorption experiment had continued. 
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Figure 3 Accumulated desorption of total nitrogen, ammonium, nitrite and nitrate during 
desorption experiment A. 

During water saturated periods in experiment A, ammonium desorption was more pronounced 
compared to periods of no water saturation, as shown by Figure 4 and statistical calculations. 
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In desorption experiment B, the average effluent concentration of ammonium was higher 
compared to that of desorption experiment A, 7.2 mg/L versus 2.6 mg/L. Corresponding val-
ues for total nitrogen were 8.8 mg/L in experiment B and 3.1 mg/L in experiment A. How-
ever, the total amount of ammonium and total nitrogen desorbed in desorption experiment B 
was much lower; just 1 % of adsorbed ammonium and 2 % of total nitrogen, see Table 8. 

Discussion

Ammonium adsorption capacity 
The practical adsorption capacities obtained in column experiments depends on several fac-
tors, such as influent ammonium concentration, flow, type of solution (ammonium solutions 
or wastewater), grain size, pre-treatment of adsorbent, and design of the column (height-width 
–ratio and scale). 

In the present study, the practical capacities were 2.2 mg NH4-N/g (7-15 mm) and 2.7 mg 
NH4-N/g (4-8 mm). Other researchers have performed adsorption experiments in columns 
with pre-treated clinoptilolite and wastewater, where Booker et al. (1996) obtained the operat-
ing capacities 3.05 mg NH4-N/g (26.3 mg NH4-N/L, 11.1 BV/h, 0.87 mm) and 4.52 mg NH4-
N/g (29.4 mg NH4-N/L, 8.1 BV/h, 0.87 mm), and Beler-Baykal and Guven (1997) received a 
operating capacity of 3.6 mg NH4-N/g (15 mg NH4-N/L, 12 BV/h, 1-2 mm). 

The lower practical capacity obtained in the present study was possibly due to the clinoptilo-
lite not being pre-treated with a Na-solution to form a homonionic absorbent, as with the cli-
noptilolite used by Beler-Baykal and Guven (1997) and Booker et al. (1996). Pre-treatment of 
clinoptilolite forming a Na-homoionic clinoptilolite increased the practical adsorption capac-
ity (Jørgensen et al., 1979; Booker et al., 1996; Demir et al., 2002; Sprynskyy et al., 2005). 
Further, the use of smaller grain sizes resulted in higher practical adsorption capacity (Jørgen-
sen et al., 1976; Hlavay et al., 1982; Liu and Lo, 2001; Demir et al., 2002; Sprynskyy et al., 
2005), but caused an increased headloss (Hlavay et al., 1982). The smaller the grain sizes 
used, the higher the risk of clogging (Liu and Lo, 2001). In this study, extensive clogging was 
obtained with partly mechanically treated wastewater, even when the grain size was 7-15 mm. 

In addition, the practical adsorption capacity decreases when wastewater instead of ammo-
nium solutions is filtered through the column. In a study by Hlavay et al. (1982), the ammo-
nium breakthrough capacity determined with wastewater was 2.4 mg NH3-N/g, which was 
less than half of the capacity obtained with synthetic solutions. Reasons for this may be the 
competition between cations found in the wastewater (Koon and Kaufmann, 1975; Demir et 
al., 2002; Weatherley and Miladinovic, 2004) and the obstruction of adsorption sites by sus-
pended material (Hlavay et al., 1982; Liu and Lo, 2001). 

Furthermore, the scale of the column experiment influences the practical adsorption capacity. 
Hlavay et al. (1982) scaled up the volume of the column 100-fold, where the breakthrough 
capacity was only 60% of the capacity obtained by the smaller column.  

Researchers have determined the ammonium adsorption capacity, either theoretically calcu-
lated based on the chemical composition (TEC) (Townsend and Loizidou, 1984; Haralambous 
et al., 1992), or by agitation experiments using ammonium solutions (practical capacity), 
(Jørgensen et al., 1979; Haralambous et al., 1992). However, using such capacities as design 
values for wastewater treatment applications is inappropriate, since TEC and adsorption ca-
pacities derived from agitation experiments are overestimated compared to real conditions. 
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Instead, using the “operating capacity” or “breakthrough capacity” is more appropriate as de-
termined by column experiments. Additionally, the column should be loaded with wastewater. 

Ammonium breakthrough 
The operational success of an ammonium adsorption filter can be observed at the break-
through curve of the system, i.e. how long the effluent ammonium concentration is below the 
defined breakthrough concentration. 

The breakthrough in the present investigation occurred immediately, see Figure 2. Hlavay et 
al. (1982) performed adsorption experiments with clinoptilolite in columns, obtaining distinct 
breakthrough curves and no ammonium breakthrough after about 100 BV passed. The differ-
ence in breakthrough between the present study and the study accomplished by Hlavay et al. 
(1982) was likely due to utilisation of a coarser clinoptilolite and that wastewater was used 
instead of ammonium solutions in the present study. 

Nguyen and Tanner (1998) showed flow to have a great impact on the ammonium break-
through. At a flow corresponding to about 3 BV/h (contact time about 20 minutes), the break-
through occurred almost immediately (after 1 BV), though at a flow rate of 0.056 BV/h (con-
tact time about 17.9 h), the breakthrough did not occur until 40 BV had passed the column. 
These results contradict those of studies performed by Booker et al. (1996) and Beler-Baykal 
and Guven, (1997), who found that a contact time of about 5-10 minutes would be sufficient 
for ammonium adsorption.  

Potassium and phosphorus sorption 
Since ammonium and potassium ions have equal charge and are of similar size, they are 
known to be competitors for the adsorption sites (Ames, 1960; Ames, 1967). This researcher 
also found potassium ions to be adsorbed more effectively to the clinoptilolite compared to 
ammonium. In the present investigation, the potassium concentration of the effluent was 
higher compared to the influent in the adsorption experiment 3, indicating a desorption of 
potassium during the loading phase. 

Sakadevan and Bavor (1998) investigated a zeolite and received an estimated maximal phos-
phorus adsorption capacity of 2.15 mg/g. Nguyen (1997a) obtained a phosphate sorption ca-
pacity of 0.15-0.29 mg/g with clinoptilolite, but the sorbed phosphate was easily removed by 
extraction with distilled water. The phosphorus sorption mechanisms were not revealed in 
either of these research papers. Physical adsorption (anion exchange) of phosphate on the sur-
face is not likely, since the clinoptilolite is known to be a cation exchanger with a negatively 
charged surface that adsorbs positive ions like ammonium (Vaughan, 1978). A chemisorption 
or precipitation reaction (McBride, 1994) with phosphorus may be another explanation. 
Montgomery (1985) stated that chemisorption is stronger, more irreversible and more specific 
for the sorption of certain compounds to certain sites. Therefore, chemisorption is not a likely 
explanation for phosphorus sorption mechanism since phosphorus was easily desorbed by 
distilled water (Nguyen, 1997a). Phillips (1998) further detailed another phosphorus sorption 
mechanism resulting in a low-solubility Ca-P compound. Phosphorus precipitates with ex-
changeable Ca2+ ions that have been displaced from the zeolite by ammonium ions during the 
cation exchange process. However, like the phosphorus sorption in the present study, the 
phosphorus sorption of the study by Phillips (1998) was minor and the described sorption 
mechanism could not be verified.  
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Ammonium desorption 
The larger quantity of earlier adsorbed ammonium desorbed in desorption experiment A com-
pared to experiment B was likely due to the larger water volume used for desorption. The 
ammonium desorption corresponded to 23 % of adsorbed amounts and would have been more 
extensive if the experiment had continued. The higher desorption rates of ammonium and 
total nitrogen during water saturated conditions compared to unsaturated conditions in desorp-
tion experiment A were probably due to better contact between water and clinoptilolite sur-
faces.

A higher water flow increased the desorbed amounts of ammonium in experiments performed 
by Dimova et al. (1999), where more than 50 % of earlier adsorbed ammonium was desorbed 
at a flow of 66 BV/h and a total water volume of 350 BV. At a lower desorption flow (16 
BV/h), about 25 % of the adsorbed ammonium was desorbed with a total water volume of 350 
BV. This was due to a lower flow and an increased contact time that caused saturation of 
ammonium in the water around the zeolite grains and thereby reduced the concentration gra-
dient between the water film and the grain surfaces (Dimova et al., 1999). In the present ex-
periment, 23 % of adsorbed ammonium was desorbed at a water flow of 3 BV/h (total water 
volume 150 BV). 

The concentrations of ammonium and total nitrogen were low in the regeneration flows of 
both the desorption experiments, and lower than the influent concentrations of the adsorption 
experiments (19-29 mg NH4-N/L and 19-43 mg tot-N/L). The investigated regeneration 
methods can therefore not be used without being developed if the nitrogen in the regeneration 
flow was to be recovered. Conventional ion exchange with a Na brine regeneration was re-
ported to result in a regeneration effluent of 100-1,000 mg NH4-N/L when using clinoptilolite 
as an exchanger (Semmens and Porter, 1979; Liberti et al., 1981; Verkerk and van der Graaf, 
1999). In these studies, the ion exchange process in combination with brine regeneration func-
tioned as an ammonium concentrator. In the study of Liberti et al. (1981), the ammonium 
concentration in the regeneration flow was 5.4 times higher than initial ammonium concentra-
tion.

Lance (1972) performed column experiments where soil columns were flooded with water 
during short frequent cycles to desorb earlier retained nitrogen. In that study, the effluent peak 
concentrations of nitrate (nitrified ammonium) were more than twice the influent ammonium 
concentrations, indicating the possibility to develop the regeneration process to achieve higher 
effluent nitrogen concentrations due to nitrification of earlier adsorbed ammonium. The limi-
tation of regeneration with water is how much ammonium is so strongly adsorbed to the cli-
noptilolite that an ion exchange process, with e.g. sodium ions needs to be used for desorp-
tion.

Nitrification
The nitrification of ammonium was negligible during the adsorption and desorption phases. 
Low nitrification during the adsorption phase may be due to a low operational temperature 
(3.5-5 C), a low oxygen concentration in the columns and/or a short operational period. Dur-
ing a longer operational period, a population of nitrification bacteria may be established in the 
filter, possibly causing nitrification (Zhu, 1998). Low nitrification in desorption experiment A 
performed at room temperature may be because the environment for the nitrifying bacteria 
was insufficiently favourable (e.g. low moisture content) or the time (one week) was too short 
for a population of nitrifying bacteria to establish. If the concentration of nitrifying bacteria in 
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the water is low, it can take up to five weeks to establish a bacterial culture on a biological 
filter bed (Metcalf and Eddy, 1991; McVeigh and Weatherley, 1999). 

If ammonium is to be recovered by an adsorption-desorption process, conditions without nitri-
fication during the loading phase are preferable, since losses of nitrogen become small. How-
ever, nitrification of adsorbed ammonium may be desired during the desorption phase to fa-
cilitate the desorption of adsorbed ammonium. 

Clogging
When loading zeolites, such as clinoptilolite, with wastewater without breaks for backwash-
ing, there is a risk that the adsorbent will clog. High amounts of particles in the influent and a 
small grain size of the zeolite increase the risk of clogging. In this study, the clogging was 
considerable, especially in the adsorption experiment 1 where the loading phase was inter-
rupted. In adsorption experiments 2 and 3, the wastewater was filtered through a coarse paper 
filter before loading. A headloss appeared in adsorption experiment 2, though it was not too 
extensive, and experiment 2 could be repeated with a smaller clinoptilolite grain size. The 
final headloss was greater in the column at experiment 3. 

A green coating appeared on the clinoptilolite after 2 days of experiment 2 and after 3 days of 
experiment 3 which was probably biofilm. The coating was unexpected since the columns 
were located in a dark, cold storage room at a temperature of 3.5-5.0 C. Sedimentation of 
small particles within the clinoptilolite filled column combined with growth of the green coat-
ing were probably the reasons for the headloss that appeared in adsorption experiments 2 and 
3. Further, the geotextile in the bottom of the column may have contributed to the headloss as 
well.

Nguyen and Tanner (1998) found the structure of mineral aggregates of an investigated New 
Zealand clinoptilolite to break down when being wetted and thus cause more clogging com-
pared to the zeolite mordenite. This could be another reason for clogging when using clinopti-
lolite in wastewater treatment applications, though it was not observed in the present experi-
ments. 

If clinoptilolite filters should be used for ammonium adsorption in, e.g. on-site sanitation sys-
tems, having a system requiring back washing would be complicated. Therefore, decreasing 
the influent concentration of suspended solids and organic matter into the adsorption filter as 
much as possible is critical to decrease the headloss and the clogging risk. However, it is nec-
essary to keep the nitrogen compounds as ammonium ions. If nitrification occurs in a pre-
treatment step, the fraction of nitrogen that can be adsorbed decreases. Therefore, a pre-
treatment step separating particles and organic matter as much as possible without nitrifying 
ammonium should be developed in parallel with the design of an ammonium adsorption filter. 

Conclusions
The ammonium adsorption capacity of clinoptilolite obtained by the present column experi-
ments increased with decreasing grain size. The highest operational adsorption capacity was 
2.7 mg NH4-N/g clinoptilolite for a grain size of 4-8 mm and an influent ammonium concen-
tration of about 20 mg NH4-N/L. The ammonium adsorption capacity obtained in this study 
was similar to other column investigations. The breakthrough of ammonium occurred very 
soon after the loading phases started, which probably was caused by a high loading rate and 
coarse grain sizes. 
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Potassium could not be verified to be a competitor with ammonium for the adsorption sites 
and the sorptions of phosphate (0-16%) and phosphorus (12-20%) were minor in this study. 
Of the adsorbed ammonium, 23 % was desorbed by pumping tap water through the column 
filled with ammonium saturated clinoptilolite, even though the desorption process was not 
optimised. Desorption was more pronounced at saturated conditions. The concentrations of 
ammonium and total nitrogen in the regeneration flows were low and the investigated desorp-
tion methods cannot therefore be used without being developed if the ammonium is to be re-
covered. Nitrification of adsorbed ammonium did not contribute to the desorption process. 

Extensive clogging occurred in the filter experiments. In the experiment using primary treated 
wastewater, the column clogged completely after two days due to the particles in the waste-
water and microbiological growth on the clinoptilolite particles. Even though the wastewater 
was filtered through a coarse paper filter before loading, considerable clogging took place in 
the column with clinoptilolite grain size of 4-8 mm.  
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Reactive Filter Systems for Small Scale Wastewater 
Treatment

A literature review 

Annelie Hedström 

ABSTRACT
The objective of this study was to outline via a literature review reactive filter systems for 
small scale wastewater treatment. Phosphorus and ammonium sorption were considered. Dif-
ferent reactive filter materials have been studied in a laboratory, though few in full-scale. The 
lightweight clay aggregte product Filtralite P and Nordkalk Filtra P are the materials most 
used in full-scale applications and sorb phosphorus efficiently. Blast furnace slag and Polonite 
are other promising phosphorus sorbents, but require full-scale studies before they can be rec-
ommended. A reactive filter system needs at least a sludge separation unit, a pre-treatment 
step and a reactive filter. The pre-treatment step contributes to the BOD and nitrogen removal 
and decreases the clogging risk of the reactive filter unit. Locating the reactive filter material 
in a separate filter unit facilitates the replacement of exhausted material and the recovery of 
sorbed nutrients. Ammonium adsorbs efficiently to zeolites, but larger amounts of filter mate-
rial are needed for ammonium adsorption compared to corresponding systems for phosphorus 
sorption due to higher wastewater concentrations. Further research is needed regarding the 
longevity of the sorbents, influence of resting periods, leakage of sulphuric compounds and 
heavy metals, desorption, risks of using sorbents as fertilisers and system analyses. 

SAMMANFATTNING 
Syftet med detta arbete var att göra en litteraturstudie om reaktiva filtersystem för småskalig 
avloppsvattenbehandling. Både fosfor och ammonium beaktades. Olika reaktiva filtermaterial 
har studerats i laboratorier men endast ett fåtal i full skala. LWA produkten Filtralite P och 
Nordkalk Filtra P är de material som studerats mest i fullskaletillämpningar och sorberar fos-
for effektivt. Masugnsslagg och Polonit är andra lovande sorbenter, men fullskaleförsök krävs 
innan de kan rekommenderas. Ett reaktivt filtersystem bör åtminstone bestå av en slamavskil-
jare, ett förbehandlingssteg och ett reaktivt filter. Förbehandlingssteget bidrar till BOD- och 
kvävereduktion samt minskar risken för igensättning av det reaktiva filtret. En placering det 
reaktiva filtermaterialet i separata enheter underlättar byte och återvinning av uttjänt material. 
Ammonium adsorberas effektivt till zeoliter men större mängder filtermaterial krävs för am-
moniumadsorption i jämförelse med motsvarande system för fosforsorption på grund av högre 
koncentrationer i avloppsvattnet. Fortsatta studier krävs angående sorbenternas livslängd, in-
verkan av viloperioder på sorptionskapaciteten, utlakning av svavelhaltiga föreningar och 
tungmetaller, desorption, risker med att använda mättade sorbenter som gödselmedel samt 
systemanalyser. 

INTRODUCTION
The interest for reactive filter systems for small scale wastewater treatment has grown in re-
cent years. Reactive filter materials are available for both phosphorus and ammonium sorp-
tion, even though phosphorus sorbents have attracted the most attention. 

One reason for the growing interest in reactive filter materials is the insufficient phosphorus 
treatment efficiency of conventional small wastewater treatment systems. In Europe, sewage 
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treatment from single houses and small rural communities is becoming important for improv-
ing the environmental quality in streams and lakes (Brix et al., 2001). Even though only 15% 
of the Swedish population is connected to on-site wastewater treatment systems (SCB, 2004), 
the total discharge of phosphorus from these systems exceeds the total discharge from all mu-
nicipal treatment plants in Sweden (SEPA, 2003). Furthermore, a majority of the existing 
small wastewater treatment systems in Sweden will not fulfil the suggested new criteria re-
garding nutrient removal and recovery (Ejhed et al., 2004; Malmén et al., 2004; SEPA, 2005). 

OBJECTIVES, SCOPE AND METHOD 
The objective of this study was to give an overview of reactive filter systems for small scale 
wastewater treatment, and phosphorus as well as ammonium sorption were considered. 

The study was performed as a literature review, using international scientific databases and 
the Internet for the literature search. Telephone interviews were also done.

REACTIVE FILTER SYSTEMS 

System Description 
A small wastewater treatment system with a reactive filter unit can be built and installed 
without changing any sanitary installations within the houses. Units that can be included in a 
reactive filter system are a sludge separation unit, such as a septic tank, a pre-treatment step, 
and finally, a reactive filter unit, see Figure 1. The largest particles are separated from the 
wastewater in the septic tank, but further wastewater treatment is needed prior to the reactive 
filter unit to prevent clogging of reactive filter material. Therefore, a pre-treatment step should 
be located before the reactive filter to further separate suspended solids and organic matter 
from the wastewater. Depending on the topography, a pump preceding the pre-treatment step 
may be needed to facilitate wastewater distribution into the reactive filter. In the reactive fil-
ter, phosphorus or ammonium is sorbed to the materials by physical adsorption, chemisorp-
tion or precipitation (Montgomery, 1985; McBride, 1994). 

Figure 1 Outline of wastewater treatment system with a reactive filter 

The incorporation of reactive filter materials in sand filter beds or infiltration systems to im-
prove the phosphorus removal has also been investigated (Nilsson, 1990; Vilpas et al., 
2005b). However, with this approach, the exchange of exhausted material is complicated and 
the recovery of sorbed nutrients is obstructed. Therefore, these systems are not discussed fur-
ther in this study. 

Influent

Sludge
separation 
unit

Reactive filter unit Pre-treatment 
step

Pump
well

Effuent
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Pre-treatment step 

Function 
Different designs of the pre-treatment step have been suggested and investigated, though their 
overall purpose has been the same, i.e. to reduce suspended solids and organic compounds in 
wastewater (Jenssen et al., 2005) and to prevent clogging and competition about the sorption 
sites of the reactive filter material. The treatment mechanism for the removal of organic com-
pounds is mainly biological degradation. Depending on the design, nitrification of ammonium 
can also be considerable in the pre-treatment step. However, if the aim of the reactive filter is 
ammonium adsorption, it is important that the wastewater ammonium not be converted to 
nitrite and nitrate. 

Full-scale pre-treatment steps 
Different types of full-scale pre-treatment steps have been investigated. Maehlum and Stål-
nacke (1999) and Heistad et al. (2004) studied water unsaturated gravel or LECA beds 
through which the wastewater percolates vertically. The wastewater was distributed by pipes 
(Maehlum and Stålnacke, 1999) or nozzles (Heistad et al., 2004). The nozzles aerated the 
wastewater and distributed it more evenly than the pipes. Arias et al. (2003a, 2003b) studied a 
water unsaturated vertical flow bed planted with reeds (Phragmites australis). A small verti-
cal water unsaturated gravel bed combined with a horizontal water saturated gravel bed (4 8
m) planted with willows, began operating during the spring 2005 in Luleå (Rastas, 2006); see 
Figure 2. Using a conventional sand filter bed as a pre-treatment step before the reactive filter 
unit has also been investigated (Vilpas et al., 2005b). 

Figure 2 Pre-treatment step – gravel bed planted with willows, Luleå (Rastas, 2006) 

Reactive filter materials 

Investigated reactive filter materials for phosphorus sorption 
Reactive filter materials for phosphorus sorption have been greatly studied in recent years. 
The investigated materials can be divided into three groups, namely natural substrates, indus-
trial by-products and industry produced products.
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The investigated natural substrates are, e.g., limestone (Drizo et al., 1999; Brix et al., 2001; 
Arias and Brix, 2005a; Shilton et al., 2005), wollastonite (Brooks et al., 2000; Hedström, 
2006), opoka (Johansson, 1999b; Johansson and Gustavsson, 2000), shell and shell sand (Ro-
seth, 2000; Arias and Brix, 2005a, Søvik and Kløve, 2005), and biotite (Vilpas et al., 2005b).

Blast furnace slag is the most investigated industrial by-product for phosphorus sorption 
(Mann and Bavor, 1993; Sakadevan and Bavor, 1998; Johansson, 1999a; Johansson, 1999b; 
Johansson and Gustavsson, 2000; Grüneberg and Kern, 2001; Cameron et al., 2003; Rastas, 
2003, Hylander et al., 2006); see Figure 3. It is produced in steel plants derived from slag 
forming minerals, mainly limestone, during iron production in a blast furnace (Tossavainen, 
2005). Electric arc furnace steel slag (Drizo et al., 2002), melter slag (Shilton et al., 2006) and 
fly ash (Mann and Bavor, 1993; Drizo et al., 1999; Agyei et al., 2002) are other industrial by-
products that have been examined.  

Different kinds of lightweight clay aggregates (LWA, LECA) have been investigated as filter 
materials (Johansson, 1997; Zhu et al., 1997; Drizo et al., 1999; Brix et al., 2001; Zhu et al., 
2003). Filtralite P (Heistad et al., 2004; Adam et al., 2005; Adam et al., 2006) is an LWA 
product especially produced and investigated for phosphorus sorption in wastewater treatment 
systems. Polonite produced from opoka is another material developed for sorption applica-
tions (Eveborn, 2003; Renman et al., 2004; Hylander et al., 2006). Furthermore, granules con-
sisting of lime, iron compounds and gypsum (Nordkalk Filtra P) were recently developed in 
Finland as phosphorus sorbent (Vilpas et al., 2005b). 

Figure 3 Blast furnace slag (3-6 mm) 

Investigated reactive filter materials for ammonium adsorption 
Different kinds of natural zeolites are the most studied adsorbents regarding ammonium ad-
sorption in wastewater treatment applications, of which clinoptilolite is believed to be the 
most investigated due to numerous studies (Koon and Kaufmann, 1975; Jørgensen et al., 
1976; Hlavay et al., 1982; Beler-Baykal and Guven, 1997; Nguyen, 1997; Demir et al., 2002). 
Wollastonite (Lind et al., 2000; Granrot, 2005; Hedström, 2006) was also investigated for 
ammonium adsorption. 

Reactive filter systems investigated in full-scale 
Most reactive filter materials have only been investigated by laboratory experiments. How-
ever, full-scale experiments must be conducted before any materials can be recommended. 
LWA products, such as Filtralite P, a few slag materials and Nordkalk Filtra P are reactive 
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filter materials that have been investigated in full-scale. Numerous full-scale filter bed sys-
tems have been built in Norway during the last decade, the majority of which use LWA in the 
filter bed section (Jenssen et al., 2005). More than 200 of these systems use Filtralite P (Rys-
tad, personal communication, 2006). About 70-80 compact reactive filter systems using 
Nordkalk Filtra P have been built in Finland during the last 2-3 years (Carla, personal com-
munication, 2006). Reactive filter systems with blast furnace slag for small scale wastewater 
treatment have hardly been investigated in full-scale. However, one such reactive filter system 
was constructed in Luleå in 2005 (Rastas, 2006). In Turkey, a reactive filter bed using blast 
furnace slag and planted with Phragmites australis was built in 2001 to treat domestic waste-
water (3 m3/d) (Korkusuz et al., 2005). A larger reactive filter system to treat urine-separated 
wastewater was built in 2003 at a highway rest stop with toilet facilities in Ångersjön, 
Hudiksvall. In one of the treatment lines, a filter bed with blast furnace slag for phosphorus 
sorption was placed after a limestone filter (Stråe, 2005). In Canada, blast furnace slag was 
investigated in an experimental plant with reactive filter beds, designed for about 100 inhabi-
tants, to treat lagoon and wetland effluents (Cameron et al., 2003). In New Zealand, a pond 
system for a population of about 6,000 was upgraded in 1993 with steel slag filters to increase 
the phosphorus removal (Shilton et al., 2006). The components of small scale reactive filter 
systems investigated in full-scale are compiled in Table 1. 

Table 1 Components of small scale reactive filter systems investigated in full-scale 
Pretreatment step Reactive filter unit Filter material 
Unsaturated LWA bed, pipes  
Unsaturated LWA bed, nozzles Large reactive filter bed LWA (Filtralite P) 

Unsaturated LWA bed, pipes  Large reactive filter bed 
planted with reed LWA (Filtralite P) 

Unsaturated LWA bed, Nozzles Compact reactive filter LWA (Filtralite P) 
Sand filter bed Compact reactive filter Nordkalk Filtra P 
Unsaturated gravel bed+saturated willow bed Compact reactive filter Blast furnace slag 

No pre-treatment step Reactive filter bed 
planted with reed Blast furnace slag 

Unsaturated gravel bed planted with reeds Compact reactive filter e.g calcite prod-
ucts, seashells. 

A small scale multi-soil layering system to treat domestic wastewater from one househould 
was investigated in Japan. Clinoptilolite was included as a structure material in the system 
(Luanmanee et al., 2001). 

Design of reactive filter units 
The design, operation and treatment performance of reactive filters are dependent on the de-
sign and function of the pre-treatment step. For example, the more efficient the pre-treatment, 
the finer the reactive filter material with higher sorption capacity can be used. 

Design of large filters for phosphorus sorption 
Different designs have been suggested for reactive filters. Norwegian reactive filter beds are 
probably the systems most studied. Characterised by large units with about 40 m3 of reactive 
filter material (Filtralite P) per household, they are expected to last 10-15 years (Gaut and 
Maehlum, 2001; Jenssen et al., 2005). The depth of the filter bed is about 1 m; the width at 
least 4.5 m. The filter bed is water saturated and operated with a horizontal flow. Furthermore, 
the bed can be located under a lawn in the garden or vegetated with common reed (Jenssen et 
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al., 2005). In recent years, somewhat smaller filter beds using about 25 m3 Filtralite P have 
been constructed (Rystad, personal communication, 2006).

Design of small filters for phosphorus sorption 
Arias et al. (2003a) pointed out that reactive filter systems should be designed with separate 
filter units to facilitate the exchange of exhausted material. Furthermore, a more compact sys-
tem decreases the volume of material needed, and hence the construction costs and land area 
needed. A compact filter system for Filtralite P was developed. Heistad et al. (2004) studied a 
tank filled with 6 m3 of Filtralite P operating in an up-flow mode with a life expectancy of 5 
years for one family. A similar system was built in Finland, but the system encountered hy-
draulic problems due to a higher wastewater load compared to the system studied by Heistad 
et al. (2004) and was rebuilt and operated as a down-flow filter (Vilpas et al., 2005a). Another 
compact filter system developed in Finland consisted of a tank filled with about 1 m3 of 
Nordkalk Filtra P, operated in an up-flow mode (Nordkalk, 2006b). The filter material was 
estimated to last between 1-2 years when located after a sand filter bed and loaded with 
wastewater from one family (Nordkalk, 2006b). In Luleå, two parallel compact reactive filter 
units with blast furnace slag and Filtralite P were located after a gravel bed planted with wil-
lows. Each filter had the same volume, 2.2 m3, and designed flow rate, 0.5 m3/d. The reactive 
filters were water saturated and operated in a down-flow mode (Rastas, 2006). 

Design of small scale filter with clinoptilolite 
Luanmanee et al. (2001) investigated a small scale muli-soil layering system consisting of an 
aerated 5 m3 plastic box filled with clinotilolite (1-3 mm) and jute bags filled with a mixture 
of soil, jute pellets, forest floor litter and iron pellets. The system was loaded with septic tank 
treated wastewater. 

PERFORMANCE AND TREATMENT EFFICIENCY OF SMALL 
SCALE REACTIVE FILTER SYSTEMS 

Phosphorus treatment efficiencies 
The phosphorus treatment efficiencies of the large Norwegian filter bed systems have been 
high. Systems using porous filter materials with a high phosphorus sorption capacity have 
consistently removed more than 90% of the phosphorus for more than 10 years. These sys-
tems were designed for a total surface area of 7-12 m2/person (Jenssen et al., 2005). The com-
pact filter system using 6 m3 Filtralite P and designed for 5 years regarding phosphorus re-
moval achieved an average phosphorus removal of 99.5% during the first 2 years of operation 
(Heistad et al., 2004). The flow rate was 450-864 L/d during that period. The compact filter 
systems built in Finland using Nordkalk Filtra P have reduced the phosphorus concentrations 
of wastewater by more than 90% during a 1-2 year period (Carla, personal communication, 
2006). In these systems about 1 m3 of Nordkalk Filtra P was loaded with wastewater from one 
family. When pH of the effluent dropped below 9, the reactive filter material was replaced. 
The treatment efficiencies of the reactive filter system using Filtralite P and blast furnace slag 
located in Luleå have not yet been evaluated. In Table 2, the phosphorus removal of small-
scale reactive filter systems investigated in full-scale is seen. 
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Table 2 Treatment Efficiencies of small scale reactive filter systems investigated in full-
scale

Type of system Reactive 
filter  
material 

Design/
Life expectancy 

Reported P 
removal 

Reported
BOD

removal 

Reported N 
removal 

Large filter bed 
system1) LWA 7-12 m2/person

10-15 years > 90% 80-98% 40-60% 

Compact reactive 
filter system2) Filtralite P 6 m3, 1 family 

5 years 99.5% 94% 34% 

Compact reactive 
filter system3)

Nordkalk
Filtra P 

1 m3, 1 family, 
1-2 years >90% 4) 4)

1) Jenssen et al. (2005) 
2) Heistad et al. (2004) 
3) Carla, personal comment (2006) 
4) The BOD and Nitrogen removal depend on the design and function of the chosen pre-treatment step. (Conven-
tional sand filter beds are recommended.) 

BOD and nitrogen removal 
The pre-treatment step contributes significantly to the BOD and nitrogen removal of reactive 
filter systems . Heistad et al. (2004) reported that the investigated compact reactive filter sys-
tem removed a total of 96.4% BOD during the first 2 years, of which the pre-treatment step 
alone reduced 96.1%. The average total nitrogen removal in the system was 34.3%, most of 
which was removed in the pre-treatment step (Heistad et al., 2004). Jenssen et al. (2005) re-
ported on a BOD removal of 80-98% for large reactive filter bed system, with the pre-
treatment step accounting for about 70% of total BOD removal. The total nitrogen removal 
for these systems was 40-60%, see Table 2. Arias et al. (2005) showed that recycling the ef-
fluent wastewater back into the septic tank in a reactive filter system increased the nitrogen 
removal from 1% to 68% when the recycled flow was 300% of the influent flow. The waste-
water recirculation improved the denitrification in the septic tank and in the pre-treatment 
filter. 

The nitrogen treatment efficiency of the small scale multi-soil layering system investigated by 
Luanmanee et al. (2001), which included clinoptilolite, was significantly dependent on the 
aeration of the system. This indicated the ammonium adsorption mechanism was of minor 
importance for nitrogen removal. Also noted, clinoptilolite was principally included in the 
system to reduce the clogging risk and enhance the wastewater distribution. 

Operational experiences of full-scale reactive filter systems 
The operational success is dependent on the accurate construction of the system. Negligence 
during the building phase can result in operational failure. Examples of construction failures 
are settlements of the ground, defective pipe connections or ignorance of the pre-treatment 
step. Apart from this, the advantage of reactive filter bed systems is a robust design requiring 
little maintenance (Jenssen et al., 2005). However, problems with wastewater distribution into 
the pre-treatment step have occurred due to clogging of the distribution pipes (Rastas, 2006) 
or the nozzles (Arias and Brix, 2005b; Hellström and Jonsson, 2005). Problems with the 
pumping devices have also been reported (Arias and Brix, 2005b; Maehlum and Køhler, 
2005; Vilpas et al., 2005a). Clogging of the pre-treatment filter and the reactive filter material 
may also occur due to cementing effects of the chosen filter material (Vilpas et al. 2005a; 
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Westholm, 2006), deterioration of the grains (Nguyen and Tanner, 1998) or a too high influ-
ent concentration of suspended solids (Carla, personal communication, 2006). 

Effluent pH 
High effluent pH from reactive filter units with Filtralite P and Filtra P are due to the alkaline 
compounds of the materials. The initial pH from full-scale experimental Filtralite P systems 
was 12.7 (Føllesdal, 2005), which decreased to 11 after several months of operation. Other 
reactive filter materials with alkaline components would also cause a high effluent pH. 

This high effluent pH may be a recipient problem, if the effluent recipient is small. However, 
the efficient virus and bacteria inactivation observed by Heistad et al. (2004) in a Filtralite P 
system was an effect caused by the high pH. 

Leakage of sulphuric compounds 
Due to the high content of reduced sulphuric compounds in blast furnace slag (1-2%), sul-
phuric compounds may oxidise and leach out in the effluent when used as a reactive filter 
material. In a pilot scale study, the release of sulphuric compounds was considerable, espe-
cially in the initial operation phase (Rastas, 2003); see Figure 4. 
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Figure 4 Influent and effluent concentrations of SO4-S in a pilot scale experiment with 
blast furnace slag as a reactive filter material (Rastas, 2003) 

Therefore, the risk of polluting groundwater with sulphuric compounds exists if using blast 
furnace slag as a reactive filter material. It is important that a blast furnace slag filter be lo-
cated away from drinking water sources to guarantee the drinking water quality (Hedström 
and Rastas, 2006). Malodours due to sulphuric compounds might also be a problem when 
using blast furnace slag. 

Protons are formed during the oxidation of the sulphuric compounds in the blast furnace slag, 
possibly resulting in a pH decrease (Kanschat, 1996). However, the slag has a pH-buffering 
capacity due to the contents of alkaline oxides (Lindgren, 1998). Therefore, the impact of 
blast furnace slag on the effluent pH is difficult to predict if using the slag as a reactive filter 
material. 
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SORBED NUTRIENTS FOR RECOVERY AND CULTIVATION 
To recover sorbed phosphorus and ammonium for cultivation purposes, the exhausted filter 
material can be applied onto arable land. 

Plant availability 
Kvarnström et al. (2004) performed a study where almost all inorganic phosphorus that 
sorbed to LWA material was shown to be easily soluble, mobile and available for plants. In 
another study, Filtralite P served as a somewhat slow-release phosphorus fertiliser (Nyholm et 
al., 2005). Burned lime, LECA, soil from a spodic B horizon, sand, calcium carbonate, opoka, 
Polonite, amorphous and crystalline blast furnace slag were investigated by Hylander and 
Siman (2001) and Hylander et al. (2006). Blast furnace slag was found to be the most suitable 
sorbent from an agricultural viewpoint due to the sorbed phosphorus that was readily released 
to plants when applied to soils. Ammonium saturated zeolites were suggested to be used as a 
nutrient source that could be spread on the arable land (Bolan et al., 2004). Ammonium 
loaded clinoptilolite was investigated as a fertiliser in pot experiments and no difference in 
yield was observed between fertilising with clinoptilolite or ammonium sulphate (Perrin et al., 
1998).

Liming effect of exhausted filter materials 
Due to the lime content of several reactive filter materials for phosphorus sorption, these ex-
hausted sorbents have a liming effect if applied to agricultural fields which can improve the 
cultivation conditions. Nyholm et al. (2005) found that Filtralite P had a liming value, and the 
blast furnace slag produced at SSAB in Oxelösund has been certified as a liming agent for 
ecological agriculture (KRAV, 2006). Exhausted Filtra P also has a liming effect (Nordkalk, 
2006a). However, the liming effect of exhausted sorbents on arable land may be too high for 
cultivated crops (Hylander and Siman, 2001) and should be considered when using the ex-
hausted sorbents as fertilisers. 

Content and sorption of heavy metals 
A low heavy metal content of unused reactive filter materials is important if an exhausted 
filter material should be used for fertilising purposes. The heavy metal content of manmade 
reactive filter materials can be regulated by the choice of raw materials. For industrial by-
products, such as blast furnace slag, the heavy metal content depends on the industrial proc-
ess. The soluble amounts of many heavy metals from blast furnace slag is lower compared to 
natural rock materials due to the low content of these elements in slag (Tossavainen and 
Forssberg, 1999; Tossavainen and Forssberg, 2000). Vanadium is the minor element that may 
leach out in larger amounts (Tossavainen and Forssberg, 2000). 

Some reactive filter materials have been examined for sorption of wastewater phosphorus or 
ammonium, and also studied regarding heavy metal sorption. Opoka and zeolite showed high 
sorption capacity of Cu and Zn (Färm, 2002). Blast furnace slag proved to be an appropriate 
sorbent for ionic Pb removal (Dimitrova, 2002) and was found to remove Cu, Zn and Ni 
(Dimitrova, 1996; Kietlinska and Renman, 2005). In the same study, Polonite proved to effi-
ciently remove Mn, Fe, Zn and Cu. Gupta et al. (1997) found slag from blast furnace waste 
material to be an effective adsorbent for removal of Zn and Cd. LWA filters accumulated Zn, 
Ni, Cr, Co and V (Jenssen et al., 2005), though it was concluded that the amounts of accumu-
lated heavy metals were low. 
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Due to the possible accumulation of heavy metals in reactive filter materials, it is important 
that wastewater loaded into reactive filters contains as low concentrations of heavy metals as 
possible. Othervise, the exhausted filter materials may not be used for cultivation purposes.  

THE FUTURE OF REACTIVE FILTERS FOR SMALL 
WASTEWATER TREATMENT SYSTEM 

System development 
Reactive filter systems have the potential for small scale wastewater phosphorus removal in 
Nordic countries. Due to new regulations for small wastewater treatment systems with defined 
reduction rates and demands for nutrient recovery (Finlex, 2003; SEPA, 2005), the demand 
for more efficient systems will be greater. The large filter systems with Filtralite P have 
proved to be robust, with little maintenance and high treatment efficiency (Jenssen et al., 
2005). However, to facilitate the exchange of exhausted filter material (Arias et al., 2003a), 
decrease the size of the systems and decrease the building costs (Heistad et al., 2004), more 
compact systems should be developed. 

Further research on reactive filter materials for phosphorus sorp-
tion
Westholm (2006) concluded in a literature review that wollastonite, slag materials and LWA-
products were promising reactive filter materials concerning phosphorus sorption and hydrau-
lics. Polonite and Nordkalk Filtra P also have shown potential for phosphorus sorption. How-
ever, further development and investigations of reactive filter materials are needed. LWA 
materials are the only materials to have been largely investigated in full-scale applications. 
Full-scale investigations of other materials, such as blast furnace slag and Polonite, are re-
quired to investigate the materials with respect to the hydraulic capacity and the influence of 
wastewater on the phosphorus sorption. Furthermore, for all studied phosphorus sorbents, 
sorption during long-term operation is uncertain. Longevity studies of the materials must 
therefore be carried out. Resting periods of reactive filters were shown to regenerate the sorp-
tion capacity of the electric arc furnace steel slag (Drizo et al., 2002) and Filtralite P (Adam et 
al., 2005), a phenomenon that should also be investigated further. Studies on the leakage of 
sulphuric compounds when using blast furnace slag as a reactive filter material are also ur-
gently needed. Optimisations of pre-treatment steps are necessary to achieve more compact 
systems (Jenssen et al., 2005).  

Since phosphorus is a non-renewable resource (Schnug et al., 2003), wastewater phosphorus 
should be recycled and used in cultivation (SEPA, 2002). Hence, the risks and opportunities 
of using exhausted filter materials for fertilising purposes must be elucidated and investigated 
further. Desorption and reclamation of sorbed nutrients on reactive filter materials are also 
interesting to study, especially if the filter materials are not accepted for spreading on arable 
land. Finally, system analyses, such as LCA or exergy analyses of sorbents, are relevant to 
evaluate and compare different filter materials. 

The potential for ammonium adsorption 
The future use of ammonium sorbents for small scale wastewater treatment is uncertain. Even 
though the ammonium adsorption capacity for, e.g., clinoptilolite is at least as high as the 
phosphorus sorption capacity of many phosphorus sorbents, the required volume of the am-
monium adsorbent is larger due to higher wastewater ammonium concentrations compared to 
phosphorus. This means that either the reactive filter units for ammonium adsorption must be 
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larger than corresponding systems for phosphorus sorption, or they must be exchanged more 
often. If the wastewater nitrogen in small scale wastewater treatment systems will not be re-
used, it may be more appropriate to develop the design of the reactive filter systems for, e.g., 
nitrification-denitrification to reduce the effluent concentrations of nitrogen compounds 
(Arias et al., 2005). However, ammonium adsorption may be an alternative during the cold 
season if the efficiency of the biological processes decreases (Jenssen et al., 1991).

CONCLUSIONS 
Many reactive filter materials for phosphorus sorption have been evaluated in labora-
tory experiments, though few materials have been investigated in full-scale applica-
tions.
The lightweight aggregate material Filtralite P is the most studied reactive filter mate-
rial in full-scale, used in more than 200 systems. Nordkalk Filtra P has been used in 
about 80 full-scale systems. Both materials have shown good treatment results with re-
spect to phosphorus sorption. 
Blast furnace slag and Polonite are reactive filter materials that have shown promising 
phosphorus sorption results in laboratory investigations. However, further full-scale 
studies must be conducted before they can be recommended for wastewater treatment. 
Different types of zeolites, such as clinoptilolite, greatly adsorb ammonium. 
A reactive filter system should at least consist of a sludge separation unit, a pre-
treatment step and a reactive filter unit. The pre-treatment step contributes to the BOD 
and nitrogen removal of the treatment system and reduces suspended solids and or-
ganic matter in the wastewater to prevent clogging of the reactive filter unit. 
Small, compact systems should be developed to decrease the construction costs, de-
crease the area needed and facilitate the exchange of the exhausted materials. 
Many reactive filter materials investigated for ammonium and phosphorus also sorb 
heavy metals. Heavy metal sorption may limit the reuse of the sorbed nutrients. 
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